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PREFACE  

 
The organizing committee is excited about the interesting and varied program that 
has come together for FT2008.   For 30 years this conference has played a key role 
in bringing the international community of researchers together to focus on methods, 
practice, and applications of fission-track dating, helium dating, and other allied 
techniques.   
 
Themochronometry has come a long way since the first meeting and we are seeing 
an incredible surge in method innovation and fascinating applications.  We hope that 
this rich and varied program is as inspiring as the Alaskan scenery and autumn 
colors.  
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John I. Garver 

Geology Department 
Union College 

Schenectady NY 
 

_____________________________________________________________________ 
 

PREVIOUS MEETINGS 
 

1978 Aspen, USA 
1980 Pisa, Italy 

1982 Nikko, Japan 
1984 Troy, USA 

1986 Cambridge, England 
1988 Besançon, France 
1992 Philadelphia, USA 

1996 Ghent, Belgium 
2000 Lorne, Australia 

2004 Amsterdam, The Netherlands 
2008 Anchorage, USA 

 
_____________________________________________________________________ 

 
 
 
 
 
 

This abstract volume is available in printed form from the meeting website, and 
individual components are available by PDF download from: 

 
http://www.union.edu/ft2008/ 

 



 iv 

CORPORATE SPONSORS 
 

EXXONMOBIL is the world's largest publicly traded 
international oil and gas company, providing energy that 
helps underpin growing economies and improve living 
standards around the world. Our organizational structure is 

built on a concept of global businesses and is designed to allow ExxonMobil to compete most effectively in the 
ever-changing and challenging worldwide energy industry. ExxonMobil uses innovation and technology to deliver 
energy to a growing world. We explore for, produce and sell crude oil, natural gas and petroleum products. We are 
committed to meeting the world's growing demand for energy in an economically, environmentally and socially 
responsible manner. 

 
SHELL is a global group of energy and petrochemical companies. With 104,000 employees in 
more than 110 countries, we play a key role in helping to meet the world’s growing demand for 
energy in economically, environmentally and socially responsible ways.  In the US, Shell is a 
leading oil and gas producer in the deepwater Gulf of Mexico, a recognized pioneer in oil and 
gas exploration and production technology and one of America’s leading oil and natural gas 
producers, gasoline and natural gas marketers and petrochemical manufacturers.  

 

Apatite to Zircon, Inc. 
 Apatite to Zircon, Inc.   

1075 Matson Road  Viola, Idaho 83872-9709 , U.S.A.   
voice: +1-208-875-2332  fax: +1-208-875-8881  e-mail:  donelick@apatite.com 

 
 

We are the world's foremost manufacturer of special-purpose optical microscope stage systems 
and related application software packages. We have installations in 25 countries around the 

world. We offer complete solutions for a range of scientific disciplines based 
on our special-purpose high-precision PC-controlled fully integrated 3-axis 
motor-driven stage systems for use with research-quality optical laboratory 
microscopes. 

Autoscan Systems Pty. Ltd. 
4/293 Bay Street, Brighton 3186 Victoria Australia 

PO Box 112, Ormond 3204 Victoria Australia 
Telephone : +61 3 9596 8065 / +61 3 9596 8092 

 
 

 

ConocoPhillips believes the key to a secure energy future is the efficient use of a variety of energy sources. 
ConocoPhillips is the third-largest integrated energy company in the United 
States with extensive exploration and production in Alaska and the Lower 48 
states, and is the second-largest refiner.  

 
 

Australian Scientific Instruments (ASI) manufactures the AlphachronTM 
U/He automated thermochronology instrument under licence from the  
Commonwealth Scientific and Industrial Research Organisation 
(CSIRO)  Division of Exploration and Mining (Dr Brent McInnes), and 

Helium Labs (Dr Des Patterson). ASI is the manufacturer of the Sensitive High Resolution Ion Microprobe 
(SHRIMP IIe), developed at the Australian National University (ANU), setting the standard for Pb/U 
geochronology around the world.  

Australian Scientific Instruments 
PO Box 857, Fyshwick, ACT, 2609 

111-113 Gladstone St, Fyshwick 
www.asi-pl.com 



 v 

AFFILIATIONS AND PARTNERSHIPS 
 

 
 

International Year of  
Planet Earth  
2007-2009 
Earth sciences for society 

FT2008 is proud to be part of the International Year of Planet Earth.  IYPE aims to capture people’s 
imagination with the exciting knowledge we possess about our planet, and to see that knowledge used to 
make the Earth a safer, healthier and wealthier place for our children and grandchildren International 
Year of Planet Earth 2007-2009.  See: http://www.yearofplanetearth.org/ 

 
 

 

IGCP PROJECT 543 
 

The IGCP (International Geoscience Program) is a 
cooperative enterprise of UNESCO and the 
International Union of Geological Sciences (IUGS) 
and its focus is GEOSCIENCE IN THE SERVICE 
OF SOCIETY. Since 1972 the organization has 
been stimulating comparative studies in the Earth 
Sciences. After three decades of successful work, 
the "International Geological 
Correlation Programme" has 
continued, as the  "International 

Geoscience Programme". IGCP has made research results available to  thousands of 
scientists around the world with nearly 400 funded projects. IGCP PROJECT 543  
"Low-temperature thermochronology: applications and inter-laboratory calibration" is 
a multi-year project aimed at knowledge transfer across the therochronology 
community.  This project is integrated into FT2008. 

 

IGCP Project 543 Leaders: 

Project leader: Massimiliano Zattin (University of Bologna, Italy), 

Co-Leaders: J. I. Garver (Union College, USA), Vitaliy A. Privalov (Donetsk National Technical 
University, Ukraine), Alexei V. Soloviev (Russian Academy of Sciences), Cornelia Spiegel (University 
of Tuebingen, Germany), Maarten de Wit (Cape Town University, South Africa), Dewen Zheng (Institute 
of Geology, China Earthquake Administration). 

 



 vi 

FT2008 ORGANIZATION  
 

General Chair 
 

Garver, John I. - Department of Geology, Union College, Schenectady, New York 
 

Organizing committee 
 

Armstrong, Phillip - Department of Geosciences California State University Fullerton California 
Garver, John I. - Department of Geology, Union College Schenectady, New York 
O'Sullivan, Paul - Apatite to Zircon Ltd, Moscow, Idaho 

 
Scientific organizing committee 

 
Armstrong, Phillip - Department of Geosciences California State University Fullerton California 
Bernet, Matthias - Laboratoire de Geodynamique des Chaines Alpines Observatoire des Sciences de 

l'Univers de Grenoble, Grenoble 
Blythe, Ann - Department of Earth Sciences, University of Southern California, Los Angeles 

California 
Carrapa, Barbara - Department of Geology and Geophysics, University of Wyoming, Laramie 

Wyoming 
Donelick, Raymond - Apatite to Zircon Ltd, Moscow, Idaho 
Ehlers, Todd - Department of Geological Sciences, University of Michigan, Ann Arbor, Michigan 
Fayon, Annia - Department of Geology and Geophysics, University of Minnesota, Minneapolis, 

Minnesota 
Fitzgerald, Paul - Heroy Geology Laboratory, Department of Earth Sciences Syracuse University, 

Syracuse New York 
Garver, John - Department of Geology, Union College Schenectady, New York 
Hourigan, Jeremy - Earth & Planetary Sciences, Sciences University of California - Santa Cruz 

Santa Cruz, California 
Ketcham, Richard - Jackson School of Geosciences, University of Texas at Austin, Austin, Texas 
Layer, Paul - Department of Geology and Geophysics, University of Alaska - Fairbanks, Fairbanks, 

Alaska 
O'Sullivan, Paul - Apatite to Zircon Ltd, Moscow, Idaho 
Reiners, Peter - Department of Geosciences, University of Arizona, Tucson, Arizona 
Spotila, James - Department of Geosciences, Virginia Tech, Blacksburg, Virginia 
Stockli, Daniel - Department of Geology, University of Kansas, Lawrence, Kansas 
Thompson, Stuart - Department of Geology & Geophysics, Yale University, New Haven, 

Connecticut 
 

Technical organization 
 
Montario, Matt – Earth and Atmospheric Sciences, University at Albany, Albany New York 
Perry, Stephanie - Department of Earth Sciences, Syracuse University, Syracuse New York     
Benowitz, Jeff – Geophysical institute, University of Alaska, Fairbanks, Alaska 
Gombosi, David - Department of Geological Sciences, University of South Carolina, Columbia  



 vii 

 TABLE OF CONTENTS 
 
Technical program for FT2008, Anchorage Alaska (15-1 September 2008) .............................................................................. P1-P7 
 

Thermal history and exhumation of the Polish Western Outer Carpathians: evidence from combined apatite 
fission track and illite - smectite data  
Anczkiewicz, A.A & Świerczewska, A. .......................................................................................................................................................... 1 
 

Thermal history and uplift process of the Shimanto Belt, southwest Japan, analyzed by fission-track length 
distributions of apatite 
Arata, K. & Hasebe, N. ................................................................................................................................................................................. 5 
 

The western Chugach core: Locus of subduction-related exhumation?  
Armstrong, P.A., Haeussler, P., Sendziak, K., & Arkle, J. ......................................................................................................................... 8 
 

Low temperature thermochronologic constraints on the exhumation of high pressure and ultrahigh pressure 
metamorphic rocks to the Earth’s surface 
Baldwin, S.L., Fitzgerald, P.G., Webb, L.E. & Little, T.A. ....................................................................................................................... 11 
 

Apatite fission-track and (U-Th)/He thermochronometry applied to constrain the exhumation history and late 
tectonogenic stages of Peloritani Mountains, northern Sicily, Italy.  
Balestrieri, M.L., Olivetti, V., Stuart, F.M., Vignaroli, G., Bigazzi, G. & Faccenna, C. ....................................................................... 13 
 

Additional evidences for surface uplift of the Atlas Mountains and the surrounding peripheral plateaux:  
preliminary apatite fission track data on the Western Moroccan Meseta (coastal Paleozoic basement)  
Barbero, L., Azdimousa, A., Jabaloy, A., del Río, P., Asebriy, L., Vázquez, M., Booth-Rea, G. & González-Lodeiro, F. .................. 16 
 

The Rwenzori Mountains of Uganda, a high mountain range in a rift environment – thermochronological 
evidence 
Bauer, F.U., Glasmacher, U.A., Förster, A., Reiners, P., Braun, J., Nagudi, B., Schumann, A. & Bechstaedt, T. .............................. 19 
 

Eastern Alaska Range thermochronological constraints on the timing of Tanana basin development 
Benowitz, J.A. & Layer, P.W. ..................................................................................................................................................................... 22 
 

Spatial and temporal patterns of exhumation across the Venezuelan Andes from in-situ and detrital apatite 
fission-track analysis: Implications for Cenozoic tectonics 
Bermúdez-Cella, M., Van der Beek, P. & Bernet, M. ............................................................................................................................... 25 
 

Hot rocks in the Hartford basin: Thermochronology in rift basin analysis 
Bernet,  M. ................................................................................................................................................................................................... 28 
 

Exhumation and uplift of the Shillong plateau and its influence on the eastern Himalayas: New constraints from 
apatite and zircon (U-Th-[Sm])/He and apatite fission track analyses 
Biswas, S., Coutand, I., Grujic, D., Hager, C., Stöckli, D. & Grasemann B. ......................................................................................... 31 
 

Low-temperature thermal history of the San Andreas Fault Observatory at Depth 
Blythe, A., & Bürgmann, R. ........................................................................................................................................................................ 34 
 

Apatite fission track and (U-Th)/He thermochronology on the Ardennes and Bohemian Massifs: towards a 
better paleogeography of Western Europe during Cretaceous 
Bour, I., Barbarand, J., Pagel, M., Gautheron, C., Yans, J., Gunnell, Y. ............................................................................................... 36 
 

Synthesis of Alaskan detrital zircon data (120+ samples, 10,000+ zircons)  
Bradley, D.C., Bleick, H.A., Cervelli, P.F. ................................................................................................................................................ 38 
 

What is the link between the subcrustal lithosphere and dead bats? Answer: low-temperature 
thermochronometry 
Brichau, S., Carter, A., Gunnell, Y., Calvet, M. & Aguilar, J.-P. ............................................................................................................ 41 
 

Shallow subduction erosion at a retreating convergent margin – the thermochronometric record of the 
“Uppermost Unit” on Crete, Greece 
Brix, M.R., Thomson, S.N. & Stöckhert B. ................................................................................................................................................. 42 
 

Exhumation of the southern Puna Plateau margin and Eastern Cordillera of NW Argentina revealed through 
apatite fission track and (U-Th)/He thermochronology 
Bywater, S., Trimble, J., Carrapa, B. & Stockli, D.F. .............................................................................................................................. 43 
 

Apatite triple dating and white mica 40Ar/39Ar thermochronology of syn-tectonic detritus in the Central Andes: 
a multi-phase tectono-thermal history 
Carrapa, B., Decelles, P.G., Reiners, P.W., Gehrels, G, Sudo, M. & Biswas, A. ................................................................................... 44 
 

Did India hit and run, or give the Burma-Sumatra margin the cold shoulder?  
Carter, A. & Bhandopadhyay, P. . .............................................................................................................................................................. 45 
 

Climatic, tectonic and geodynamic forcing on the European Alps at 5-4 Ma: An apatite fission-track study in 
the North Alpine Foreland Basin 
Cederbom, C.E., Schlunegger, F., van der Beek, P., Sinclair, H.D. & Oncken, O. ................................................................................ 46 
 

Tectono-thermal History of the Micang-Hannan Complex, South of the Qinling Orogen, West China: Evidence 
from Fission Track Analyses and (U-Th)/He Dating 
Chang, Y., Zhou, Z., Xu, C., Zhang, P. & Reiners, P.W. ......................................................................................................................... 48 
 



 viii 

Thermo-tectonic evolution of the Ukrainian Donbas Foldbelt and Azov Massif: evidence from fission track and 
(U-Th)/He data  
Danišík, M., Sachsenhofer, R.F., Privalov, V.A., Panova, E.A., Frisch, W. & Spiegel, C. ................................................................... 51 
 

Denudation in southern Malawi and northern Mozambique: indications of the long-term tectonic segmentation 
of East Africa during the Gondwana break-up 
Daszinnies, M.C., Emmel, B., Jacobs, J., Grantham, G. & Thomas, R. J. .............................................................................................. 52 
 

Thermochronology of the Kyrgyz Tien Shan reveals the timing of punctuated Late Triassic to Late Cretaceous 
Tethyian subduction and Tibetan collisions and of Cenozoic mountain building as response to India-Eurasia 
convergence 
De Grave. J., Buslov, M.M., Glorie, S., Stockli, D.F., Van den haute, P., Batalev, V.Y., Kislitsyn, R.V. & McWilliams, M.O. ...... 54 
 

Cenozoic cooling history of the Puna Plateau and Eastern Cordillera, NW-Argentina: Constraints from apatite 
fission-track geochronology and (U-Th)/He analyses 
Deeken, A., Hourigan, J.K., Sobel, E. & Strecker, M. ............................................................................................................................. 58 
 

Seeing subtleties: the importance of chemical composition in AFT analysis of old and complex landscapes 
Dobson, K.J., Brown, R.W. & Coventry, A.R. ......................................................................................................................................... 59 
 

Landscape Evolution of a Cretaceous Alkaline Massif on the Southeast of Brazil 
Doranti, C., Hackspacher, P.C., Glasmacher, U.A., Franco, A.O.B., de Godoy, D.F., Ribeiro, M.C.S. & Hadler Neto, J.C. ............ 61 
 

Variable helium diffusion behavior in apatite:  A case study from the northern San Andreas transform plate 
boundary 
Dumitru, T.A., & Unruh, J.R. . ................................................................................................................................................................... 63 
 

Apatite single grain (U-Th)/He data from Heimefrontfjella, record of flexural response to glacial load?  
Emmel, B., Jacobs, J., Crowhurst, P. & Daszinnies, M.C. ....................................................................................................................... 66 
 

Detrital zircon thermochronology in the Chugach–St. Elias orogen, SE-Alaska 
Enkelmann, E., Garver, J.I. & Pavlis, T.L. ................................................................................................................................................ 68 
 

An assessment of the feasibility of monazite as a fission-track thermochronometer 
Fayon, A.K.. ................................................................................................................................................................................................ 71 
 

Phanerozoic geothermal gradient variations and epeirogeny in the southwestern Canadian shield (AECL’s 
Underground Research Laboratory, Manitoba)  
Feinstein, S., Kohn, B., Osadetz, K., Everitt, R. & O’Sullivan, P. .......................................................................................................... 73 
 

Along-strike variation of the uplift and exhumation history of the Pyrenean orogen: Constraining the evolution 
of an intraplate orogen 
Fitzgerald, P.G., Baldwin, S.L., Metcalf, J.R.,  Muñoz, J-A,  Schwabe, E. ............................................................................................ 74 
 

The South Virgin-White Hills detachment fault system of SE Nevada and NW Arizona:  Applying apatite fission 
track thermochronology to constrain the tectonic evolution of a major continental detachment fault 
Fitzgerald, P.G., Duebendorfer, Faulds, E.M.,  & O'Sullivan, P. ............................................................................................................ 77 
 

Exhumation of the Patagonian Cordillera: Insights from detrital thermochronologic analysis of the Magallanes 
Basin, southern Chile 
Fosdick, J.C., Bernhardt, A., Romans, B.W., Fildani, A. & Graham, S.A. . .......................................................................................... 80 
 

Orogenic Strain Rate from Thermochronology 
Foster, D.A. & Gray, D.R. . ........................................................................................................................................................................ 83 
 

Post-Cretaceous long-term evolution of the western South-Altantic Margin – Brazil: post-rift exhumation from 
apatite fission-track thermochronology 
Franco, A.O.B., Hackspacher, P.C., Glasmacher, U.A., Hadler Neto, J.C. & Saad, A.R.  ................................................................... 84 
 

Trans-dimensional Thermal History Modelling 
Gallagher, K. ................................................................................................................................................................................................ 86 
 

Detrital fission-track ages from the Upper Cambrian Potsdam Formation, New York: implications for the low-
temperature thermal history of the Grenville terrane 
Garver, J.I. and Montario, M.J. ................................................................................................................................................................. 87 
 

Alpha damage annealing effects on apatite (U-Th)/He thermochronology 
Gautheron, C., Tassan-Got, L., Barbarand, J. & Pagel, M.  ................................................................................................................... 90 
 

Quantifying Eocene and Miocene Extension in the Ruby-East Humbolt Metamorphic Core Complex, 
Northeastern Nevada 
Gifford, J.N., Foster, D.A., Howard, K.A., Newman, V. & Donelick, R. ................................................................................................. 92 
 

Implications of new apatite and zircon fission-track thermochronology for Mesozoic and Tertiary basin margin 
exhumation, upper Alaska Peninsula 
Gillis, R.J, Reifenstuhl R.R., Decker, P.L. ................................................................................................................................................. 95 
 

The Caucasus are a fast exhuming orogen 
Glasmacher, U.A., Kissner, T., Kraft, O., Mosar, J., Kangarli, T., Bochud, M. & Rast, A. ................................................................... 96 
 

Durango, an old - new standard in fission-track and (U-Th-Sm)/He thermochronology 
Glasmacher, U.A., Wipf, M., Stoeckli, D., Corona, R., Balcázar, M. & Miletich, R. ............................................................................. 97 
 

Image analysis and the automated counting of fission tracks in minerals 
Gleadow, A., Gleadow, S., Kohn, B. & Krochmal, M.  ............................................................................................................................. 99 



 ix 

 

Automation of grain selection for fission track analysis in minerals 
Gleadow, A.J.W., Wilson, C.J.L. & Gleadow, S.J. .................................................................................................................................. 101 
 

Tectonic reactivation along inherited faults revealed by AFT thermochronology: a case study in the Central 
Kyrgyz Tien Shan 
Glorie, S., De Grave, J., Buslov, M.M., Van den haute, P., Batalev, V. & Elburg, M.A.  ....................................................................103 
 

Differential exhumation of the external crystalline massifs in the Western and Central Alps: constraints from 
the Mont Blanc and Gotthard tunnels 
Glotzbach, C., Reinecker, J., Danišík, M., Rahn, M., Frisch, W. & Spiegel, C. ...................................................................................107 
 

Microprobe Assisted Zoned Alpha Corrections in Zircon (U-Th)/He Chronology 
Gombosi, D.J., Barbeau, Jr., D.L., Hourigan, J.K., & Zhao, D. ............................................................................................................110 
 

Low-temperature thermochronology, exhumation, and long-term landscape morphogenesis in the western 
Cantabrian Mountains, NW Spain 
Grobe, R., Alvarez-Marrón, J., Glasmacher, U. A. & Menéndez-Duarte, R. ........................................................................................111 
 

Tectonic reactivation of the South-Atlantic margin, Southeastern Brazil, during the Paleogene time: apatite 
fission track analysis and (U-Th)/He systematics 
Hackspacher, P.C., Saad, A.R., Ribeiro, M.C.S., Godoy, D.F. & Hadler Neto, J.C. ...........................................................................114 
 

An overview of the neotectonics of interior central Alaska and the record of exhumation 
Haeussler, P., Armstrong, P., Benowitz, J., Fitzgerald, P., Layer, P., Perry, S., O’Sullivan, P., Spotila, J. & Till, A. .....................117 
 

FT dating results using LA-ICP-MS: Age plus something 
Hasebe, N., Hasebe, A. & Arai, S. ...........................................................................................................................................................119 
 

Fission-track thermochronology, vertical kinematics, and geomorphological development along the western 
prolongation of the North Anatolian Fault Zone 
Hejl, E., Parlak, O., Vavelidis, M. & Weingartner, H. ...........................................................................................................................120 
 

Annealing rate of fission tracks in samples with old AFT ages 
Hendriks, B.W.H., Donelick, R.A. & Redfield, T.F. ................................................................................................................................123 
 

Exhumation history of the central Colorado Plateau in the Canyonlands to Book Cliffs region, Utah 
Hoffman, M.K., Stockli, D.F., Kelley, S.A. & Szymanski, E. ..................................................................................................................124 
 

Low-T chronological studies of detrital minerals along the middle reach of Yarlung-Tsangpo, Southern Tibet 
Shao-Yi Huang, Yue-Gau Chen, Ling-Ho Chung, Yu-Nung Lin, Tsung-Kwei Liu, Shujun Zhao, Jingwei Liu, Gong-ming 
Yin & Zhongquan Cao ..............................................................................................................................................................................127 
 

Inter-laboratory comparison of fission-track length measurements in apatite 
Hurford, T., Carter, A. & Ketcham, R. ....................................................................................................................................................128 
 

Reanalysis and reinterpretation of apatite fission track data from the central Mackenzie Valley, NWT, northern 
Canada: Implications for kinetic parameter determination and thermal modeling 
Issler, D.R. & Grist, A.M. .........................................................................................................................................................................130 
 

Counting fission tracks in volcanic glass using image processing 
Ito, K. & Hasebe, N. ..................................................................................................................................................................................133 
 

The "other track" and its possible tie-ins with experi-ments and geological data 
Jonckheere, R.C., Enkelmann, E., Stübner, K., Weise, C., Wauschkuhn, B. & Ratschbacher, L. ........................................................135 
 

HELIOS: a new laser system for extraction and analysis of noble gases from minerals Applications for (U-Th-
Sm)/He dating 
Juez-Larré, J., Postma, O., van Duijn, E.J., Voorhorst, B. & Andriessen, P.A.M. ...............................................................................138 
 

Observations on the reproducibility of fission-track length data and its effects, and ruminations on a calibration 
Ketcham, R.A., Donelick, R.A., Balestrieri, M-L. & Zattin, M. ..............................................................................................................139 
 

Low temperature thermochronology in ancient terranes: a progress report 
Kohn, B., Gleadow, A., Frei, S. & Kohlmann, F.  .................................................................................................................................. 142 
 

Rubbing Out Apatite Helium Age-Spread in Fast-Cooled Rocks 
Kohn, B., Spiegel, C., Phillips, D. & Gleadow, A. .................................................................................................................................. 144 
 

Reliability of confined fission-track length measurement with the new Autoscan automated 3-axis high precision 
stage 
Krochmal, M., Wipf, M., Bauer, F., Glasmacher, U.A., Grobe, R., Sehrt, M. & Dowsey, G. ..............................................................145 
 

Thermochronologic and Geomorphic Constraints on Horst Evolution; new insights from the Ruby 
Mountains/East Humboldt Range, Nevada USA 
Krugh, W.C., Densmore, A.L. & Seward, D. ...........................................................................................................................................146 
 

Detailed apatite fission-track studies in the Bergen area (southwestern Norway): Indication for a fault-dissected 
basin margin? 
Ksienzyk, A., Johansen, L., Jacobs, J., Fossen, H., Emmel, B. & Wemmer, K. ....................................................................................147 
 

Exhumation history of the Hsuehshan Range, central Taiwan and its tectonic implication 
Lan, Chih-Hao, Lee, Yuan-His & Lo-Wei ...............................................................................................................................................149 
 

Fission Tracks Simulated by Swift Heavy Ions at Crustal Pressures and Temperatures 
Lang, M., Lian, J., Zhang, F., Hendriks, B.W.H., Trautmann, C., Neumann, R. & Ewing, R.C. ........................................................150 



 x 

 

Prolonged Episodic Exhumation in the Eastern Alaska Range 
Layer, P.W. & Benowitz, J.A. ...................................................................................................................................................................151 
 

Mesozoic and Cenozoic landscape evolution of Sri Lanka as indicated by apatite fission track and brittle 
structural data, and clay mineral analysis 
Lisker, F., Emmel, B., Hewawasam, T. & Schlegel, A.  ..........................................................................................................................154 
 

Exhumation and Deformation in Western Taiwan 
Lock, J., Willett, S. & Chen, Y. ................................................................................................................................................................. 156 
 

Timing of final collisonal stages and exhumation in orogenic belt: inferences from zircon (U-Th)/He dating of 
low T metamorphism in Ligurian Alps, Northern Italy 
Maino, M., Dallagiovanna, G., Dobson, K., Gaggero, L., Persano, C., Seno, S. & Stuart, F.M. .......................................................160 
 

Zircon Fission Track dating of exhumation related to arc-parallel extension in the Hellenic forearc basin 
Marsellos, A, Kidd, W.S.F., and Garver, J.I.  .........................................................................................................................................163 
 

A Raman Spectroscopic Study of zircons with low to medium uranium content 
Marsellos, A.E., Garver, J.I., Thomas, J.B., Kidd, W.S.F.  ....................................................................................................................165 
 

Thermochronologic Constraints on the Timing and Magnitude of Thrust Faulting in the Axial Zone of the 
Pyrenees 
Metcalf, J.R., Fitzgerald, P.G., Baldwin, S.L., Anton-Muñoz, J. & Schwabe, E. ..................................................................................168 
 

Using detrital zircon (U-Th)/He cooling ages to reconstruct erosion distribution during the early Holocene 
Monsoon 
Michalak, M., Hourigan, J. & Bookhagen, B. .........................................................................................................................................170 
 

Using Scanning Electron Microscopy for high density fission track dating  
Montario, M.J. & Garver, J.I. ...................................................................................................................................................................171 
 

Annealing of radiation damage in a Grenville zircon from the eastern Adirondacks, NY State  
Montario, M.J., Marsellos, A. & Garver, J.I. ..........................................................................................................................................174 
 

Comparison between annealed apatite fission tracks revealed for different standard chemical etchings in 
random-oriented grains 
Moreira, P.A.F.P., Iunes, P.J., Guedes, S., Curvo, E.A.C., Tello S.C.A. & Hadler, J.C. .....................................................................177 
 

Late orogenic extension in the north-eastern Albanides (Albania) 
Muceku, B., Van der Beek, P.,  Bernet, M., Reiners, P., Mascle, G. & Tashko, A. . ...........................................................................179 
 

Thermotectonic Evolution of the central Alaska Range: Low-temperature Constraints from on Apatite Fission-
Track Thermochronology and (U-Th)/He dating 
Perry, S.E. & Fitzgerald, P.G. ................................................................................................................................................................. 182 
 

Reproducibility of old apatite (U-Th)/He ages: an example from East Greenland 
Persano, C., Swift, D. A., Stuart, F. M. & Olive, V. ................................................................................................................................185 
 

Thermochronologic evidence for a late-Pliocene exhumation event in the Lepontine area 
Pignalosa, A., Cavazza, W., Massironi, M., Reiners, P.W. & Zattin, M. ..............................................................................................188 
 

Quantifying transient erosion of orogens with detrital thermochronology: thermal modeling and application to 
syntectonic basin deposits in the Pyrenees, Spain 
Rahl, J.M., Ehlers, T.A. & Van der Pluijm, B.A.......................................................................................................................................190 
 

Escape tectonics and the extrusion of Alaska: past, present, and future 
Redfield, T. F., Scholl, D.W., Fitzgerald, P.G. & Beck Jr., M.E. ...........................................................................................................191 
 

Tectonic control on the late stage exhumation of the Aar Massif (Switzerland): Constraints from apatite fission 
track and (U-Th)/He data 
Reinecker, J., Danišík, M., Schmid, C., Glotzbach, C., Rahn, M., Frisch, W. & Spiegel, C. ...............................................................194 
 

Permian-Paleogene temperature and burial evolution of the NW Polish Basin - evidenced by maturity modelling 
and apatite fission-track dating 
Resak, M., Glasmacher, U.A., Narkiewicz, M. & Littke, R. ...................................................................................................................197 
 

Automated Fission Track Detection Algorithm 
Riegler, H., Jonckheere, R.C. ...................................................................................................................................................................198 
 

Reconstruction of Late Cretaceous uplift and denudation of the Eastern Indian Peninsula by apatite fission 
track analysis 
Sahu, H.S., Raab, M.J., Gleadow, A.J.W. & Kohn, B.P.  .......................................................................................................................200 
 

Paleogene active tectonics in the fold-and-thrust belt of the western Variscan mountain belt, Germany 
Sehrt, M., Glasmacher, U.A. & Wipf, M.  ................................................................................................................................................202 
 

Apatite fission track thermochronology of Mesozoic sandstone from Southeast Sichuan basin and its tectonic 
implications of Tibetan plateau margin 
Chuan-Bo Shen, Lian-Fu Mei, Tong-Lou Guo & Zhao-Qian Liu. ........................................................................................................203 
 

Implications of Detrital Zircon Fission-Track Dating from the Linkou Tableland, Northern Taiwan 
Shen, Tzu-Tsen & Liu & Tsung-Kwei ......................................................................................................................................................206 
 



 xi 

Collision and strike-slip tectonics in the Kopeh Dagh and East Alborz-Binalud Ranges, N.E. Iran: A 
multidisciplinary study to constrain the Cenozoic to present-day tectonic history 
Siddall, R., Hollingsworth, J. & Nazari, H. .............................................................................................................................................207 
 

Is Focused Erosion Enhancing Denudation of Domes in the Pamir Mountains? 
Sobel, E.R., Thiede, R.C., Schoenbohm, L., Jie, C. & Sudo, M. .............................................................................................................208 
 

Thermochronologic Evidence for Late Cenozoic Enhanced Exhumation in the Terskey Range, Kyrgyz Tien 
Shan 
Sobel, E.R., Mikolaichuk, A. & Kohn, B.P. .............................................................................................................................................210 
 

Perturbation of isotherms below topography: Constraints from tunnel transects through the Alps 
Spiegel, C., Zattin, M., Glotzbach, C., Pignalosa, A., Reinecker, J., Danišík, M., Massironi, M., Rahn, M. & Frisch, W. ...............212 
 

Neotectonics and exhumation of the St. Elias orogen and Yakutat collision zone, southeast Alaska 
Spotila J.A. & Berger, A.L. .......................................................................................................................................................................214 
 

Apatite fission track thermochronology, external Humber Zone, western Newfoundland Appalachians: 
Application of coupled multi-compositional inversion modeling and implications for petroleum prospectivity 
Stockmal, G.S., Issler, D.R. & Grist, A.M. ...............................................................................................................................................217 
 

Syn-orogenic extension: late Miocene exhumation of the Shaxdara gneiss dome, Southern Pamirs 
Stübner, K., Ratschbacher, L., Dunk, I., Jonckheere, R., Gloaguen, R., Stanek, K. & Webb, A. .........................................................219 
 

Kinematic and Thermal History of the Chukungkeng Anticline, Central Taiwan 
Chun-Yang Su, Yuan-Hsi Lee & Hsueh-Yu Lu. ....................................................................................................................................221 
 

Geo- and thermochronometric constraints on Tertiary normal faulting and basaltic volcanism along the central 
Arabian flank of the Red Sea rift system 
Szymanski, E., Stockli, D.F., Johnson, P.R., Kattan, F.H. & Cosca, M. ................................................................................................222 
 

Thermochronology of fault zones: concepts and examples 
Tagami, T. ...................................................................................................................................................................................................224 
 

Thermochronology through fission tracks in zircon: Methodological study and application 
Tello, C.A., Iunes, P.J., Dias, A.N.C. , Constantino, C.J.L., Hadler, J.C., Pallisari, R., Moreira P.A.F.P. & Osório, A.M.A. .........225 
 

Denudation of the Himalayan Orogen 
Thiede, R.C. & Ehlers, T.A. ......................................................................................................................................................................228 
 

Erosional Variability along the Northwest Himalaya Sensitivity in low temperature chronology to changes to 
spatial variations in erosion 
Thiede, R.C., Ehlers, T.A., Bookhagen, B. & Strecker, M. .....................................................................................................................231 
 

Thermochronologic evidence for a poleward transition from destructive to constructive glacial control on 
mountain building: an example from the Patagonian Andes 
Thomson, S.N., Brandon, M.T., Vásquez, C., Reiners, P.W. & Tomkin, J.H. ........................................................................................232 
 

Application of detrital zircon analysis to identify protolith age, basin evolution, potential correlatives, and 
provenance of penetratively deformed blueschist-facies metasedimentary rocks, northern Alaska 
Till, A. B., Amato, J. M., Aleinikoff, J.N., Dumoulin, J.A. & Bleick, H.A. .............................................................................................236 
 

Recent kinematics and long-term exhumation history of the central Himalaya (Nepal) from numerical modeling 
of in-situ and detrital thermochronology data 
Van der Beek, P., Robert, X., Perry, C., Braun, J. & Bernet, M. ...........................................................................................................239 
 

Coupled climatic/tectonic forcing of European topography revealed through thermochronometry – The 
“Thermo-Europe” Project 
Van der Beek, P., Andriessen, P., Balestrieri, M-L., Barbero, L., Bernet, M., Cederbom, C., Cosca, M., Glasmacher, 
U., Juez-Larré, J., Krzywiec, P., Kuhleman, J., Malusà, M., Oncken, O., Persano, C., Sinclair, H., Sobel, E., Spiegel, 
C., Stuart, F., Wieler, R., Willett, S., Zattin, M. ......................................................................................................................................241 
 

Slow steady exhumation of the high-elevation Deosai Plateau (Northwest Himalaya, Pakistan) since Eocene 
times 
Van Melle, J., Van der Beek, P., Guillot, S., Pêcher, A. & Latif, M. .....................................................................................................244 
 

RadialPlotter: a Java application for fission track, luminescence and other radial plots 
Vermeesch P. ..............................................................................................................................................................................................247 
 

Three new ways to calculate average (U–Th)/He ages 
Vermeesch, P. ............................................................................................................................................................................................250 
 

New thermochronological constraints on the tectonic history of Western Colombia 
Villagómez, D., Spikings, R., Seward, D., Magna, T. & Winkler, W. ....................................................................................................253 
 

Bayesian statistical modelling of the uncertainty in the estimation of exhumation rates from age-elevation 
relationships of fission track data 
Vonthein, R. & Reinecker, J. ....................................................................................................................................................................256 
 

Low-temperature thermochronological evolution of the Greater Himalaya Slab since middle Miocene, 
constrained by fission-track thermochronology in Nyalam, southern Tibet 
Wang, A., Garver, J., Wang, G., Zhang, K. & Xiang, S. ........................................................................................................................257 
 



 xii 

Tectonic History During Cenozoic In The Gyirong-Nyalam Area, South Tibet: Evidence From The Study Of 
Fission-Track Thermochronology 
Wang, G, Garver, J.I., Chao, L., An, W., Shuyuan, X., Kexin, Z. & Kai, C. .........................................................................................258 
 

Reconstruction of Paleotopography from Low-Temperature Thermochronological Data 
Wang Wei & Zhou Zuyi .............................................................................................................................................................................261 
 

Coincidence Mapping of ion track etch pits in co-irradiated apatite and muscovite: implications for ion track 
formation and revelation 
Wauschkuhn, B., Wiesinger, M., Jonckheere, R.C. & Ratschbacher, L. ................................................................................................264 
 

Annealing kinetics of Kr-tracks in manazite: implications for fission-track modelling 
Weise, C., Gerald van den Boogaart, K., Jonckheere, R. & Ratschbacher, L. .....................................................................................267 
 

Tectonically coupled sediment routing systems in the fold-thrust belt of the Southern Pyrenees: information 
from detrital zircon fission track analyses 
Whitchurch, A., Carter, A., Allen, P., Armitage, J., Duller, R. & Whittaker, A. ...................................................................................270 
 

Diverse long time landscape evolution on Fuerteventura, Canary Islands, Spain 
Wipf, M., Glasmacher, U.A., Stockli, D., Emmerich, A. & Bechstädt, T. ..............................................................................................271 
 

Empirical Calibration of Rutile (U-Th-Sm)/He Thermochronology: Assessing the thermal evolution of the KTB 
drill hole, Germany and adjacent Bohemian Massif 
Wolfe, M.R. & Stockli, D.F. ......................................................................................................................................................................274 
 

Apatite fission track studies on the tectonics in Nanmulin area of Gangdese terrane, Tibet plateau 
WanMing Yuan, Qiugeng Zheng, Dong JinQuan, Zengkuan Bao & Jun Deng ....................................................................................276 
 
4He Solubility in Apatite is Low 
Zeitler, P.K., Enkelmann, E. & Idleman, B.D. ........................................................................................................................................278 
 

The Stolz Thrust and its connection with the Eocene Metasequoia Fossil Forest of Axel Heiberg Island, 
Canadian Arctic Archipelago: Apatite fission track evidence 
Zentilli, M., Grist, A.M. & Williamson, M-C............................................................................................................................................280 
 

 
  



 xiii 

 
 
 

MEETING AT A GLANCE 
 
 
 

Monday 
I: New Approaches to dating, calibration, and standards - A 
II: Challenges of thermochronology in Ancient terranes 
III: Reading the detrital record of orogensis 
IV: New Approaches to dating, calibration, and standards - B 
Roundtable discussion – Methods and standards 
 

Tuesday 
V: Crystal-specific attributes and new techniques 
VI: Exhumation evolution of the Pacific Rim 
VII: Reading the detrital record of orogensis 
IX: Exhumation evolution of Alaska 
Roundtable discussion – Modeling 
 
Conference dinner at 7 pm 
 

Wednesday  
Field Excursion to Kenai Peninsula 
 

Thursday 
IX: Uplift and exhumation of the Himalaya, Tibet, and adjacent regions 
X: Kinetics, Annealing, and Statistics 
XI: Rifting, Extension, and passive margins 
XII: Alpine orogen and flanking regions 
 

Friday  
XIII: Fault zones and strike-slip systems 
Roundtable – Interlab calibration 
Roundtable -  Venue and timing of the 12th International meeting of thermochronology 

 
 



FT2008 - The 11th International Conference on thermochronometry
15-19 September 2008, Anchorage, Alaska.

TECHNICAL PROGRAM 

Friday 12 September  2008

9:00 Departure for DENALI field trip.  Meet at the lobby of The Hotel Captain Cook (Corner  I Street and 5th Ave)

Sunday 14 September  2008

16:00 Approximate return of DENALI field trip

17:00 20:00 Informal icebreaker (the Hotel Captain Cook).   There are two venues to meet friends and colleagues:
1) Flecher's Pub (lobby level) - imported beer, pub atmosphere
2) Whale's Tale (lobby level) - wine, relaxed atmosphere 

Monday 15 September  2008

Monday Oral session (Foredeck, the Hotel Captain Cook)
7:30 8:00 Pick up registration material - Foredeck (The Hotel Captain Cook)

8:00 8:10 Introductory remarks
Garver, J.I.

I: New Approaches to dating, calibration, and standards - A

8:10 8:30 Image analysis and the automated counting of fission tracks in minerals
Gleadow, A., Gleadow, S., Kohn, B. & Krochmal, M.

8:30 8:45 Durango, an old - new standard in fission-track and (U-Th-Sm)/He thermochronology
Glasmacher, U.A., Wipf, M., Stoeckli, D., Corona, R., Balcázar, M. & Miletich, R.

8:45 9:00 Automated Fission Track Detection Algorithm
Riegler, H., Jonckheere, R.C.

9:00 9:15 An assessment of the feasibility of monazite as a fission-track thermochronometer
Fayon, A.K.

9:15 9:30 FT dating results using LA-ICP-MS: Age plus something
Hasebe, N., Hasebe, A. & Arai, S.

9:30 9:45 Empirical Calibration of Rutile (U-Th-Sm)/He Thermochronology: Assessing the thermal evolution of the KTB drill hole, 
Germany and adjacent Bohemian Massif

Wolfe, M.R. & Stockli, D.F.
9:45 10:00 Fission Tracks Simulated by Swift Heavy Ions at Crustal Pressures and Temperatures

Lang, M., Lian, J., Zhang, F., *Hendriks, B.W.H., Trautmann, C., Neumann, R. & Ewing, R.C.

10:00 11:00   -  Poster and break  (Endeavor Room)

II: Challenges of thermochronology in Ancient terranes

11:00 11:30 Low temperature thermochronology in ancient terranes: a progress report
Kohn, B., Gleadow, A., Frei, S. & Kohlmann, F.

11:30 11:45 Apatite single grain (U-Th)/He data from Heimefrontfjella, record of flexural response to glacial load?
Emmel, B., Jacobs, J., Crowhurst, P. & Daszinnies, M.C.

11:45 12:00 Detrital fission-track ages from the Upper Cambrian Potsdam Formation, New York: Implications for the low-
temperature thermal history of the Grenville terrane

Garver, J.I.  and Montario, M.J.
12:00 12:15 Seeing subtleties: the importance of chemical composition in AFT analysis of old and complex landscapes

Dobson, K.J., Brown, R.W. & Coventry, A.R.

12:15 13:30  - Lunch - 

13:30 13:45 Annealing rate of fission tracks in samples with old AFT ages
Hendriks, B.W.H., Donelick, R.A. & Redfield, T.F.
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III: Reading the Detrital record of Orogenesis

13:45 14:15 Did India hit and run, or give the Burma-Sumatra margin the cold shoulder?
Carter, A. & Bhandopadhyay, P.

14:15 14:30 Hot rocks in the Hartford basin: Thermochronology in rift basin analysis
Bernet,  M.

14:30 14:45 Tectonically coupled sediment routing systems in the fold-thrust belt of the Southern Pyrenees: information from detrital 
zircon fission track analyses

Whitchurch, A., Carter, A., Allen, P., Armitage, J., Duller, R. & Whittaker, A.

14:45 16:00   -  Poster and break  (Endeavor Room)

IV: New Approaches to dating, calibration, and standards - B

16:00 16:15 Thermochronology through fission tracks in zircon: Methodological study and application
Tello, C.A., Iunes, P.J., Dias, A.N.C. , Constantino, C.J.L., Hadler, J.C., Pallisari, R., Moreira P.A.F.P. & Osório, A.M.A.

16:15 16:30 Using Scanning Electron Microscopy for high density fission track dating
Montario, M.J. & Garver, J.I.

16:30 16:45 Observations on the reproducibility of fission-track length data and its effects, and ruminations on a calibration
Ketcham, R.A., Donelick, R.A., Balestrieri, M-L. & Zattin, M.

16:45 17:45 Roundtable discussion - methods and standards

Monday Poster session (all day) (Endeavor Room - the Hotel Captain Cook)

M1 Reliability of confined fission-track length measurement with the new Autoscan automated 3-axis high precision stage.

Krochmal, M., Wipf, M., Bauer, F., Glasmacher, U.A., Grobe, R., Sehrt, M. & Dowsey, G. 
M2 Automation of grain selection for fission track analysis in minerals

Gleadow, A.J.W., Wilson, C.J.L. & Gleadow, S.J.
M3 Microprobe Assisted Zoned Alpha Corrections in Zircon (U-Th)/He Chronology

Gombosi, D.J., Barbeau, Jr., D.L., Hourigan, J.K., & Zhao, D.
M4 Counting fission tracks in volcanic glass using image processing

Ito, K. & Hasebe, N.

M5 Comparison between annealed apatite fission tracks revealed for different standard chemical etchings in random-
oriented grains.

Moreira, P.A.F.P., Iunes, P.J., Guedes, S., Curvo, E.A.C., Tello S.C.A. & Hadler, J.C.
M6 Annealing of radiation damage in a Grenville zircon from the eastern Adirondacks, NY State 

Montario, M.J., Marsellos, A. & Garver, J.I.
M7 A Raman Spectroscopic Study of zircons with low to medium uranium content

Marsellos, A.E., Garver, J.I., Thomas, J.B., Kidd, W.S.F.
M8 Annealing kinetics of Kr-tracks in monazite: implications for fission-track modelling

Weise, C., Gerald van den Boogaart, K., Jonckheere, R. & Ratschbacher, L.

M9 Phanerozoic geothermal gradient variations and epeirogeny in the southwestern Canadian shield (AECL’s Underground 
Research Laboratory, Manitoba)

Feinstein, S., Kohn, B., Osadetz, K., Everitt, R. & O’Sullivan, P.

M9 Thermal history and exhumation of the Polish Western Outer Carpathians: evidence from combined apatite fission track 
and illite - smectite data.

Anczkiewicz, A.A & Świerczewska, A.

M10 Apatite fission track and (U-Th)/He thermochronology on the Ardennes and Bohemian Massifs: towards a better 
paleogeography of Western Europe during Cretaceous

Bour, I., Barbarand, J., Pagel, M., Gautheron, C., Yans, J., Gunnell, Y.

M11 Exhumation of the southern Puna Plateau margin and Eastern Cordillera of NW Argentina revealed through apatite 
fission track and (U-Th)/He thermochronology

Bywater, S., Trimble, J., *Carrapa, B. & Stockli, D.F. 

M12 Apatite triple dating and white mica 40Ar/39Ar thermochronology of syn-tectonic detritus in the Central Andes: a multi-
phase tectono-thermal history

Carrapa, B., Decelles, P.G., Reiners, P.W., Gehrels, G, Sudo, M. & Biswas, A.

M13 Exhumation of the Patagonian Cordillera: Insights from detrital thermochronologic analysis of the Magallanes Basin, 
southern Chile

Fosdick, J.C., Bernhardt, A., Romans, B.W., Fildani, A. & Graham, S.A.
M14 Exhumation history of the central Colorado Plateau in the Canyonlands to Book Cliffs region, Utah

Hoffman, M.K., Stockli, D.F., Kelley, S.A. & Szymanski, E.
M15 Low-T chronological studies of detrital minerals along the middle reach of Yarlung-Tsangpo, Southern Tibet

Shao-Yi Huang, Yue-Gau Chen, Ling-Ho Chung, Yu-Nung Lin, Tsung-Kwei Liu, Shujun Zhao, Jingwei Liu, Gong-ming Yin & Zhongquan 
Cao

M16 Using detrital zircon (U-Th)/He cooling ages to reconstruct erosion distribution during the early Holocene Monsoon
Michalak, M., Hourigan, J. & Bookhagen, B.
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M17 Apatite fission track thermochronology of Mesozoic sandstone from Southeast Sichuan basin and its tectonic implications 
of Tibetan plateau margin

Chuan-Bo Shen, Lian-Fu Mei, Tong-Lou Guo & Zhao-Qian Liu
M18 Implications of Detrital Zircon Fission-Track Dating from the Linkou Tableland, Northern Taiwan

Shen, Tzu-Tsen & Liu & Tsung-Kwei
M19 Kinematic and Thermal History of the Chukungkeng Anticline, Central Taiwan

Chun-Yang Su, Yuan-Hsi Lee & Hsueh-Yu Lu
M20 Reproducibility of old apatite (U-Th)/He ages: an example from East Greenland

Persano, C., Swift, D. A., Stuart, F. M. & Olive, V. 
M21 HELIOS: a new laser system for extraction and analysis of noble gases from minerals Applications for (U-Th-Sm)/He 

dating
Juez-Larré, J., Postma, O., van Duijn, E.J., Voorhorst, B. & Andriessen, P.A.M.

Tuesday 16 September  2008

Tuesday Oral session (Foredeck, the Hotel Captain Cook)

V: Crystal-specific attributes and new techniques
8:00 8:10 Introductory remarks

Armstrong, P.A. 
8:10 8:30 Rubbing Out Apatite Helium Age-Spread in Fast-Cooled Rocks

Kohn, B., Spiegel, C., Phillips, D. & Gleadow, A.
8:30 8:45 4He Solubility in Apatite is Low

Zeitler, P.K., Enkelmann, E. & Idleman, B.D.
8:45 9:00 The "other track" and its possible tie-ins with experiments and geological data

Jonckheere, R.C., Enkelmann, E., Stübner, K., Weise, C., Wauschkuhn, B. & Ratschbacher, L.
9:00 9:15 Coincidence Mapping of ion track etch pits in co-irradiated apatite and muscovite: implications for ion track formation 

and revelation
Wauschkuhn, B., Wiesinger, M., Jonckheere, R.C. & Ratschbacher, L.

VI: Exhumation evolution of the Pacific Rim
9:15 9:45 Low temperature thermochronologic constraints on the exhumation of high pressure and ultrahigh pressure 

metamorphic rocks to the Earth’s surface
Baldwin, S.L., Fitzgerald, P.G., Webb, L.E. & Little, T.A.

9:45 10:00 Exhumation and Deformation in Western Taiwan
Lock, J., Willett, S. & Chen, Y.

10:00 10:15 Exhumation history of the Hsuehshan Range, central Taiwan and its tectonic implication
Lan, Chih-Hao, Lee, Yuan-His & Lo-Wei

10:15 11:15   -  Poster and break  (Endeavor Room)

11:15 11:30 Thermochronologic evidence for a poleward transition from destructive to constructive glacial control on mountain 
building: an example from the Patagonian Andes

Thomson, S.N., Brandon, M.T., Vásquez, C., Reiners, P.W. & Tomkin, J.H.
11:30 11:45 New thermochronological constraints on the tectonic history of Western Colombia

Villagómez, D., Spikings, R., Seward, D., Magna, T. & Winkler, W. 
11:45 12:00 Spatial and temporal patterns of exhumation across the Venezuelan Andes from in-situ and detrital apatite fission-track 

analysis: Implications for Cenozoic tectonics
Bermúdez-Cella, M., Van der Beek, P. & Bernet, M.

VII: Reading the Detrital record of Orogenesis - B
12:00 12:30 Quantifying transient erosion of orogens with detrital thermochronology: thermal modeling and application to 

syntectonic basin deposits in the Pyrenees, Spain
Rahl, J.M., Ehlers, T.A. & Van der Pluijm, B.A.

12:30 12:45 Application of detrital zircon analysis to identify protolith age, basin evolution, potential correlatives, and provenance of 
penetratively deformed blueschist-facies metasedimentary rocks, northern Alaska

Till, A. B., Amato, J. M., Aleinikoff, J.N., Dumoulin, J.A. & Bleick, H.A.

12:45 14:00  - Lunch - 

IV: Exhumation evolution of Alaska
14:00 14:30 An overview of the neotectonics of interior central Alaska and the record of exhumation

Haeussler, P., Armstrong, P., Benowitz, J., Fitzgerald, P., Layer, P., Perry, S., O’Sullivan, P., Spotila, J. & Till, A.
14:30 14:45 Thermotectonic Evolution of the central Alaska Range: Low-temperature Constraints from on Apatite Fission-Track 

Thermochronology and (U-Th)/He dating
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Perry, S.E. & Fitzgerald, P.G.
14:45 15:00 Synthesis of Alaskan detrital zircon data (120+ samples, 10,000+ zircons)

Bradley, D.C., Bleick, H.A., Cervelli, P.F.
15:00 15:15 Detrital zircon thermochronology in the Chugach–St. Elias orogen, SE-Alaska

Enkelmann, E., Garver, J.I. & Pavlis, T.L.

15:15 16:15   -  Poster and break  (Endeavor Room)

16:15 16:30 Escape tectonics and the extrusion of Alaska: past, present, and future
Redfield, T. F., Scholl, D.W., Fitzgerald, P.G. & Beck Jr., M.E.

16:30 16:45 Prolonged Episodic Exhumation in the Eastern Alaska Range
Layer, P.W. & Benowitz, J.A.

16:45 17:15 Neotectonics and exhumation of the St. Elias orogen and Yakutat collision zone, southeast Alaska
Spotila J.A. & Berger, A.L.

17:15 18:00 Roundtable - Modelling

Tuesday Poster session (all day) (Endeavor Room - the Hotel Cook)

T1 Permian-Paleogene temperature and burial evolution of the NW Polish Basin - evidenced by maturity modelling and 
apatite fission-track dating

Resak, M., *Glasmacher, U.A., Narkiewicz, M. & Littke, R.

T2 Tectono-thermal History of the Micang-Hannan Complex, South of the Qinling Orogen, West China: Evidence from 
Fission Track Analyses and (U-Th)/He Dating

Chang, Y., Zhou, Z., Xu, C., Zhang, P. & Reiners, P.W.

T3 Exhumation and uplift of the Shillong plateau and its influence on the eastern Himalayas: New constraints from apatite 
and zircon (U-Th-[Sm])/He and apatite fission track analyses

Biswas, S., *Coutand, I., Grujic, D., Hager, C., Stöckli, D. & Grasemann B.

T4 Tectonic reactivation along inherited faults revealed by AFT thermochronology: a case study in the Central Kyrgyz Tien 
Shan

Glorie, S., De Grave, J., Buslov, M.M., Van den haute, P., Batalev, V. & Elburg, M.A.
T5 Thermochronologic Evidence for Late Cenozoic Enhanced Exhumation in the Terskey Range, Kyrgyz Tien Shan

Sobel, E.R., Mikolaichuk, A. & Kohn, B.P.
T6 Is Focused Erosion Enhancing Denudation of Domes in the Pamir Mountains?

Sobel, E.R., Thiede, R.C., Schoenbohm, L., Jie, C. & Sudo, M.

T7 Erosional Variability along the Northwest Himalaya Sensitivity in low temperature chronology to changes to spatial 
variations in erosion

Thiede, R.C., Ehlers, T.A., Bookhagen, B. & Strecker, M.
T8 Slow steady exhumation of the high-elevation Deosai Plateau (Northwest Himalaya, Pakistan) since Eocene times

Van Melle, J., Van der Beek, P., Guillot, S., Pêcher, A. & Latif, M.

T9 Low-temperature thermochronological evolution of the Greater Himalaya Slab since middle Miocene, constrained by 
fission-track thermochronology in Nyalam, southern Tibet

Wang, A., Garver, J., Wang, G., Zhang, K. & Xiang, S.

T10 Thermal history and uplift process of the Shimanto Belt, southwest Japan, analyzed by fission-track length distributions 
of apatite

Arata, K. & Hasebe, N.

T11 Cenozoic cooling history of the Puna Plateau and Eastern Cordillera, NW-Argentina: Constraints from apatite fission-
track geochronology and (U-Th)/He analyses

Deeken, A., Hourigan, J.K., Sobel, E. & Strecker, M.
T12 Orogenic Strain Rate from Thermochronology

Foster, D.A. & Gray, D.R.
T13 Exhumation history of the Hsuehshan Range, central Taiwan and its tectonic implication

Lan, Chih-Hao, Lee, Yuan-His & Lo-Wei
T14 The western Chugach core: Locus of subduction-related exhumation?

Armstrong, P.A., Haeussler, P., Sendziak, K., & Arkle, J.
T15 Eastern Alaska Range thermochronological constraints on the timing of Tanana basin development

Benowitz, J.A. & Layer, P.W.

T16 Implications of new apatite and zircon fission-track thermochronology for Mesozoic and Tertiary basin margin 
exhumation, upper Alaska Peninsula

Gillis, Robert J, Reifenstuhl Rocky R, Decker, Paul L
T17 Zircon Fission Track dating of exhumation related to arc-parallel extension in the Hellenic forearc basin

Marsellos, A, Kidd, W.S.F., and Garver, J.I.

Conference Dinner (Foredeck in The Hotel Captain Cook) 
7:00 PM (19:00) to 10:00 PM (22:00)

Keynote talk: "Tracks that I have followed" Charles W. Naeser
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Wednesday 17 September  2008

All day field excursion to Kenai Peninsula

8:00 22:00 Departure for SEWARD Alaska field excursion.   Meet I Street and 5th Ave entrance to the Hotel Captain Cook.
Participants will have time to have dinner in downtown Seward

Thursday 18 September  2008

Thursday Oral session (Foredeck, the Hotel Captain Cook)

IX: Uplift and exhumation of the Himalaya, Tibet, and adjacent regions
8:00 8:30 Recent kinematics and long-term exhumation history of the central Himalaya (Nepal) from numerical modeling of in-situ 

and detrital thermochronology data
Van der Beek, P., Robert, X., Perry, C., Braun, J. & Bernet, M.

8:30 8:45 Denudation of the Himalayan Orogen
Thiede, R.C. & Ehlers, T.A.

8:45 9:00 Thermochronology of the Kyrgyz Tien Shan reveals the timing of punctuated Late Triassic to Late Cretaceous Tethyian 
subduction and Tibetan collisions and of Cenozoic mountain building as response to India-Eurasia convergence.

De Grave. J., Buslov, M.M., Glorie, S., Stockli, D.F., Van den haute, P., Batalev, V.Y., Kislitsyn, R.V. & McWilliams, M.O.
9:00 9:15 Syn-orogenic extension: late Miocene exhumation of the Shaxdara gneiss dome, Southern Pamirs

Stübner, K., Ratschbacher, L., Dunk, I., Jonckheere, R., Gloaguen, R., Stanek, K. & Webb, A.
9:15 9:30 Tectonic History During Cenozoic In The Gyirong-Nyalam Area, South Tibet: Evidence From The Study Of Fission-

Track Thermochronology
Guocan, W., Garver, J.I., Chao, L., An, W., Shuyuan, X., Kexin, Z. & Kai, C.

9:30 10:20   -  Poster and break  (Endeavor Room)

10:20 10:35 Apatite fission track studies on the tectonics in Nanmulin area of Gangdese terrane, Tibet plateau
WanMing Yuan, Qiugeng Zheng, DONG JinQuan, Zengkuan Bao & Jun Deng

10:35 10:50 Trans-dimensional Thermal History Modelling
Gallagher, K.

X: Kinetics, Annealing, and Statistics
10:50 11:05 Reanalysis and reinterpretation of apatite fission track data from the central Mackenzie Valley, NWT, northern Canada: 

Implications for kinetic parameter determination and thermal modeling
Issler, D.R. & Grist, A.M.

11:05 11:20 Alpha damage annealing effects on apatite (U-Th)/He thermochronology
Gautheron, C., Tassan-Got, L., Barbarand, J. & Pagel, M.

11:20 11:35 Three new ways to calculate average (U–Th)/He ages
Vermeesch, P.

11:35 11:50 Variable helium diffusion behavior in apatite:  A case study from the northern San Andreas transform plate boundary

Dumitru, T.A., & Unruh, J.R.

11:50 13:05  - Lunch - 

XI: Rifting, Extension, and passive margins
13:05 13:20 Geo- and thermochronometric constraints on Tertiary normal faulting and basaltic volcanism along the central Arabian 

flank of the Red Sea rift system
Szymanski, E., Stockli, D.F., Johnson, P.R., Kattan, F.H. & Cosca, M.

13:20 13:35 Diverse long time landscape evolution on Fuerteventura, Canary Islands, Spain
Wipf, M., Glasmacher, U.A., Stockli, D., Emmerich, A. & Bechstädt, T. 

13:35 13:50 Thermochronologic and Geomorphic Constraints on Horst Evolution; new insights from the Ruby Mountains/East 
Humboldt Range, Nevada USA

Krugh, W.C., Densmore, A.L. & Seward, D.
13:50 14:05 Denudation in southern Malawi and northern Mozambique: indications of the long-term tectonic segmentation of East 

Africa during the Gondwana break-up
Daszinnies, M.C., Emmel, B., Jacobs, J., Grantham, G. & Thomas, R. J.

14:05 14:20 Mesozoic and Cenozoic landscape evolution of Sri Lanka as indicated by apatite fission track and brittle structural data, 
and clay mineral analysis

Lisker, F., Emmel, B., Hewawasam, T. & Schlegel, A.
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14:20 14:35 Post-Cretaceous long-term evolution of the western South-Altantic Margin – Brazil: post-rift exhumation from apatite 
fission-track thermochronology

Franco, A.O.B., Hackspacher, P.C., Glasmacher, U.A., Hadler Neto, J.C. & Saad, A.R.
14:35 14:50 Tectonic reactivation of the South-Atlantic margin, Southeastern Brazil, during the Paleogene time: apatite fission track 

analysis and (U-Th)/He systematic
Hackspacher, P.C., Saad, A.R., Ribeiro, M.C.S., Godoy, D.F. & Hadler Neto, J.C.

14:50 15:50   -  Poster and break  (Endeavor Room)

XII: Alpine orogen and flanking regions
15:50 16:05 Along-strike variation of the uplift and exhumation history of the Pyrenean orogen: Constraining the evolution of an 

intraplate orogen
Paul G. Fitzgerald, Suzanne L. Baldwin, James R. Metcalf, Josep-Anton Muñoz, Erika Schwabe

16:05 16:20 Low-temperature thermochronology, exhumation, and long-term landscape morphogenesis in the western Cantabrian 
Mountains, NW Spain

Grobe, R., Alvarez-Marrón, J., Glasmacher, U. A. & Menéndez-Duarte, R.
16:20 16:35 Thermochronologic evidence for a late-Pliocene exhumation event in the Lepontine area

Pignalosa, A., Cavazza, W., Massironi, M., Reiners, P.W. & Zattin, M.
16:35 16:50 Climatic, tectonic and geodynamic forcing on the European Alps at 5-4 Ma: An apatite fission-track study in the North 

Alpine Foreland Basin
Cederbom, C.E., Schlunegger, F., van der Beek, P., Sinclair,H.D. & Oncken, O.

16:50 17:05 Tectonic control on the late stage exhumation of the Aar Massif (Switzerland): Constraints from apatite fission track and 
(U-Th)/He data

Reinecker, J., Danišík, M., Schmid, C., Glotzbach, C., Rahn, M., Frisch, W. & Spiegel, C.
17:05 17:20 Late orogenic extension in the north-eastern Albanides (Albania)

Muceku, B.,  Van der Beek, P.,  Bernet, M., Reiners, P., Mascle, G. & Tashko, A.

Thursday Poster session (all day) (Endeavor Room - the Hotel Cook)

Th 1 The Caucasus are a fast exhuming orogen
Glasmacher, U.A., Kissner, T., Kraft, O., Mosar, J., Kangarli, T., Bochud, M. & Rast, A.

Th2 Reconstruction of Late Cretaceous uplift and denudation of the Eastern Indian Peninsula by apatite fission track 
analysis

Sahu, H.S., Raab, M.J., *Gleadow, A.J.W. & Kohn, B.P.

Th3 Apatite fission-track and (U-Th)/He thermochronometry applied to constrain the exhumation history and late 
tectonogenic stages of Peloritani Mountains, northern Sicily, Italy.

Balestrieri, M.L., Olivetti, V., Stuart, F.M., Vignaroli, G., Bigazzi, G. & Faccenna, C.

Th4 Additional evidences for surface uplift of the Atlas Mountains and the surrounding peripheral plateaux:  preliminary 
apatite fission track data on the Western Moroccan Meseta (coastal Paleozoic basement)

Barbero, L., Azdimousa, A., Jabaloy, A., del Río, P., Asebriy, L., Vázquez, M., Booth-Rea, G. & González-Lodeiro, F.

Th5 Shallow subduction erosion at a retreating convergent margin – the thermochronometric record of the “Uppermost Unit” 
on Crete, Greece

Brix, M.R., Thomson, S.N. & Stöckhert B.
Th6 What is the link between the subcrustal lithosphere and dead bats? Answer: low-temperature thermochronometry

Brichau, S., Carter, A., Gunnell, Y., Calvet, M. & Aguilar, J.-P.

Th7 Thermo-tectonic evolution of the Ukrainian Donbas Foldbelt and Azov Massif: evidence from fission track and (U-
Th)/He data.

Danišík, M., Sachsenhofer, R.F., Privalov, V.A., Panova, E.A., Frisch, W. & Spiegel, C.

Th8 Differential exhumation of the external crystalline massifs in the Western and Central Alps: constraints from the Mont 
Blanc and Gotthard tunnels

Glotzbach, C., Reinecker, J., Danišík, M., Rahn, M., Frisch, W. & Spiegel, C.

Th9 Timing of final collisonal stages and exhumation in orogenic belt: inferences from zircon (U-Th)/He dating of low T 
metamorphism in Ligurian Alps, Northern Italy

Maino, M., Dallagiovanna, G., Dobson, K., Gaggero, L., Persano, C., Seno, S. & Stuart, F.M.
Th10 Paleogene active tectonics in the fold-and-thrust belt of the western Variscan mountain belt, Germany

Sehrt, M., Glasmacher, U.A. & Wipf, M.

Th11 Coupled climatic/tectonic forcing of European topography revealed through thermochronometry – The “Thermo-
Europe” Project

Van der Beek, P., Andriessen, P., Balestrieri, M-L., Barbero, L., Bernet, M., Cederbom, C., Cosca, M., Glasmacher, U., Juez-Larré, J., 
Krzywiec, P., Kuhleman, J., Malusà, M., Oncken, O., Persano, C., Sinclair, H., Sobel, E., Spiegel, C., Stuart, F., Wieler, R., Willett, S., 
Zattin, M.

Th12 Perturbation of isotherms below topography: Constraints from tunnel transects through the Alps
Spiegel, C., *Zattin, M., Glotzbach, C., Pignalosa, A., Reinecker, J., Danišík, M., Massironi, M., Rahn, M. & Frisch, W.

Th13 Landscape Evolution of a Cretaceous Alkaline Massif on the Southeast of Brazil
Doranti, C., Hackspacher, P.C., Glasmacher, U.A., Franco, A.O.B., de Godoy, D.F., Ribeiro, M.C.S. & Hadler Neto, J.C.

Th14 Quantifying Eocene and Miocene Extension in the Ruby-East Humbolt Metamorphic Core Complex, Northeastern 
Nevada
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Gifford, J.N., Foster, D.A., Howard, K.A., Newman, V. & Donelick, R.

Th15 Detailed apatite fission-track studies in the Bergen area (southwestern Norway): Indication for a fault-dissected basin 
margin?

Ksienzyk, A., Johansen, L., Jacobs, J., Fossen, H., Emmel, B. & Wemmer, K.

Th16 Bayesian statistical modelling of the uncertainty in the estimation of exhumation rates from age-elevation relationships of 
fission track data

Vonthein, R. & *Reinecker, J.

Th17 Apatite fission track thermochronology, external Humber Zone, western Newfoundland Appalachians: Application of 
coupled multi-compositional inversion modeling and implications for petroleum prospectivity

Stockmal, G.S., *Issler, D.R. & Grist, A.M.
Th18 RadialPlotter: a Java application for fission track, luminescence and other radial plots.

Vermeesch P.
Th19 Reconstruction of Paleotopography from Low-Temperature Thermochronological Data

Wang Wei & Zhou Zuyi
 Th20 The Rwenzori Mountains of Uganda, a high mountain range in a rift environment – thermochronological evidences

Bauer, F.U., Glasmacher, U.A., Förster, A., Reiners, P., Braun, J., Nagudi, B., Schumann, A. & Bechstaedt, T.

Th21 The South Virgin-White Hills detachment fault system of SE Nevada and NW Arizona:  Applying apatite fission track 
thermochronology to constrain the tectonic evolution of a major continental detachment fault

Fitzgerald, P.G., Duebendorfer, Faulds, E.M.,  & O'Sullivan, P.
Th22 Thermochronologic Constraints on the Timing and Magnitude of Thrust Faulting in the Axial Zone of the Pyrenees

Metcalf, J.R., Fitzgerald, P.G., Baldwin, S.L., Anton-Muñoz, J. & Schwabe, E.

Friday 19 September  2008

Friday Oral session (Foredeck, the Hotel Captain Cook)

8:00 8:10 Introductory remarks
Garver, J.I.

XIII: Fault zones and strike slip systems
8:10 8:40 Thermochronology of fault zones: concepts and examples

Tagami, T.
8:40 8:55 Collision and strike-slip tectonics in the Kopeh Dagh and East Alborz-Binalud Ranges, N.E. Iran: A multidisciplinary 

study to constrain the Cenozoic to present-day tectonic history
Siddall, R., Hollingsworth, J. & Nazari, H.

8:55 9:10 Low-temperature thermal history of the San Andreas Fault Observatory at Depth
Blythe, A., & Bürgmann, R.

9:10 9:25 The Stolz Thrust and its connection with the Eocene Metasequoia Fossil Forest of Axel Heiberg Island, Canadian Arctic 
Archipelago: Apatite fission track evidence

Zentilli, M., Grist, A.M. & Williamson, M-C. 

9:25 9:40 Fission-track thermochronology, vertical kinematics, and geomorphological development along the western prolongation 
of the North Anatolian Fault Zone

Hejl, E., Parlak, O., Vavelidis, M. & Weingartner, H.
9:40 10:10 - Coffee Break - 

 
 
IXX: Concluding discussions

10:10 10:30 Inter-laboratory comparison of fission-track length measurements in apatite
Hurford, T., Carter, A. & Ketcham, R.

10:30 11:00 The Thermo-Europe Project
van der Beek, P.

11:00 11:30 FT2010 and/or FT2012
Gleadow, A.

11:30 11:50 Concluding remarks
   

12:00 HeFTy Short Course 
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THERMAL HISTORY AND EXHUMATION OF THE POLISH WESTERN OUTER 
CARPATHIANS: EVIDENCE FROM COMBINED APATITE FISSION TRACK AND ILLITE - 

SMECTITE DATA 
 
Anczkiewicz, A.A.1 & Świerczewska, A.2 

 
1Institute of Geological Sciences, Polish Academy of Sciences, Senacka 1, 31-002 Kraków, Poland. e-mail: ndstruzi@cyf-kr.edu.pl 
2Department of Fossil Fuels, Faculty of Geology, Geophysics and Environmental Protection, AGH University of Sciences and 

Technology, Al. Mickiewicza 30, 30-059 Kraków, Poland. e-mail: ndswierc@cyf-kr.edu.pl 
 
Abstract 

Apatite fission track dating and track length analysis 
combined with X-ray diffraction studies of illite-smectite 
provide new data on burial, thermal history and uplift in the 
Western, Polish part of Outer Carpathians accretionary 
wedge. These analyses were performed for the Magura 
Nappe and deeper structurally Dukla and Silesian nappes as 
well as for hinterland (Pieniny Klippen Belt) and for foreland 
of the Outer Carpathians. Except small areas, the present 
erosional level in the studied part of the Western Outer 
Carpathians as well as in the PKB has reached the AFT total 
annealing zone. These data agree with maximum 
paleotemperatures interfered from smectite-illite data 
showing mostly temperatures higher than 110oC. Apatite 
fission tracks (AFT) analyses indicate uplift and exhumation 
between 16 Ma and 35 Ma.  The obtained ages are: from 15.9 
Ma to 31.9 Ma for the Magura Nappe, 20.8 Ma and 32.1 Ma 
for the Silesian Nappe, 19.9 Ma for the Dukla Nappe, from 
16.2 to 35.8 Ma for the Pieniny Klippen Belt. 

 
Geological setting 

The Polish Western Carpathians (PWC) form the 
northernmost part of the Carpathian belt, which belongs to 
the Alpine-Carpathian orogenic system. They are subdivided 
into two main tectonic units: the Inner and the Outer 
Carpathians separated by the narrow Pieniny Klippen Belt 
(PKB), (Fig. 1). The Polish segment of the Western Outer 
Carpathians is an accretionary wedge composed of Upper 
Jurassic to Lower Miocene rocks overthrusting the Miocene 
strata of the Carpathian Foredeep. The Magura Nappe is the 
most internal part of the wedge formed at Eocene-Middle 
Miocene (Świerczewska, Tokarski, 1998; Nemčok et al. 
2000).  The nappe is trusted over more external part of the 
wedge composed of stacks of nappes: Dukla, Silesian, 
Subsilesian and Skole nappes. According to  Nemčok et al. 
(2000) this part of wedge was formed at  Oligocene - Middle 
Miocene. In other interpretation, the Magura Nappe is a Late 
Oligocene/Early Miocene accretionary wedge thrusted over 
Early/Middle Miocene accretionary wedge composed of 
more external nappes of the Outer Carpathians (Oszczypko 
2004). 

The PKB contains both strongly deformed Klippen 
successions of Jurassic to Cretaceous age as well as Jurassic 
to Lower Paleogene non-Klippen successions. The lattest 
were incorporated into the PKB as a result of Late Cretaceaus  
and post-Paleogene folding (Birkenmajer 2001). 

In order to constrain thermal history and exhumation of 
the PWC, apatite fission track analyses (AFT) were 
performed with correlation to illite-smectite paleotemperature 
data.  In this paper only the results from the Outer 
Carpathians, the Carpathian Foredeep and the PKB are 
discussed. 

 

Thermal structure of the Outer Carpathians and 
adjoining areas 

The thermal structure of the Outer Carpathians was 
reconstructed based on the degree of the smectite-to-illite 
transformation (for methods see: Środoń 1984, Šucha  et al. 
1993). However only for the Magura Nappe structural data 
combined with  illite/smectite studies were used for 
reconstruction the burial and thermal history as well as for 
reconstruction of tectonic activity of the nappe and its 
foreland (Świerczewska 2005). 

The observed thermal alteration of rocks on the present-
day erosion surface of the Outer Carpathians, resulting from 
temperatures ranging from <75 oC to 200oC, is related to 
tectonic burial (Świerczewska 2005 and references therein). 
The thermal alternation of the strata  in sedimentary basins 
prior to folding are poorly documented (Świerczewska 2005). 
The Miocene rocks of Carpathian Foredeep were never in 
temperatures higher than 75oC (Dudek 1999). In the PKB the 
maximum paletemperatures always exceeded 110oC 
(Świerczewska 2005). 

For the Magura Nappe two main stages of uplift and 
erosion can be distinguished (Świerczewska 2005). The first 
stage was related to uplift and erosion of accretionary wedge 
before Karpatian time (c. 17 Ma). The second stage was 
related to thrusting of the Magura Nappe over its foreland 
and to coeval internal deformation of the Nappe. The 
accretion-related thermal structure was strongly modified 
during the subsequent thrusting. This stage started in Early 
Miocene and was still in progress during Early Sarmatian 
times (c. 11.5 Ma). 

 
Materials for  AFT analyses (Tab. 1) 

The AFT studies were performed on seven surface 
samples of Eocene-Oligocene sandstones collected over the 
central area of the Polish parts of the Magura Nappe. Two 
samples were collected from the Cretaceous and Oligocene 
rocks of the Silesian Nappe close to the frontal overthrust of 
the Magura Nappe, one sample from the Miocene strata of 
the Carpathian Foredeep in the front of the Outer Carpathians 
and three samples from the PKB. In the PKB samples were 
collected from Jurassic and Cretaceous strata of the 
Grajcarek Unit and from the Klippen succession. Two 
samples of Oligocene sandstone were collected from the 
basement of the Magura Nappe exposed in the tectonic 
windows (the Dukla Nappe and equivalent units).  
 
Results and discussion of AFT data 

Seven samples from the Magura Nappe show a rather 
wide scatter of ages from c. 15.9 Ma to 31.9 Ma (Fig. 1). 
Two samples from Silesian Nappe gave ages c. 20.8 Ma and 
32.1 Ma, single sample from Carpathian Foredeep obtained 
age c. 25 Ma. Samples collected from the PKB are dated  
between c. 16.2 and 35.8 Ma. The dates for the Dukla Nappe 
are c. 19.9, 20.6 and 156 Ma. 
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Figure 1: Sample locations and analytical results for apatite fission track analyses, geology  after Żytko et al. (1988); rectangular in 
insert marks study area  
 
 

Sample 
number 

Tectonic unit Stratigraphic age of 
strata 

AFT age maximum paleo-
temperatures (oC) 

00/13 Carpathian Foredeep Miocene  Late Oligocene <75? 

00/18 Silesian Nappe Cretaceous Early Oligocene 110-140 

Sk 1/00 Silesian Nappe Oligocene Early Miocene 75-115 

Ta 00/1 Dukla Nappe Oligocene Early Cretaceous, Early 
Miocene 

>140 

Ni 00/1 Dukla Nappe Oligocene Early Miocene >140 

Ma 00/1 Magura Nappe Eocene Early Oligocene 110-140 

Ba 00/1 Magura Nappe Eocene Early/Middle Miocene 110-140 

Rz 00/1 Magura Nappe Eocene Early Miocene 110-140 

Cze 00/1 Magura Nappe Eocene Late Eocene 110-140 

SN 00/1 Magura Nappe Eocene/Oligocene Late Oligocene 110-160 

DO 00/2 Magura Nappe Eocene Early Miocene 135-160 

Kl 01/1 Magura Nappe Eocene Early Miocene 110-140 

4/01 PKB Grajcarek Unit Toarcian-Aalenian Middle Miocene >110 

5/01 PKB Grajcarek Unit Toarcian-Aalenian Early Oligocene >110 

7/01 PKB Klippen 
Succession  

Jurassic - Cretaceous Late Eocene  

 
Table 1: Stratigraphic age of strata vs. AFT age of samples and maximum paleotemperatures interfered from degree of smectite-illite 
transformation; for location of samples see Fig. 2. 
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Figure 2: Paleotemperature on the present-day erosional surface of the Outer Carpathians (Świerczewska, 2005); squares mark 
location of collected samples 
 

 
 
Figure 3: Analytical results of the track length distribution for apatite fission track analyses. 
 

For particular samples, the AFT data show narrow 
scatter except sample Ta 00/1 collected from Oligocene 
sandstones from the Magura Nappe basement exposed in the 
tectonic window (Fig. 2) and sample Sn 00/1 collected from 
Eocene/Oligocene sandstones of  the Magura Nappe (Fig. 2). 
In sample Ta 00/1 grain age distribution shows two distinct 
populations: 154.0 ± 8.6 and 20.7 ± 3.0 Ma (Fig. 1). Track 
length distribution determined for the older population 
indicates lack of significant annealing since c. 150 Ma (Fig. 
3A). The age of the second population is younger or overlaps 
with the stratigraphic age of the sequence within its analytical 
error (23-33 Ma, Tab. 1). Thus, the obtained older AFT ages 
reflect the cooling history of the source area. The sample Sn 
00/1 shows a wide scatter of individual grain ages from c. 
100.3 to 6.7 Ma, which, together with bimodal track length 

distribution (Fig. 3B), indicate the presence of different 
source rocks and a partial resetting after deposition. 

Taking into account that the structurally deeper sample 
(Ta 00/1) does not show significant amount of young 
resetting and the structurally higher sample (Sn 00/1) is 
partially annealed, we interpret the partial resetting of the 
latter sample as having taken prior to nappe stacking in the 
Outer Carpathians. Nevertheless, the presence of few young 
ages in sample Ta 00/1 suggests, that some annealing could 
be due to thrusting.  

The AFT age obtained for the sample from the 
Carpathian Foredeep is older than the stratigraphic age of 
strata (Tab. 1). It only indicates AFT age of rocks in the 
source area. Results from the PKB suggest earlier uplift of 
the PKB than it was proposed (Early Miocene, Birkenmajer 
1986). 
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Conclusions 
Except small areas, the present erosional level in the 

studied part of the Western Outer Carpathians as well as in 
the PKB has reached the AFT total annealing zone which 
points to at least 6 km of exhumation (assuming c. 20°/km 
geothermal gradient and F-apatite). These data agree with 
paleotemperatures interfered from smectite-illite data 
indicating temperatures which affected rocks mostly >110oC. 
However, paleotemperatures interfered from smectite-illite 
data suggest considerably larger total uplift (up to 10 km). 
These differentiations show that uplift should start much 
more earlier than it would be concluded from AFT data. 

The presence of total annealing zone in the structurally 
higher Magura Nappe and lack of significant annealing in the 
structurally deeper Dukla Nappe indicates, that the most of 
partial resetting of the AFT in the Magura Nappe occurred 
before present-day structural position of the nappes. This 
conclusion is confirmed by scenario presented for 
explanation of spatial maximum paleotemperature 
differentiation in the Magura Nappe and its basement. The 
older data noted in the Magura Nappe are related to the uplift 
of the Magura accretionary wedge, whereas the younger data 
from the Dukla Nappe are related to the uplift coincidental 
with thrusting of the Magura Nappe over its foreland. 
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Accretionary prism plays a big role in global material 
circulation, formation of orogenies and continental crust. 
Therefore it is important to understand geologic process in 
the context of the formation and development of accretionary 
prism. The process occurs in the upper crustal rocks under a 
relatively low temperature regime, and is reconstructed by 
means of thermochronological technique such as fission track 
(FT) method. The FT method using apatite provides a 
thermal history of a rock at a temperature regime of around 
100 °C, useful to discuss uplift and erosion processes of 
upper crustal rocks. 

The Shimanto Belt, lying along the Pacific coastal 
range of Southwest Japan subparallel to the modern Nankai 
Trough, is a particularly well studied on-land accretionary 
prism. AFT ages of the Shimanto Belt in the south-east 
Shikoku and Kyushu regions, Japan, were reported as about 
10 Ma and interpreted to represent the Miocene exhumation 
induced by the rapid subduction of the Philippine Sea Plate 
due to the opening of Japan Sea, or the underplating of a 
mass of sediment probably supplied from Miocene igneous 
activities (Hasebe et al., 1993, 1997; Hasebe and Tagami, 
2001). On the other hand, AFT ages in part of the Kii region 
were represented as about 35 Ma (Hasebe and Tagami, 
2001). Because the FT ages only depend on the number of 
counted tracks, they often show apparent ages which don’t 
reflect any thermal events. Therefore, it is preferable to 
reconstruct thermal histories by measurement of track length 

distributions. Track length analyses of apatites from the 
Shimanto Belt were not conducted because of their low track 
densities. This study aims to measure FT length distributions 
to discuss a detailed uplift process of the Shimanto 
accretionary prism. 

 The Shimanto Belt are divided into the Cretaceous 
(SH01, 02, SHQ07, 06, 03 and 02) and the Tertiary (SH19, 
20, 21, SHQ21, 22 and SHMIC05) belts (Figure 1). 

Separated apatites were etched chemically in 5 M 
HNO3 at 20 ± 1°C for 20 s, and track lengths were measured. 
Afterwards, they were etched again in the same condition and 
track length, which appeared after additional etching, were 
measured to increase the measured tracks even in a sample 
with very low track density. Track lengths were measured 
using digital camera Focus Studio 2100 connected with 
optical microscope. Horizontal confined track length were 
measured whose width were 1.0 ± 0.5 µm. Dpar (Burther et 
al., 1994) and track orientation were also measured, as a 
representative of chemical composition which is a main 
contributor of annealing and to evaluate annealing 
anisotropy, respectively. 

Measured track length distributions are shown in Figure 
2. From these results, time-temperature paths were modeled 
using HeFTy (v1.5.5) software (Ketcham, 2005). In this 
study, c-axis projected length model was used to evaluate the 
annealing anisotropy of apatite. 

 

 
 
Figure 1: Geological setting of the Southwest Japan and sampling localities. This map was modified from Hasebe and Tagami (2001). 
MTL: Median Tectonic Line, IS: Ioigawa-Shizuoka Tectonic Line. 
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All samples show a rapid cooling event regardless 
depositional ages. The rapid cooling event took place around 
8-2 Ma, from ~85-100°C, which, in most case, are maximum 
paleotemperature in their thermal histories. FTs in apatite 
were not annealed completely. Coeval rapid cooling found in 
all samples implies their exhumation process because no heat 
source attributable is found in the studied area. Calculated 

uplift and erosion rate is ~0.6-2.1 mm/yr under the 
assumption of the surface temperature being 20°C and the 
thermal gradient 20°C/km. The onset of cooling 
(exhumation) shows close age to the re-start of the 
subduction of the Philippine Sea Plate at about 6 Ma (Kamata 
and Kodama, 1999). 
 

 

 
 
Figure 2: Measured track length distributions of each sample. Open symbol means the tracks measured after the first etching. Shaded 
symbol means the tracks measured after the second etching. 
 
 

 
 
Figure 3: Results of the modeling using HeFTy (v1.5.5) to predict time-temperature path using c-axis projected length model. (a) 
Results of the Shikoku region. Time scale of horizontal axis is 180 Ma. (b) Results of the Kyushu region. Time scale of horizontal axis 
is 100 Ma. 
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Introduction 

The western Chugach Mountains and Prince William 
Sound are located in the core of the southern Alaska syntaxis 
(Figure 1).  This syntaxis is characterized by bending of 
major mountain belts (Alaska Range, Chugach Mountains) 
and fault systems (Denali/Fairweather, Border Ranges, and 
Contact faults) from northwest trends in the eastern parts of 
southern Alaska to east-west and southwest trends farther 
north and west.  Late Tertiary deformation in this area is 
mainly related to subduction of the Yakutat microplate, 
which either directly or indirectly, has had a more profound 
effect on deformation in southern and central Alaska than any 
other geologic event during this time.  The last five or so 
years have seen escalated study of the geologic and 
geophysical aspects of Yakutat subduction, including: (1) 
study of deformation and tectonic processes associated with 
oblique subduction in the St. Elias orogen (Figure 1); (2) 
seismicity and tomographic studies to provide constraints on 
shallow subduction; and (3) study of recent motion of 
theYakutat microplate using geodetic methods.  Relatively 
little work has been done to evaluate deformation of the 
accretionary complex in the Prince William Sound and 
western Chugach Mountains (PWS-CM) above the subducted 
Yakutat microplate in the syntaxis 
core. 

 
Figure 1:  Location map and general 
tectonic framework for southern 
Alaska.  Darker gray area shows 
approximate region of subducted 
Yakutat microplate from Eberhart-
Phillips et al. (2006).  BRF is Border 
Ranges fault, CF is Contact fault. 
 
Late Cenozoic Tectonics and 
Geology of the PWS-CM 

The right-lateral Queen 
Charlotte–Fairweather transform fault 
lies along the coast of southeastern 
Alaska, and the Alaska–Aleutian 
subduction zone lies along the 
southern Alaska margin (Figure 1). In 
between, the Yakutat microplate (YM) 
is colliding with and subducting 
beneath much of southern Alaska. The 
relatively buoyant YM crust is 
subducting at a shallow angle of about 
6 degrees beneath Prince William 
Sound (Figure 2). 

Late Cenozoic tectonics is 
dominated by collision of the YM 
along the plate margin and regional strike-slip faulting within 
the interior of continental Alaska along the Denali Fault, and 
across a structurally diffuse and poorly defined tectonic 
boundary that extends from near Mount McKinley southward 
through the Talkeetna Mountains, the Cook Inlet forearc 
basin, the western Chugach Mountains, and Prince William 
Sound (Figure 1).  The Yakutat microplate began subducting 
~25 Ma and currently is moving north-northwest about 46 

mm/yr, which is close to the velocity of the Pacific plate 
relative to North America.  Very strong, but spatially 
varying, coupling exists currently between the Yakutat 
microplate and the North American plate – the strongest 
coupling is centered on Prince William Sound where the 
1964 M 9.2 earthquake initiated. 

The study region changes from the island and fiord 
system of Prince William Sound to the south to the 
impressively glaciated Chugach Mountains to the north.  
Peaks in the western Chugach Mountains reach ~13,000 feet 
to form the highest topographic relief of any accretionary 
prism in the world.  Glaciers radiate to the north, south, and 
west from these high peaks. 

The PWS-CM area is comprised of two accretionary 
terranes separated by the Contact Fault - the Prince William 
Terrane to the south and Chugach Terrane to the north of 
Contact Fault (Figure 1).  The Late Cretaceous Valdez Group 
makes up the Chugach Terrane, in contrast to the less 
deformed and metamorphosed rocks of the Paleogene Orca 
Group that make up the Prince William Terrane.  A dominant 
structural feature of Prince William Sound is the Contact 
Fault, which is coincident with a major p-wave velocity 
contrast that may indicate significant exhumation differences 

across the fault system.  The northern edge of the western 
Chugach Mountains is defined by the Border Ranges Fault 
system, which has south-side-up slip and is considered a 
backstop against which uplift and erosion of the accretionary 
complex to the south has occurred. 

The Prince William Sound area is centered on a region 
where the interface between the North American and 
Yakutat/Pacific plates is locked to a depth of 20-30 km 
(Figure 2). If full or partial plate locking is extended to 
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million year time scales, then rapid uplift must be occurring across this high strain gradient region. 
 

 
Figure 2:  Cross section showing hypocenters (plus) and p-wave velocity (Vp) under southern Alaska.  See Figure 1 for location.  
Figure modified from Eberhart-Phillips et al. (2006). 
 
Thermochronology in the PWS-CM 

Several published and unpublished apatite fission-track 
(AFT) and apatite (U-Th)/He (AHe) ages have been 
determined for regions around the periphery of the core 
syntaxis area (Figure 3), as summarized below.  Little and 
Naeser (1989) report AFT ages for the northern Chugach 
Mountains along the Border Ranges Fault that are mostly 15 
to 25 Ma.  These ages are similar to apatite (U-Th)/He ages 
reported by Hoffman and Armstrong (2006) in the Talkeetna 
Mountains just north of the Border Ranges Fault, which have 
been interpreted to mark the beginning of rapid uplift 
associated with early Yakutat subduction.  Buscher et al. (in 
press) report an extensive apatite (U-Th)/He data set for the 
Kenai Peninsula, the northernmost Chugach in Matanuska 
Valley, and farther east in the Chugach and Prince William 
Sound near Valdez and Cordova.  AHe ages on the ocean 
windward side of the ranges are ~12 to 18 Ma, but on the 
leeward sides they tend to be ~20 to 40 Ma.  These relations 
suggest climatic control and more rapid exhumation on the 
windward sides of the ranges.  Three samples from the 
Copper River/Cordova area are 5 to 7 Ma and indicate more 
rapid exhumation there.  All of these ages are older than ages 
from the rapidly exhuming regions farther east at the 
transpressional collision front, which implies that the western 
Chugach-Kenai area accommodates little of  strain associated 
with flat-slab subduction relative to the eastern collisional 
front.  However, none of the samples from these studies are 
from the core of the syntaxis where relief is the greatest and 
where rapid exhumation, perhaps caused by the balancing of 
accretionary wedge mass flux input by erosional mass flux 
output, is most likely.  To address the possibility of rapid 
exhumation and mass flux balances, we report five new AFT 
and AHe ages along a N-S sea level transect in the Prince 
William Sound.  AFT ages generally decrease northward 
from ~35 to 11 Ma.  AHe ages across the transect are ~7 to 
10 Ma.  None of these samples are from the high relief 
western Chugach, but the northward younging of AFT ages 
and the relatively young AHe ages, relative to the mostly 
older AHe ages in the surrounding regions, appear to be 
nested with the lowest temperature thermochronometer reset 

ages spread out over greater distances; this relation is similar 
to rapidly exhumed subduction complexes such as the 
Southern Alps and the Olympic Mountains.  
 

 
 
Figure 3 (previous page):  Sample location maps showing 
(A) apatite fission-track and (B) (U-Th)/He ages in Ma.  PWS 
is Prince William Sound.  Samples shown by black dots are 
from Buscher et al. (in press), Little and Naeser (1989), 
Hoffman and Armstrong (2006), Parry et al. (2001), and M. 
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Rioux (personal communication).  Squares are new data from 
this study. 
 
These results suggest that the syntaxial core may be 
accommodating significant localization of exhumation 
between the Border Ranges Fault backstop to the north and 
the presently locked portion of the Yakutat – North American 
plate interface to the south.  Additional sampling farther 
north in the high western Chugach syntaxial core may 
provide strong constraints on potential localized exhumation 
and mechanics of shallow subduction of the Yakutat 
microplate. 
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The discovery of >20 ultrahigh-pressure (UHP) 
metamorphic terranes has led to the paradigm in earth 
sciences, in which buoyant continental crust can be 
subducted to mantle depths and subsequently exhumed. The 
number and volume of Phanerozoic UHP terranes indicates 
that subduction and exhumation of continental crust has had a 
major impact on Earth’s evolution. How UHP rocks are 
exhumed to the Earth's surface remains an outstanding 
question that has implications for understanding the evolution 
of plate boundaries, the recycling of continental crust, and 
exchange of material between the crust and the mantle. Many 
studies of Phanerozoic UHP terranes have documented the 
timing of UHP formation, and exhumation to mid-crustal 
levels using high to medium (e.g., U/Pb, 40Ar/39Ar) 
temperature thermochronologic methods. However, crucial 
constraints on the timing and processes responsible for the 
exhumational approach of UHP terranes towards the Earth’s 
surface can only be obtained through application of low 
temperature thermochronologic techniques (e.g., (U-Th)/He, 
fission track and low temperature 40Ar/39Ar K-feldspar data). 
In studies of ancient UHP terranes low temperature 
thermochronologic data is crucial for determining cooling 
and exhumation rates as samples reach the Earth’s surface. 
In the active AustralianWoodlark plate boundary zone of 
eastern Papua New Guinea, the youngest (i.e., Late Miocene 
to Late Pliocene) HP and UHP rocks known on Earth have 

been exhumed in the Woodlark Rift, an actively extending 
region of continental crust west of the westward propagating 
Woodlark Basin sea floor spreading center. This HP/UHP 
terrane has not yet been incorporated into a collisional belt 
and subjected to syn- and post-collisional metamorphism, 
magmatism, and deformation.  Furthermore, HP/UHP rocks 
may still be in the process of being exhumed from depth. 
Thus, the HP/UHP terrane of eastern PNG is a natural 
laboratory that offers the best opportunity globally for 
finding HP/UHP rocks at depth and unraveling their in situ 
exhumation. In this active region we can use the boundary 
condition of the surface of the Earth and high temperature 
thermochronologic techniques to assess the efficacy of low 
temperature methods to reveal meaningful geologic and 
tectonic information. Our approach is systematic, sampling 
along-strike and across-strike the core complexes exposed in 
the islands within the Woodlark Rift, and also with respect to 
the integration of multiple thermochronometers. By knowing 
theoretically what the low temperature ages “should” be, 
potential problems that arise from lithologic differences, 
error magnification due to low [U] in such young samples, 
the spread in single ages obtained for a given sample, and 
spurious ages that are “too” old to be geologically 
meaningful, can be assessed. The data can then be 
confidently interpreted within a tectonic framework to reveal 
information concerning rates of geologic processes.  

 

 
Figure 1: Eastern PNG tectonic and geologic maps (after Baldwin et al., 2004). a) Fergusson Island geology; UHP locality 
indicated. b) Australian-Pacific plate boundary zone microplates. White dashed line indicates Bruhnes chron. NBP= North 
Bismark Plate; SBP= South Bismark Plate, SP= Solomon Plate; DD= Dayman Dome; DI = D’Entrecasteaux Islands; 
G=Goodenough Island; F=Fergusson Island; N= Normanby Island; MS= Moresby Seamount; TP= Trobriand Platform; 
WR=Woodlark Rise; PR= Pocklington Rise; HP= Huon Peninsula; PUB= Papuan Ultramafic Belt; Sub = subduction; OC= 
oceanic crust; carapace= shear zones; core= gneiss, migmatite, and eclogite; seds= sedimentary rocks; volcs= volcanic rocks; 
calcalk= calc-alkaline; peralk= peralkaline; GS = greenschist; BS=blueschist; EC= eclogite; AM=amphibolite. 
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The HP and UHP rocks occur in the lower plates of the 
D’Entrecasteaux Islands metamorphic core complexes west 
of the Woodlark Basin sea floor spreading rift tip. Structural 
and field evidence, combined with U-Pb, trace and REE data, 
indicate mafic eclogites and their felsic host gneisses were 
metamorphosed together under eclogite-facies conditions 
from Late Miocene to Pliocene. Although the mafic eclogites 
preserve peak metamorphic assemblages, in general they do 
not contain sufficient quantities of apatite, zircon, and 
feldspar that can be separated for thermochronologic 
analysis.  However the felsic gneisses do contain sufficient 
quantities of apatite, zircon, and feldspar that can be 
separated for thermochronologic analysis.  

Low temperature thermochronologic data (40Ar/39Ar K-
feldspar including multi-diffusion domain models, zircon (U-
Th)/He, apatite fission track, and apatite (U-Th)/He) obtained 
on the felsic host gneiss to the Late Miocene (~ 8Ma) mafic 

coesite eclogite is used to illustrate our integrative approach. 
The low temperature portion of 40Ar/39Ar age spectra and 
multi-diffusion domain models indicate K-feldspars cooled to 
temperatures <200°C from ~2.0 to 1.8 Ma. (U-Th)/He zircon 
and apatite ages are concordant with one another and record 
further rapid cooling to 1.6-1.5 Ma. Apatite fission track ages 
are typically < 1 Ma but with large errors associated with 
these young, low [U] samples. Despite the analytical 
challenges of determining Late PliocenePleistocene cooling 
ages on these samples, the integrated data, together with 
coesite-eclogite zircon age and crystallization temperatures, 
suggest that beginning in the late Pliocene,  an increase in 
apparent cooling rate from ~35 °C Myr-1 to >135°C Myr-1 
occurred as coesite eclogite and its host gneiss were rapidly 
(cm yr-1) exhumed from mantle depths (>90 km) to the 
surface.  
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Abstract 

We present new apatite fission-track and (U-Th)/He 
thermochronometry to provide a better understanding of the 
dynamics of the late tectonic phases of the Peloritani 
Mountains, NE Sicily, Italy. Apatite fission-track ages span 
29.0±5.5 to 5.5±0.9 Ma while apatite (U-Th)/He ages vary 
from 20.1 to 6.2 Ma. Thermochronometric data record an 
Early–Middle Miocene thermal event that affected much of 
the Peloritani belt that we tentatively attribute to out-of –
sequence thrusting that occurred in the inner-intermediate 
part of the orogenic wedge as a dynamic response to 
progressive foreland-ward thrust propagation. Young (U-
Th)/He ages (c. 5 Ma) likely record exhumation related to 
post-orogenic extensional tectonics. 
 
Introduction 

The Peloritani Mountains constitute the westward 
termination of the Calabria–Peloritani Arc of southern Italy, 
an orogenic segment connecting the dominantly sedimentary 
thrust systems of the Apennines and the Maghrebides of the 
central Mediterranean region (Fig. 1). Tertiary convergence 
between the African and European plates has produced the 
NNW subduction of the Calabrian slab for about 400 km and 
the associated growth of an orogenic wedge south verging 
toward the Hyblean Plateau (Catalano et al., 1996; Lentini et 
al., 1996; Grasso, 2001). The Peloritani Mountains formed 
when the continental collision occurring during Oligocene – 
early Miocene times, caused the tectonic superposition of the 
Kabilo-Peloritan Calabrian belt onto the rock succession of 
the Sicilian – Maghrebian belt (Catalano et al., 1996; Lentini 
et al., 1996; Grasso, 2001). Since Late Miocene times this 
process was accompanied by back-arc extension of the 
Tyrrhenian Sea (e.g. Faccenna et al., 1997). 

Orogenic wedges react to changes of the dynamic 
equilibrium of the margin or to the characteristics of the 
subducting plate. Out-of-sequence thrusts, normal and strike-
slip faults develop in order to continuously maintain the 
wedge equilibrium profile (Davis, 1983; Ohmori et al., 1997; 
Dileonardo et al., 2002). Apatite fission-track and (U-Th)/He 
thermochronometry have been applied to different units of 
the tectonic edifice of the Peloritani Mountains aimed at 
providing insight to rock exhumation and the dynamics of the 
late of orogenic stages. 
 
Geological setting 

The Peloritani structural edifice (e.g. Amodio-Morelli 
et al., 1976; Bonardi et al., 1976; consists of a set of thrust 
sheets composed of medium- to high-grade Paleozoic 
metamorphic rocks with remnants of Mesozoic sedimentary 
cover. Stacking occurred during Alpine south-verging 
deformation (e.g. Cirrincione & Pezzino, 1994; Giunta & 
Somma, 1996; Vignaroli et al., 2008) that was coeval with 
thrust front migration in the proximal Maghrebian foreland 
(Bonardi et al., 2001). The age of the Alpine metamorphic 
climax is tentatively confined to the Late Oligocene (Atzori 

et al., 1994). Substantial exhumation has occurred since the 
Oligocene-Miocene boundary as indicated by zircon and 
apatite fission-track data (Thomson, 1994). The whole 
Peloritani edifice is unconformably overlain by the Stilo-
Capo d’Orlando Fm (Bonardi, 1980), a wedge-top thick 
Oligocene(?)–Early Miocene terrigenous clastic formation 
that has been partly involved in the late tectonogenic phases 
of the construction of the nappe edifice (Giunta and Somma, 
1996; Giunta and Nigro, 1997; Lentini et al. 2000, and 
references therein). A large Mesozoic-Early Tertiary 
stratigraphic sequence, the so-called Antisicilide nappe, 
tectonically overlies the Stilo-Capo d’Orlando Fm. This is 
interpreted to be the result of back-thrusting related to the 
collisional stage (Bonardi et al., 1980; 1996), although 
alternative hypotheses have been proposed (e.g. Lentini et al., 
2000). Langhian arenaceous-carbonatic sequence of the 
Floresta Fm unconformably overlies the Antisicilide nappe. 
NE-SW trending extensional faulting affected the northern 
shoulder Peloritani Mountains. The age of inception of 
extensional tectonics is unclear, and has been proposed to be 
Serravallian (Lentini et al., 1995) or Late Tortonian 
(Catalano et al., 1996; Pepe et al., 2000). 
 
Results and discussion 
 Fission-track and (U-Th)/He analyses were carried out 
on apatite from crystalline rocks of the Paleozoic units of the 
Kabilo-Peloritan Calabrian belt from two north-south 
oriented traverses and one transect parallel to the Tyrrhenian 
coast and one perpendicular to the Ionian coast (Fig.1).  
Fission-track ages span 29.0±5.5 to 5.5±0.9 Ma while (U-
Th)/He ages vary from 20.1 to 6.2 Ma (Fig. 2). Ages 
generally decrease south from the Tyrrhenian coast. Old 
fission-track ages are accompanied by old (U-Th)/He ages in 
the uppermost Aspromonte Unit in Capo Milazzo and Capo 
Tindari locations (Fig. 2), while younger fission-track and 
(U-Th)/He ages are recorded by more external samples. This 
distribution could reflect the southward migration of the 
thrust front (in-sequence-thrusting) leading to a progressive 
younging of exhumation during continuous underthrusting of 
the Adria plate.  
 But fission-track ages of the two southernmost samples 
(one from this study and one from Thomson, 1994) and one 
from the Ionian coast are older (Fig. 2). Moreover, some 
crucial factors such as sample structural position with respect 
to the Stilo-Capo d’Orlando Fm that represents a reference 
level providing a strong external constrain on sample thermal 
histories, have to be taken in account.  We suggest that the 
older fission-track and He ages in the Aspromonte Unit 
correspond to the time of the early exhumation of this unit 
during in-sequence thrusting leading to the formation of the 
orogenic wedge (Vignaroli et al., 2008). Meanwhile the Capo 
d’Orlando flysch was deposited on top of the Aspromonte 
Unit. As different generation of thrusts are recognized from 
the Tyrrhenian coast toward south involving both the 
Aspromonte Unit and the inner portion of the Stilo-Capo 
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D’Orlando Fm (Giunta and Nigro, 1999), we propose that the 
younger fission-track ages (<15 Ma and younger than the 
stratigraphic age of the Stilo-Capo d’Orlando Fm) are the 
result of a partial-to-total resetting due to heating by the over-
riding thrust sheets emplaced during out-of-sequence 
thrusting (e.g. Sullivan & Wallace, 2002). We speculate that 
this out-of-sequence thrusting process was a dynamic 
response to progressive foreland-ward thrust propagation for 

maintaining the critical taper condition of the inner-
intermediate portions of the Peloritani belt. This phase is 
probably confined between the deposition of the basal Stilo-
Capo d’Orlando Fm and the Langhian age of the Floresta Fm. 
In this interpretation the young (U-Th)/He ages represent the 
timing of the last exhumation (ca. 5 Ma) probably linked to 
moderate post-orogenic extensional collapse. 

 

 
 
Figure 1: Sketch map of the Peloritani Mountains. Location of samples from this study and from Thomson (1994) are shown.  
 

 
 
Figure 2: Apatite fission-track and (U-Th)/He ages from this study and zircon and apatite fission-track from Thomson (1994) are 
shown. 
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Introduction 

The northern part of Morocco comprises the Atlas 
Cordillera and several mesetas with a flat morphology all of 
them constituting the alpine foreland terrain of the Rif-Tell 
orogen located at the the southern margin of the Western 
Mediterranean (fig. 1).  

The Atlas cordillera is a linear mountain belt with a 
SW-NE trend which in the central part is divided into two 
branches: the so called Medium Atlas which follows a SSW-
NNE direction and the High Atlas with an approximate E-W 
strike. The main geodynamic characteristics of this mountain 
belt were exposed by Mattauer et al. (1977). The Atlas can be 
considered as a typical intracontinental orogen and is related 
to the far-field effects of the N-S displacement of the 
European plate with respect to the African plate (Teixell et al, 
2008). For these authors, the evolution and chronology of the 
Atlas is relatively independent of the evolution of the Betic-
Rifean orogen. The so-called Anti-Atlas, to the south of the 
Atlas, represents an extensive massif with characteristic low 
topography related to scarce alpine activity.  

Between the Rifean orogen and the Atlas chain, several 
massifs of metamorphic and granitic rocks of Palaeozoic age 
are found. They constitute the massifs of Rehamma, Jebilet, 
the Western Meseta, and the plains of High Moulouya and 
Guercif (fig. 1). Based on paleo-stress data, Ait Brahim et al. 
(2002) made a study on the tectonic evolution of the North 
African margin from late Paleozoic to present. They conclude 
that the evolution of north Morocco is characterized by a 
NW-SE to NE-SW extensional period from late Triassic until 
Early Cretaceous related to the opening of the Atlasic and 
Atlantic rift systems. From Late Cretaceous to Late 
Paleocene, a compressional regime with E-W to WNW-ESE 
directions evidenced by the presence of strike-slip faults in 
the northwestern part of the Atlas Mountains is recognized. 
This compressional event continued during the Eocene but 
with a N-S direction as evidenced by the presence of inverse 
faults and folds in the Atlasic areas. From the Oligocene to 
Middle Miocene, the compression continued but changing to 
NE-SW trends in relation with the continuous collision 
between the African and European plates.  

 

 
Figure 1: Geological map of the Western Moroccan Meseta with location of samples and AFT ages. Inset show the location within the 
Atlas-Rifean context. Sample IM-16 in the Middelt area from Barbero et al. (2007).  
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Recently, Babault et al. (2008) has presented geological 

evidences for the timing of large scale topographic doming in 
the Moroccan Atlas system based on the study of elevated 
marine sediments, tilted paleohorizontal markers and 
drainage-network reorganization in the southern margin of 
the Saïss Basin and in the northern middle Atlas regions (Fig. 
1).  

This work presents new apatite fission-track data from 
apatites recovered in granitoids from the Western Moroccan 
Meseta in a cross section from Rabat to Khenifra (Fig. 1) 
with the aim of investigating the thermal evolution of the 
area in its relation to the topography and to the regional 
tectonic processes.  
 
Results and discussion 

ATF ages obtained for the granites of the Rabat-
Khenifra sector vary between 118 and 239 Ma, most of the 
values being in the range 210 – 239 Ma (Figs. 1 and 2). Just 
sample RO-5 from the bottom of the Oulmes granite present 
an age of 118 Ma. Sample IM-16 in the Middelt area has 
been taken from Barbero et al. (2007) for comparison. Mean 
track length (horizontal TINTS) vary in the range 11.68 to 
13.01 mm. Shorter track length correspond to sample RO-5. 
Dpar values are all very similar and cluster around 3 mm.  

The ~100 Ma younger AFT age in sample RO-5 with 
respect the rest of the samples can be easily explained as a 
consequence of local recent thermal overprint. In the bottom 
of the valley where this sample was taken, present-day hot 
water spring flow exists. When performing a thermal 
modelling in this sample, results are totally consistent with 
this recent to present thermal overprint (Fig. 3). 

In the rest of the samples, an inverse correlation 
between sample elevation and AFT age is observed (Fig. 2). 
This is an unusual feature, as in exhumed basement areas the 
relation between elevation and AFT ages is normal, the 
highest samples showing older AFT ages than the lowest 
ones. If we consider a steady exhumation of a basement, the 
slope of the regression elevation vs. age line allows an 
estimation of the exhumation rate to be made.  

 

 
Figure 2: Elevation vs. AFT age for samples in figure 1. 
 
 

 

 
Figure 3: Time vs. temperature models performed using HeFTy software (Ketcham 2005) for samples RO-1 (left panel) and RO-5 
(right panel). Constrains for modelling sample RO-1 just include a box at temperatures higher than 120 for Carboniferous to Permian 
times as emplacement age for this sample is around 300 Ma. For sample RO-5 the only constraint used included the possibility of 
attainment temperatures higher than surface temperature for recent times which is supported by present-day hot springs in the area. 
Annealing model used is Ketcham et al. (1999); C-axis projected lengths correction applied after Ketcham et al. (1999). GOF for age 
and track length in both models are higher than 0.85. 
 
 

RO-1 RO-5 
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On a big scale this kind of inverse present-day elevation 
vs. age correlation is commonly attributed to isostatic 
rebound (Braun et al. 2006) but this is not the only 
explanation. In the context of the Atlas Mountains, Babault et 
al. (2008) have shown that at lithospheric scale, the mean 
elevation of the whole Atlas and adjacent plateaux describe a 
lithospheric fold onto which the recent Atlas topography is 
superimposed. They offer abundant geologic evidence for 
this (tilted Pliocene lacustrine sediments, uplifted Upper 
Miocene marine deposits and drainage reorganization). The 
large scale surface deformation coincides with the N-E 
trending imaged thinning of the lithosphere in this region, 
which is the attributed to a buoyant mantle upwelling (Teixell 
et al. 2008; Babault et al. 2008). This is consistent with 
several geological evidences including the occurrence of 
alkaline magmatism of Cenozoic age in the region.  

The AFT data of the Paleozoic coastal basement 
indicate that a recent processes, occurred at temperatures 
lower than the upper part of the apatite partial annealing zone 
(<60ºC), has changed the topographic elevation of the 
samples, the AFT ages resulting unchanged. Whether this is 
related to flexural subsidence and isostatic rebound related to 
erosional unloading or is associated to a 
lithosphere/astenosphere anomaly can not be resolved with 
the actual FT data. In any case, these data support a recent 
northwards tilting of the Paleozoic coastal basement in 
agreement with other geological evidences as those of 
Babault et al. (2008).  

Results from modelling are also consistent with a recent 
tilting as shown in figure 3 although the precise timing for 
this can not be precisely resolved, but is more recent than 20-
25 Ma (see fig. 3) in accordance with an estimated age of 15 
Ma for the main episode of long-wavelength mantle-related 
uplift in the Atlas Mountains (Teixell et al., 2005; Missenard 
et al., 2006). Future research aimed to get (U-Th-Sm)/He 
cooling ages would help in constraining the timing of this 
surface elevation event which act at large scale in northern 
Morocco.  
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The Rwenzoris, a mountain range in the western section 
of the East African Rift System is located at the border 
between Uganda and Congo, SW of Lake Albert (Fig. 1). It 
extends about 120 km in N-S and 50 km in E-W direction. 
The main lithological units are Precambrian sillimanite 
gneisses, amphibolites, schist, pegmatites, and mafic dikes. 
All units are truncated intensively by N-S and E-W trending 
normal faults. The recent topography extends between about 
1000 m a.s.l. and more than 5000 m a.s.l.. Three main 
drainage systems dewater the mountains towards the east into 
Lake George. Above ~2500 m a.s.l. the evolution of the 
topography is strongly influenced by large ice sheet in the 
Pleistocene and Holocene. Related to the significant heights 
and the extraordinary position within an extensional tectonic 
setting, the Rwenzori Mtns. are a key area to investigate 
processes related to rift evolution. 

As part of the RiftLink-research project, which 
addresses the impact of long-term changing topography on 
atmospheric circulation and subsequent climate changes in 
Equatorial Africa, the presented study seeks to constrain the 
uplift of the Rwenzori Mtns. by low-temperature 

thermochronology. Therefore, apatite fission-track and (U-
Th-Sm)/He-data were determined and combined to establish 
the thermal, denudation, and uplift history of this region. An 
extensive sampling was done during three major field 
seasons covering the central Rwenzori Mtns. on the Uganda 
side, the surrounding area (Uganda), and the eastern rift 
shoulder at Lake Albert. First samples from the Congo side, 
provided by the African Museum (Tervuren, Belgium), 
complete these sample series.  

The apatite fission-track ages of the Rwenzori Mtns. 
cover a range between 195 (8) Ma – 85 (5) Ma. with an 
average at about 135 Ma (Fig. 1). The ages do not vary 
significantly with elevation (Fig. 2). At the same elevation 
age variations of up to 100 Myr are related to the occurrence 
of normal faults trending either N-S or E-W. The age 
distribution indicates a complex exhumation history that is 
related to movements along normal faults in Jurassic and 
Cretaceous time; whereas similar ages at elevations between 
1650 m a.s.l. and 4800 m a.s.l indicate fast uplift in Neogene 
to Quaternary time (Fig. 2). 

 
 
 
 

 
 

Figure 1: Main sample locations within the Rwenzori Mtns. and surrounding areas. Enlarged view into the central Rwenzoris with 
selected apatite FT and (U-Th-Sm)/He-ages along an E-W trending transect. 
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Figure 2: FT and (U-Th-Sm)/He-ages at different elevations 
indicating the elevation independence of the analyzed 
samples. 

 
Long term or strong erosion of the metamorphic basement 
would have caused either a positive or a negative slope of the 
regression line in an age-elevation diagram. Furthermore, the 
increase of elevation from E to W along the sampled 
transects with only minor change in apatite fission-track ages 
is interpreted as a strong uplift in the west with a tilted 
geometry towards the east. Testing geological constraints 
against the apatite fission-track data set (central ages, 
confined FT-length, etch pit size) using the computer code 
HeFTy (Ketcham 2005) further supports a fast cooling of ~50 
°C in the Middle to Late Jurassic (~170 – ~150 Ma), which is 
followed by a slow constant cooling of ~45 °C during most 
of the Cretaceous and Paleogene time (~150 – ~10 Ma) (Fig. 
3). The final fast cooling of ~25 °C occurred in very short 
time (~10 - 5 Ma, Miocene). Since then the samples are kept 
in near surface position related to the temperature. 
 
 

 
Figure 3: Exemplary time-temperature path (t-T path) 
modeled for a sample of the E-W transects shown in Fig. 1; 
with basic conditions of a scenario assuming landscape 
modification in Neogene times. 
 

If a constant geothermal gradient of ~25°C/km is 
assumed an average denudation rate of 0.1 mm/a for the 
Middle to Late Jurassic, 0.011 mm/a for the Cretaceous and 
Paleogene, and 0.2 mm/a in the Miocene can be calculated.  

Similar apatite fission-track ages within 1 �-error at 
different elevations (1000 – 4800 m a.s.l.) are only possible if 
the erosion did not compensate a fast uplift. Accounting for 
the metamorphic basement, this uplift that partly forms the 
recent topography must have been fast and did not started far 
into the past. Unfortunately, the apatite fission-track data 

require erosion between 500 and 1000 m for all samples in 
Miocene time, before the onset of the final uplift and relief 
formation. Modelling of the age and confined length 
distribution so far did not allow a continuous exhumation in 
Cretaceous and Lower Paleogene time to near surface 
position at the beginning of the Pliocene. Therefore, it has to 
be considered that lithological units that could have been 
eroded very fast during the initial stage of the Neogene uplift 
overlay the metamorphic basement.  

To receive further information on the timing of 
movement through the ~75°C isotherm (U-Th-Sm)/He dating 
of apatite grains from the same locations was performed. The 
age variation of single grain ages of clear, inclusion free, well 
defined apatite grains range between 210.0 (6.0) Ma to 25.0 
(0.5) Ma. Young ages occurring on different elevations such 
as 24.9 (0.5) at 4150 m a.s.l., 26.9 (0.5) Ma at 1900 m a.s.l., 
and 34.6 (0.6) Ma at 1690 m a.s.l. also point to a very young 
and fast uplift of the Rwenzori Mtns. The youngest ages 
show cooling below ~75°C in Oligocene time. Furthermore, 
these ages indicate that since the formation of the high 
topography the erosion rate was too low to unravel younger 
cooling ages.  

Summarizing the apatite fission-track and (U-Th-
Sm)/He data leads to five main stages of uplift of the 
Rwenzori Mtns. since the Early Jurassic: 

 
- A first exhumation in Jurassic time might have lead to an 

area with minor topography if the erosion compensated 
for the fast uplift. However, if the erosion rate was low 
a topography of up to 1500 m a.s.l. is possible.  

- In the Late Cretaceous, complex movement along faults 
differentiated the topography. 

- During the Cretaceous and Paleogene very minor uplift 
might have been compensated by the erosion rate.  

- In Miocene, an erosion rate of up to 0.2 mm/a would 
bring the sampled rocks near to the surface and might 
have accounted for a low relief. 

- The final uplift of the Rwenzoris leading to the relief of 
> 5000 m elevation must have been fast and in the near 
past.   

 
The latest development of a 3D finite element computer 

code (Pecube) allows to predict low-temperature 
thermochronological ages for different hypotheses how 
recent topography has formed over long time scales (Myr). 
The computer code solves the heat transport equation in a 
defined crustal/lithosphere block including faults that 
undergo uplift and surface erosion and is characterized by an 
evolving, finite-amplitude surface topography (Braun 2003). 
Hypothetic thermochronological ages are generated based on 
information about topography, erosion rates, uplift rates, and 
heat production, whereas erosion and uplift rates can be 
varied over time. The temperature is fixed at the upper and 
lower boundary. The thermal diffusivity and the heat 
production is fixed during one run. The thermo-kinematic 
modelling using Pecube predicts T-t paths for all rock 
particles that, at the end of the computations, occupy the 
locations of the nodes along the top surface of the finite-
element mesh. From these T-t paths, an apparent (U-Th-
Sm)/He and fission-track age can be computed at each 
location using the published annealing and diffusion kinetics. 
These computer code generated age data are compared with 
determined real age data. 

Real heat production and heat conductivity values were 
determined for nearly all thermo-chronological samples. The 
heat production was calculated from determined specific 
density and whole rock geochemistry values. In addition, for 
nearly all lithologies the petrography was determined by 
using polished thin sections, and XRD investigations. These 
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data were used in the first 3D modelling of the longterm 
topography evolution to reproduce most realistic bounding 
conditions for the model that was performed for a crustal 
segment in the central Rwenzori Mtns. by using the computer 
code Pecube.  

In a first approach, a scenario was tested that referred 
the extreme heights of the Rwenzori Mtns. directly to an 
uplift caused by the rifting process. Major constraints are:  
a) The Rwenzoris Mtns. were assumed as a block bordered 
by two normal faults with equal vertical movement along the 
two faults; b) Starting topography was set as a peneplain of 
500 m a.s.l.; c) Starting time of gradual vertical movements 
at 15 Ma; d) homogeneous gradual vertical movement of the 
Rwenzori block at a velocity of 0.4 mm/a; e) mean 
homogeneous exponential erosion rate was set to 0.16 mm/a; 
f) isostatic compensation was not assumed; g) modelled 
crustal thickness are 30 km; h) T at the base of the block (30 
km depth) was set to 900 °C; i) T at 1000 m surface was 28 
°C; j) surface temperature cooled to 0 °C at > 4000 m a.s.l.; 
k) heat production was set to zero; l) thermal diffusivity was 
set to 25 km2/Ma.  

For the present topography the forward modelling 
provide apatite (U-Th-Sm)/He-ages between 5.5 Ma and 9.2 
Ma, and apatite fission-track ages between 8.4 and 15.6 Ma. 
In addition, ages would increase with increasing elevation.  
This result is not consistent with the determined 
thermochronological ages. 
A second approach kept all parameters the same but allowed 
vertical movement only along the western fault and no 
vertical movement along the eastern border fault:  

This model lead to apatite (U-Th-Sm)/He-ages between 
3.8 Ma and 11.6 Ma, and apatite fission-track ages between 
7.0 Ma and 15.6 Ma, with ages increasing with increasing 
elevation. 

This result is also not consistent with the determined 
thermochronological ages. 
The first 3D modelling of the long-term landscape evolution 
showed that certain constrains have to be changed: 
 

-The whole ~200 Myr have to be modelled to cover the 
thermochronological archive. 

-Differentiated erosion and uplift rates have to be modelled 
for the 200 Myr. 

-The erosion rate has to be much lower for the final uplift 
than used so far. 
 
As a final statement we have to say that the Rwenzori 

Mtns. are an archive that covers the evolution of from the 
Triassic-Early Jurassic superplume to the recent superplume in 
southeastern Africa. 
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Introduction:  

There has been a long history of using foreland basin 
analysis (detrital thermochronology and sediment research) 
to decipher the evolution of mountain belts and plate 
movements. By definition, foreland basins form due to 
flexural subsidence in response to orogenic topographic 
loads. This process of isostatic adjustment occurs on a 
geologically instantaneous scale. The direct correlation 
between orogenic shortening and foreland basin sediment 
accommodation allows for the general deconstruction of the 
timing and rate of said shortening by detailed examination of 
the paleogeographic settings of a foreland basin’s 
sedimentary units. 
The main issue with using basin analysis to backstrip the 
history of corresponding mountain building is the available 
chronological constraints in sedimentary formations making 
it hard to quantify rates of deposition and subsidence. Unless 
a foreland basin contains numerous volcaniclastic layers 
(tephra marker beds, bentnites, tuffecous material) the main 
control on stratigraphy are biomarkers (palynoforms, forams, 
etc.). A few notable exceptions not withstanding, Dinosaurs/ 
K-T boundary for one, biostratigraphic markers are often not 
useful on the million-year scale. Biomarkers may provide 
constraints on a depositional unit’s epoch, but will not supply 
an exact date of deposition. 

 When one considers the 1 km/Ma to 8 km/Ma rates of 
exhumation that various Cenozoic mountain belts have 
undergone (New Zealand, Himalayas, etc.) this control 
limitation on the timing/rate of deposition and subsidence is 
significant. This factor not only affects interpretations of 
orogenic shortening made from foreland basin analysis, but 
also the precision of the basin analysis itself. This fact is 
relevant in not only a geological sense, but to fossil fuel 
exploration. 

In a flip on using basin analysis to decipher the 
evolution of mountain belts, fission track thermochronology 
research of uplifted regions has been used to increase the 
precision of time/rate constraints on foreland basin 
development (Sobel and Strecker, 2003; Mortimer, et al., 
2007). The main limitations on this approach are: 1) The 
need for extensive vertical sampling regimes to constrain a 
regions exhumation history. 2) The affect of surface 
topography on shallow isotherms (Braun et al., 2000). 3) Due 

to the shallow nature of fission track closure temperatures, 
there is also the possibility that parts of the exhumation 
record have been eroded away.  

Multi-diffusion domain model (MDD) K-Spar 
thermochronology provides the potential to examine the 
spatial and temporal variation of exhumation in an orogenic 
belt from a smaller number of samples due to the nature of 
K-Spar being a multidomain mineral with a large range of 
closure temperatures. An individual K-Spar crystal has a 
closing temperature between 350 0C and 150 0C (McDougall 
and Harrison, 1999). By focusing on mid-crustal 
thermochronometers (350 0C/8 km depth to 150 0C/4 km 
depth) the effect of surface topography on cooling histories is 
limited (Braun et al., 2000) and the potential for a more 
complete thermal history is possible.  

We have employed a 40Ar/39Ar thermochronologic 
approach to granitic plutons throughout the eastern segments 
of the Alaska Range to improve the understanding of the 
complex tectonic/foreland basin history of the region. Our 
research is a test case that will also be employed to examine 
the Tordrillos/Cook Inlet basin interaction in the Western 
Alaska Range where extensive basin analysis is currently 
underway.   

 
Geological Background - Alaska Range History 

The 650 km long Alaska Range is the most dominant 
topographic feature in Alaska. The narrow, but high relief 
Alaska Range is segmented by numerous low-passes (Fig. 1) 
and is (at least spatially) intimately related to its sister 
structure, the oroclinal strike-slip Denali Fault system (DF). 
Past research has viewed the Alaska Range as a singular 
orogenic feature with a similar history across the range. The 
general consensus derived from past basin analysis, 
palynological research and limited thermochronological 
constraints is that the Alaska Range rose synchronously 
starting around ~6 Ma (Whartfarig, 1975, Plafker, et al. 1992, 
Fitzgerald, et al. 1995, White, et al., 1999, Haeussler, in 
review). Current thermochronology research in the eastern 
(this volume) and central Alaska Range (this volume) points 
to a far more prolonged and episodic uplift history than 
previously considered. Miocene rain shadow work by 
Rennink and Leopold (2005) also points to an earlier (~9 Ma) 
Alaska Range.  

 

Healy Creek Sanctuary Suntrana Lignite Grubstake 

Oligocene (?) to Lower 
Miocene 

Late Early to Early 
Middle Miocene 

Middle 
Miocene 

Late Middle to  
Early Late Miocene Late Miocene 

Diachronous subsidence 
(large variations in coal 

thickness) 

Subsidence outpaced 
deposition (regional lake 

system) 

Moderate 
subsidence 
(thick coal 

beds) 

Fast subsidence (coals to 
the east with sandstone to 

the west) 

Diachronous 
Subsidence 

 

Table 1: Depositional environments of the various formations of the Tanana Basin Usibelli group and the eastern Alaska Range’s 
corresponding expected cooling histories. 
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Figure 1: DEM of study area with Nenana Mt. region Denali Fault samples notated and major surface Usibelli deposits in the region. 

 
Tanana Basin Research:  

In Alaska, basin analysis on sediments within interior basins 
has been used to infer periods of fault movement, mountain 
uplift and terrane accretion (e.g., Ridgway et al. 2002; 2007, 
Trop and Ridgway, 2007). Ridgway et al. (2002, 2007) used 
subsidence/depositional rates, paleocurrent analyses and 
provenance within the Tanana Basin to revisit the spatial and 
temporal uplift/erosion history of the Alaska Range initially 
investigated by Wahrhaftig et al. (1975). They conclude that 
the Tanana Basin contains a long-term record of a northward-
propagating, transpressional foreland-basin system related to 
regional shortening of the Alaska Range and strike-slip 
displacement along the DFS.  Paleogeographic settings of the 
Usibelli Group (Ridgway et al., 2007) indicate rates of 
subsidence and deposition over a prolonged time span 
starting in the Miocene or earlier with significant variations 
along the strike of the range (Table. 1). Of note, time 
constraints are from palynoforms, which in Alaska, with 
large regional climatic and topographic variations, makes the 
use of biostratigraphy especially problematic. 

 
Mineral preparation/Furnace step-heating: 

Granitic samples were collected in vertical and 
horizontal transects (along and across the strike of 
topography). Mineral separates were prepared by standard 
crushing, sieving and magnetic separation techniques and by 
using a variable density heavy liquid. Handpicked aliquots 
were examined with an XRF to record  K/Ca ratios and to 
confirm the purity of the separates. Samples were step heated 
in a double vacuum molybdenum resistance furnace while 
the standards were fused with an argon-ion laser.  K-feldspar 
separates wrapped in Al-foil were heated with high resolution 
(~35 steps) heating schedules, and isothermal steps were 
conducted to help evaluate excess argon contamination 
(Harrison et al., 1994).  

 

Results 
K-spar MDD cooling histories of three samples collected 

along a 10 km transect of the DF are shown in Figure 2.  The 
emplacement age of these samples from the Mt. Nenana region 
is 35.3 Ma based on 40Ar/39Ar biotite dating of unaltered sample 
30Nen (1386m).  

 

 
 
Figure 2: 90% conf. interval of median K-Spar MDD cooling 
histories for DF samples Nen50 (1248m most west), 28Nen 
(1066m), 32Nen (1269m most east). 30Nen (1386m) is an 
unaltered biotite located near sample 28Nen. The yellow box 
represents the start of the fast exhumation in the Nenana 
Mountain region of the eastern Alaska Range and the start of 
deposition of the Lignite Unit in the Tanana Basin. 
 
Sample 50Nen was mylonitic showing signs of possible 
resetting due to shearing. The samples show very similar 
exhumation cooling trajectories with little or no variation 
caused by elevation differences, with a slight west to east trend 
in start of fast exhumation. After emplacement cooling a long 
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period of slow cooling, is followed by a sharp cooling rate 
change at ~12Ma.  
 
Discussion 

The long period of slow cooling (25 Ma to 12 Ma) after 
post pluton emplacement cooling is reflected in the 
paleogeographic settings of the Sanctuary and Suntrana units. 
The thick coals of the Suntrana unit may be climate related. 
They formed during the warmest interval of the Miocene 
period, but may also be related to heretofore undocumented 
Alaska Range exhumation.    

If one assumes a geothermal gradient of 350C/ km 
(Haeussler, and O’Sullivan., in review) then there was ~4 km 
of exhumation between 12 Ma and 5 Ma in the Nenana Mt, 
region. The Tanana basin formations, Lignite and Grubstake, 
were deposited during this time period. Ridgway’s et al. 
(2007) assessment that, during the deposition of the Lignite 
formation the Alaska Range was a major source of sediment 
to the Tanana basin and topography in the Range was higher 
than deposition of the underlying section of the Usibelli 
group is supported by the thermal history of the Nenana Mt. 
region.  The thermal histories of Mt. Deborah and Mt. 
Balchen regions (this volume) vary from each other and from 
the Nenana region and may explain across strike variations in 
deposition/subsidence during this time span. The Grubstake 
formation represents a regional deltaic system along the axis 
of the southern margin of the late Miocene Tanana Basin 
with a large contribution of sediment from the Alaska Range 
(Ridgway et al. 2007). This interpretation also matches well 
with the documented continued fast exhumation in the 
Alaska Range during this time period. Of note, there is a 
tephra bed dated to 6.7 Ma (Triplehorn et al., 2000) in the 
upper Grubstake formation, that also independently confirms 
the age of this section 
 
Conclusion/Further Alaska Range/Basin research 

There is a direct correlation between the exhumation 
history of the eastern Alaska Range and the paleogeographic 
settings of the Tanana Basin’s sedimentary Usibelli group. 
By examining the thermal history of the Nenana Mountain 
region we are able to assign an age of 12Ma for the start of 
the deposition of the Lignite formation. Palynology rain 
shadow interpretations add another level of evidence to this 
interpretation (Renninck and Leopold, 2005). 

This age not only has significance to the uplift history 
of the eastern Alaska Range, but also corresponds with 
Miocene intra-arc basin development within the Wrangell 
volcanic field (Trop et al., 2007) implying large-scale plate-
tectonic events occurring along Alaska’s southern margin 
during this time period. 

We are in the process of performing K-Spar MDD 
analysis on numerous samples from the eastern and central 
Alaska Range. When the data set is more complete we will 
compare the thermal history of the region with isopach maps 
of the Tanana Basin to examine correlations between 
regional tectonic exhumation and corresponding basin 
subsidence.  
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Introduction 

The Venezuelan Andes, located in northern South 
America, form a 500 km long and 100 km wide NE-SW 
trending mountain belt, which reaches elevations of up to 5 
km in its central part, the Mérida Andes (Fig. 1). The 
development of the Venezuelan Andes is strongly controlled 
by a pre-Mesozoic network of crustal discontinuities (Von 
Estorff, 1946; Mora et al., 1993; James, 2000; Cardona-
Molina et al., 2006) which were reactivated during Jurassic 
rifting and Miocene to present oblique convergence between 
the continental Maracaibo Block to the WNW and the 
Guyana shield to the ESE. The oblique convergence of the 
two continental blocks is controlled by complex interactions 
between the Caribbean plate, the Nazca plate and the South 
American plate since the Eocene (Montes et al., 2005). 
Clockwise rotation of the Maracaibo Block against the 
Guyana shield created a transpressional regime in which the 
Jurassic graben structures were inverted, causing the rise of 
the Venezuelan Andes and the exhumation of individual 
blocks within this mountain belt at different times and rates 
during the Miocene and Pliocene. 

Several major fault systems significantly influence the 
evolution of the Venezuelan Andes, amongst which (1) the 
orogen parallel Boconó, Caparo, and Central-Sur Andino 
strike-slip faults; (2) the N-S oriented Valera, Icotea, and 
Carache strike-slip faults; and (3) the two foreland fold-and-
thrust belts to the NW and SE that delimit the Venezuelan 
Andes (Fig. 1). The geometry and spatial configuration of the 
different fault systems control the exhumation of five 
individual tectonic blocks in the Venezuelan Andes, by 
accommodating strain caused by the oblique convergence 
(Colletta et al., 1997). The five blocks are the Caparo block, 
Sierra La Culata block, Sierra Nevada block, Valera block, 
and Cerro Azul block, as shown in Fig. 1b. 

The N50E oriented Boconó fault is of particular 
interest, because it divides the Mérida Andes in their axial 
part, separating the Caparo, Sierra La Culata and Sierra 
Nevada blocks (Fig. 1b). The Boconó fault experienced both 
right-lateral strike slip and locally vertical motion (Schubert, 
1982), in relation to transtension and transpression at 
releasing and compressional bends. In order to better 
understand the evolution of the Venezuelan Andes, 
exhumation of individual tectonic blocks to the north and 
south of the Boconó fault needs to be quantified and existing 
geologic models of the tectonic assembly of the Northern 
Andes (e.g. Audemard and Audemard, 2002) need to be 
revised accordingly. Previous thermochronologic work by 
Kohn et al. (1984) was mostly focused on the Sierra La 
Culata block, while we present new data mainly for the Sierra 
Nevada block. Many of the samples were collected along two 
age-elevation profiles, and exhumation rates were estimated 
using Pecube modeling.  
 
Bedrock and detrital apatite fission-track 
thermochronology 

For discriminating the individual behavior of different 
blocks we studied the spatial and temporal patterns of 
exhumation across the Venezuelan Andes using apatite 

fission-track (AFT) thermochronology. Our database 
currently consists of 50 AFT ages: 18 reported by Kohn et al. 
(1984) and determined mostly using the population method; 
and 24 new in situ and eight modern river samples (Fig. 1b). 
Our new AFT ages were determined using the external 
detector method.  

The in situ AFT ages are clearly differentiated for the 
five different blocks, which show contrasting exhumation 
histories. For example, the Sierra La Culata block to the 
north of the Boconó fault was exhumed at 4 ± 2 Ma with 
rates between 0.7 and 1.5 km/Myr. In contrast, the Sierra 
Nevada block to the south, experienced a pulse of 
exhumation at 7 ± 2 Ma with rates between 1.1 and 1.4 
km/Myr. The AFT data suggest ~2 km of relative uplift of 
the Sierra La Culata block with respect to the Sierra Nevada 
block since ~7 Ma. Therefore, our data indicate distinct 
phases of exhumation of the two blocks. These exhumation 
phases are most likely related to NW-SE compression or to 
continuous oblique strike-slip motion along the fault. This 
finding is in contrast to tectonic models that proposed that the 
Sierra La Culata block was affected by Pliocene-Quaternary 
transtension along the Boconó Fault (Backé et al., 2006). 

The Caparo block, located in the west of the Mérida 
Andes, is characterized by AFT ages ranging from 14 to 28 
Ma. Three AFT ages between 11 to 21 Ma were determined 
for the Valera block to the north-east of the Mérida Andes. 
This block is delineated by the Boconó, Valera, and Carache 
strike-slip faults. The fifth block, the Cerro Azul block, is 
limited by the Cerro Azul thrust and Caparo fault to the 
south-east, and four AFT ages from this block are relatively 
young, ranging from 3 to 8 Ma (Fig. 1b).  

As a control on the bedrock AFT ages, detrital apatites 
were sampled from eight rivers that drain the Venezuelan 
Andes. Seven rivers were sampled on the northern side of the 
mountain belt, from SW to NE the Coloncito River, Chama 
River, Tucaní River, San Pedro River, Mimbós River, El 
Cenizo River and Chejende River (Fig. 1b). Because of 
limited access, only the Santo Domingo River was sampled 
on the southern side of the Venezuelan Andes.  

The detrital AFT ages confirm the bedrock AFT dataset 
and provide information on bedrock ages in drainage areas 
that have not been sampled yet. For example, in the north-
west of the Mérida Andes, the Coloncito River sample has 
two age peaks of 4.1 ± 1 and 6.1 ± 2 Ma. The Chama River, 
which drains the Mérida Andes along the Boconó fault, was 
sampled near Mesa Bolívar. The fission-track grain-age 
distribution of detrital apatites from this sample has three 
peaks at 2.5 ± 0.4, 7.8 ± 0.5 and 14 ± 7 Ma. Given the known 
bedrock AFT ages in the Chama River drainage area, these 
three peaks correspond to the Sierra La Culata block, Sierra 
Nevada block and Caparo block respectively (Fig. 1b). The 
Tucaní River, which transports detrital apatites of the north-
eastern Sierra La Culata block and of the western Valera 
Block, has AFT peaks ages of 5.9 ± 0.3 and 17.9 ± 3 Ma. The 
San Pedro River to the north of Torondoy has two age peaks 
of 4.2 ± 1 and 8.3 ± 1.7 Ma. In apatites from the Mimbós 
River two age peaks of 4.3 ± 1.3 and 6.8 ± 1.5 Ma were 
identified, while peak ages of El Cenizo River apatites are at 
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6.3 ± 0.5, and 20 ± 1.2 Ma. The first peak of the El Cenizo 
River sample is related to exhumation of the Sierra La Culata 
block, and the second age peak is most likely associated with 
erosion of the Valera Granite. Only one peak of 8.6 ± 0.5 Ma 
was identified in the Chejende River. These apatites were 
probably derived from the northern end of the Sierra Nevada 
block. Apatites from other areas that the Chejende River 
drains were also present in this sample, but these were not 
datable because of strong alteration. Finally, the Santo 

Domingo River sample to the south of the Venezuelan Andes 
has three AFT age peaks of 5.6 ± 0.5, 10.8 ± 2, and 26.7 ± 10 
Ma. Possible source areas for these apatites include the 
Soledad Granite, but sediment recycling from the Miocene 
Parángula and Río Yuca formation cannot be ruled out. This 
aspect is further complicated by the possible partial resetting 
of AFT in these sedimentary units, and needs more attention 
during future research in this area. 

 

 
(a) 

 
 
(b) 
 
Figure 1: (a) Location of study area and major fault systems (modified from Audemard et al., 2000). (b) Detailed digital topography 
of the study area with sample sites and apatite fission-track ages. 
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Conclusions 

The coherent bedrock and detrital apatite fission-track 
ages point to at least three distinct exhumation or cooling 
events at about 2-4 Ma, 6-8 Ma and 17-20 Ma in the 
Venezuelan Andes. Triple collision of the Panama Arc, 
Caribbean plate and South American Plate was probably 
active at around 28 Ma, as corroborated by independent AFT 
data from the Perijá region (Shagam et al., 1984) to the NW 
of the Venezuelan Andes. From the beginning of the triple 
collision up to ~17 Ma, the Valera-Carache and Caparo-
Boconó fault systems apparently did not yet have their 
current configuration. As a result of the convergence with the 
Maracaibo Block, they must have rotated clockwise around 
poles located very near the Sierra Nevada block and Santa 
Marta-Bucaramanga fault system respectively (Montes et al., 
2005). 

The coeval exhumation of the Caparo and Valera 
blocks, as recorded by comparable AFT ages, suggests that 
they were exhumed together in a context of orthogonal 
motion, before being displaced by sinistral strike-slip along 
the Boconó fault. The strong pulse of exhumation recorded at 
7 Ma in the Sierra Nevada block was likely related to major 
surface uplift (Kellogg and Bonini, 1982) which may have 
been the cause for Late Miocene deflection of the Orinoco 
River, as inferred from the Neogene sedimentary record 
(Díaz de Gamero, 1996; Hoorn et al., 1995). The Sierra La 
Culata block was subsequently rapidly exhumed during the 
Pliocene (Kohn et al., 1984).  
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Introduction 

Fission-track and (U-Th)/He dating of detrital apatite 
and zircon are becoming standard procedures in sedimentary 
basin analysis. While unreset thermochronologic ages of 
detrital grains provide provenance information and allow the 
estimation of source area exhumation rates, partial and full 
resetting of cooling ages can be used for evaluating the 
thermal history of a sedimentary basin itself (Armstrong 
2005 and references therein). The thermal structure of a 
sedimentary basin is strongly related to the tectonic 
framework in which the basin is formed. For example, 
orogenic foreland basins are characterized by relatively 
shallow thermal gradients of 10-20°C/km, while continental 
rift basins may have steeper gradients of 25-50°C/km 
because of crustal thinning, high basal heat flow and possible 
volcanic activity.  

 

 
Figure 1: Location of the Hartford basin 

 
During the Pangaea breakup a series of Triassic to Early 
Jurassic continental rift basins developed along the future 
passive margins of North America, North Africa and Western 
Europe, extending from the. Gulf of Mexico to Nova Scotia 
and from Morocco to Spitzbergen and Greenland. Remnants 
of these rift basins and their sedimentary fill are still 
preserved in the Newark Supergroup and associated basins in 
North America and in equivalent basins of Morocco, Spain 
and the United, Kingdom (Olsen et al., 1996; Olsen, 1997).  
 
The basins of the Newark Supergroup have been studied with 
the means of apatite and zircon fission-track analysis in the 
past by Roden and Miller (1991), Steckler et al. (1993), and 
Rodent-Tice and Wintsch (2002). While the fission-track 
results of these studies are compatible, the differences lie in 
the interpretation of the data and their geologic implications. 
Roden and Miller (1991) and Steckler et al. (1993) 
interpreted widespread resetting of zircon and apatite fission-
track ages within the Newark and Hartford basins to be 
related to enhanced hydrothermal convection in association 
with basalt intrusions. However, Roden-Tice and Wintsch 

(2002) interpreted their new fission-track and previously 
published data from the Hartford basin in Connecticut to be 
related to steep thermal gradients and deep burial followed by 
exhumation, questioning the validity of the Hartford basin 
being a rift basin at all. This controversy is used here to 
discuss some of the challenges of using fission-track 
thermochronology in basin analysis.  
 

  
Figure 2: Generalized stratigraphy of the Hartford basin in 
southern Connecticut (after Hubert et al, 1992; Merino et.,  
1997 and Olsen, 1997).  
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Geologic setting 
The Hartford basin in Connecticut and western 

Massachusetts (Fig. 1) is classically regarded as a failed rift 
basin, filled with Upper Triassic and Lower Jurassic clastic 
and volcanic rocks. The lower part of the basin fill are coarse 
to fine-grained fluvial sandstones of the New Haven Arkose 
(Fig. 2). These sandstones were intruded by basalt sills and 
are overlain by the Talcott basalt flow of 201 Ma age. 
Sedimentation recommenced with the fluvio-lacustrine 
Shuttle Meadow formation, which is separated from the 
overlying East Berlin formation by the about 100 m thick 
Holyoke basalt flow. The East Berlin formation, famous for 
its cyclic lake deposits, is capped by the 200 Ma Hampden 
Basalt flow. The youngest formation preserved in the 
Hartford basin today is the about 2000 m thick fluvial 
Portland formation, which contains thick coarse grained 
alluvial fan deposits along the eastern border fault. All 
Triassic-Jurassic strata are tilted to the east with increasing 
dip angles to the west indicating syn-sedimentary tilting in a 
half graben setting. Nonetheless, even the youngest Portland 
formation deposits have dip angles of 10-15° representative 
of post-depositional tilting as well. Because of the tilting the 
whole stratigraphic succession of the Hartford basin is 
exposed from west to east and can easily be followed along 
road outcrops. Sediment supply into the Hartford basin was 
to the most part from the plutonic and metamorphic rocks of 
the eastern Highlands and to a lesser extent from the west 
(e.g. Hubert et al., 1992).       
 
Fission-track ages in the Hartford basin 

Fission-track ages of apatite and zircon for the Hartford 
basin were presented by Roden and Miller (1991) and Roden-
Tice and Wintsch (2002) and are =summarized in Fig. 3. The 
apatite fission-track ages range from 138 to 180 Ma, with 
ages slightly increasing to the east. Much fewer zircon 
fission-track ages exist, and they range from about 167 to 238 
Ma (Roden and Miller, 1991).  

New zircon fission-track ages were determined from 
three samples of the New Haven Arkose and Portland 
formation in southern Connecticut. The samples were 
collected at the western basin boundary, at the base of the 
New Haven Arkose, in the upper part of the New Haven 
Arkose near Hamden, and near the top of the Portland 
formation. Two of the three samples show 2-3 age peaks (see 
Table 1 for results). All zircons were dated at the Fission-
track Laboratory at Grenoble, using an Olympus BH2 
microscope at 1200x (dry) and IRRM 540 Uranium glass 
standards.  Peak ages were determined with the BinomFit 
from Brandon (Ehlers et al., 2005), using a zeta value of 
343.53 ± 6.35.    

 
Discussion 

The distribution of apatite and zircon fission-track ages 
in the Hartford basin were used by Roden-Tice and Wintsch 
(2002) to postulate Early Cretaceous normal faulting in 
Southern New England and challenging the widely accepted 
opinion that the Hartford basin is a rift basin. Roden-Tice and 
Wintsch argued that the basin fill of the Hartford basin was 
not limited to the currently preserved 4 km of sediment, but 
that an additional 5 km of sediment were present until at least 
the Early Cretaceous, with a high thermal gradient of 
50°C/km, in order to explain the reset apatite and zircon 
fission-track ages in the Hartford basin and the eastern 
Highlands. The explanation of long-term hydrothermal 
convection in association with basalt intrusion and high basal 
heat flow within the basin, as proposed by Roden and Miller 
(1991) and Steckler et al. (1993) for other parts of the 

Newark Supergroup basin, was discarded because of the lack 
of hydrothermal evidence in rocks of the eastern Highlands, 
which show similar fission-track ages across eastern border 
fault (Fig. 3; Roden-Tice and Wintsch, 2002).  In order to test 
the hypothesis of a total of 9 km of sediments and a 50°C/km 
thermal gradient in the Hartford basin, three samples for 
fission track and 33 samples for thin section analysis were 
collected in southern Connecticut. In case that the “deep 
burial – high thermal gradient” hypothesis is correct, the 
zircon fission-track ages in the lowest part of the basin, near 
the western unconformity, need to be fully reset under 
metamorphic conditions of about 450°C. Such high 
temperature conditions would also leave their imprint on the 
diagenesis of these sedimentary rocks of the New Haven 
Arkose by turning them into meta-sedimentary rocks.  

 

 
 
Figure 3: Hartford basin apatite and zircon-fission-track 
ages. Maps modified from Roden-Tice and Wintsch (2002). 
 

The new zircon fission-track data presented here 
highlight two important aspects. First, zircons from sample 
HB32, collected at the deepest part of the basin, are not fully 
reset, clearly showing non-reset grains with very old cooling 
ages (Table 1). However, low-retention zircons were reset, 
probably at much lower temperatures than 450°C, yielding 
the “young” age peaks (e.g. see Garver et  al., 2005). 
Therefore, the “deep burial – high thermal gradient” 
hypothesis fails the test. This observation is supported by thin 
section analysis and diagenetic evidence which show no 
metamorphic conditions were reached throughout the New 
Haven Arkose because of burial. Even evidence for contact 
metamorphism during basalt intrusion at 201-200 Ma is very 
rare to non-existent (Hubert et al., 1992; Merino et al., 1997; 
Bernet unpublished data). Nine km of burial would lead to 
strong compaction and pressure solution, which are both not 
observed in the New Haven Arkose and the units above. 
Consequently, deep burial of the Hartford basin sediment is 
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very unlikely and not supported by diagenetic and 
sedimentological evidence.        

The second important aspect of the new data is visible 
in Table 1. All three samples show a similar range of zircon 
ages of about 80 – 400 Ma, but depending on how many 
grains were dated different numbers of peaks were found.  

Sample HB33, for which only five grains could be 
dated, gives and age of 150 Ma which corresponds to the 
zircon ages of Roden and Miller (1991). The problem is that 
Roden and Miller also dated only very few grains (10 or less) 
for each zircon sample. Nonetheless, these authors mentioned 
that two of their samples had failed the Chi2 test, an 
indication for a broad grain-age distribution and not full 
resetting. The new fission-track ages show that all samples 
contain grains that have been fully reset, partially reset and 
non-reset. The challenge is to understand the age pattern, 
which is easier to do when more grains have been dated. In 
all fairness to Roden and Miller (1991) and Roden-Tice and 
Wintsch (2002) it can be very difficult to find enough 
countable zircons when dealing with Mesozoic sedimentary 
sequences. In the new dataset, it is difficult to explain the age 
peaks at 100 - 113 Ma, given the apatite fission-track ages as 
shown in Fig. 3. This aspect definitely needs more attention. 
 
Conclusion 

Given the new zircon fission-track ages the “deep burial 
– high thermal gradient” hypothesis for the Hartford basin, as 

proposed by Roden-Tice and Wintsch (2002) is not viable. 
Thermochronologic, diagenetic and sedimentological 
evidence point to the interpretation that the Hartford basin is 
a half graben basin that formed in a large rift system, which 
extended along the North American, North African and 
Western European margin. Because deep burial and a high 
thermal gradient are unlikely, long lived hydrothermal 
convection is still the most logic explanation for the observed 
fission-track ages in the Hartford basin, as it has been 
proposed previously by Roden and Miller (1991) and 
Steckler et al. (1993). When using thermochronology in basin 
analysis a sufficient number of grains (at least 20-30, better 
50 to 100) needs to be dated, and the results have to be seen 
in context with other sedimentological, diagenetic and 
tectonic evidence. However, besides all the criticism of the 
interpretation of Roden-Tice and Wintsch presented here, 
these authors are right with their argument that at least some 
of the tilting of the Hartford basin strata occurred after 
deposition and probably during the Early Cretaceous. As so 
often, the truth probably lies somewhere between the end-
member hypotheses discussed here.   
 

 
 
 

 
  Table 1: Hartford basin detrital zircon fission-track data  

Samples Formation n Age range 
(Ma) P1 P2 P3 

HB30 Portland Fm. 42 85.6-612.1 100.5 ± 23.1 Ma 
19.6% 

184.3 ± 52.2 Ma 
34.0% 

362.5 ± 91.5 Ma 
46.4% 

HB33 New Haven 
Arkose 5 79.5-217.9 150.0 ± 56.2 Ma 

100.0%   

HB32 New Haven 
Arkose 15 86.1-426.8 113.3 ± 40.8 Ma 

35.9% 
322.1 ± 103.5 Ma 

64.1%  
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The Shillong plateau is the only raised topography in 
the foreland of the Himalayas (Figure 1). Located on the 
trajectory of the Indian Summer Monsoon (ISM), the plateau 
perturbs the regional distribution of precipitation. As such, 
the Shillong plateau-eastern Himalaya-ISM is a unique 
system to quantify the couplings between climate, tectonics, 
and erosion. A change in long-term erosion rates along-strike 
of the Bhutan Himalaya was recently attributed to a climatic 
modulation due to the uplift of the Shillong plateau (Grujic et 
al., 2006). To test this interpretation, it is essential to 
constrain the timing and rate at which the plateau was 
uplifted and the amount of partitioning of the India-Asia 
convergence into the plateau. We used apatite and zircon (U-
Th-[Sm])/He and apatite fission track analyses to unravel the 
thermal histories of 13 basement samples collected along a 
N-S transect across the central Shillong plateau. 
 
We conclude that (see Figure 2): 

1. The Indian basement exposed in the Shillong plateau 
was located at the continental margin of India formed during 
the break up with Australia and Antarctica. The major faults 
now bounding the plateau may have acted as normal faults 
accommodating south to south-eastward thinning of the 
continental crust and controlling sedimentation dynamics in 
the area. The Shillong plateau subsided more slowly than the 
Sylhet trough during Cretaceous to Miocene times. As a 
result, the sedimentary thickness on the top of the plateau 

probably did not significantly exceed 6000 m while to the 
north of the Oldham fault it was less than ~ 2750 m. This 
abrupt northward change in thickness of Tertiary sediments is 
consistent with progressive attenuation of the crust toward 
the south. 

2. Basement exposed at the top and part of the north 
slope of the Shillong plateau is an ancient erosion surface on 
which late Cretaceous to Tertiary sediments were deposited. 
Since the removal of the sediments, the erosion of the 
basement was minimal. The exhumation of the basement 
started at least by ca. 9-15 Ma as indicated by both apatite 
(U-Th-[Sm])/He and AFT data, and the consistent thermal 
histories extracted from all localities. Because our low-
temperature thermochronometers record only the latest 
portion of the total cooling history, the exhumation could 
have started earlier.  

3. Taking into account the calculated exhumation rates, 
thickness of the Tertiary sedimentary cover and onset of its 
removal, we estimate the rate of vertical displacement along 
the Dauki fault to 0.77-1.25 mm yr -1, and along the Oldham 
fault to 0-0.68 mm yr -1. Faster displacement along Dauki 
than along the Oldham fault has, at least partially, caused 2-
3° northward tilting of the surface of the plateau. This 
tendency may have been intensified by a larger-scale 
northward tilting of the Indian crust as a result of its flexure 
due to tectonic loading induced by crustal thickening of the 
Himalayan orogen in the north. 

 
Figure 1: Digital topography and major structural features of southern Bhutan and Shillong plateau area. The heavy shaded box in 
inset shows the area covered by Figure 1. Topography is from SRTM 90 data (USGS). Structural data are from Gansser [1983] and 
Biswas and Grasemann [2005], sedimentary thickness in the Sylhet Trough is derived from Shamsuddin and Abdullah [1997] and is 
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indicated in meters. BTSZ: Badapani-Tyrsad shear zone. The N-S elongated shaded box shows the location of the topographic swath 
profile shown in Figure 2a. Figure modified after Biswas et al., 2007. 

 

 
 
Figure 2: A) Topographic swath profile with 36x vertical exaggeration showing the principal topographic features of the Shillong 
plateau. Note that the relief along the southern flank of the plateau is much larger (700-900 m) than at the top (200-300 m). The 
activity of the Oldham fault is suggested by the break in slope observed at its intersection with the surface topography. B) N-S cross-
section at 91°40’E ± 10’. The thickness of the sediments in the Sylhet trough is based on Shamsuddin and Abdullah [1997]. Position 
and attitude of the Dauki and Oldham faults are after Bilham and England [2001]. The position of the Moho (white boxes) is based on 
data from Mitra, et al. [2005]. Original interpretation in grey dashed line, and suggested interpretation in heavy grey line. Dip to the 
north of 3-4° both of the Moho and of the top of the basement is consistent with the estimates of the position of the Moho without the 
necessity for a northern step related to the Oldham or Brahmaputra [Rajendran, et al., 2004] faults. This geometry is also consistent 
with the northward thickening of Tertiary-Quaternary sediments to ca. 5 km in the Brahmaputra Basin [Rath, et al., 1997; Singh, et 
al., 1998; Team, 2001]. Sample locations are indicated with the corresponding ages: numbers in regular font are the apatite fission-
track central ages, numbers in italics are the apatite (U-Th-[Sm])/He ages. Coloured bars in yellow (light brown) correspond to the 
maximum thickness of the sedimentary cover deduced from thermal modelling of AFT data for samples from Group 2 (Group 1) and 
now eroded. Dashed lines indicate the minimum thickness estimate. C) Most likely geometry of faults and landscape at the onset of the 
surface uplift of the Shillong plateau in the Early Pliocene. D) Schematic N-S section across the Shillong plateau at the time of the 
onset of the exhumation of the basement. Oldham fault and likely Dauki faults were basinward (southward) dipping normal faults. A 
southwest dipping normal fault indicated by * has been observed in the northern plateau (An Yin pers. com. 2007). 
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4. Surface uplift of the Shillong plateau might have 
occurred either at uniform rate of 0-0.57 mm yr -1 during the 
last 9-15 Ma or, more likely, accelerated sometime after the 
Late Cretaceous-Tertiary sedimentary cover was partially or 
entirely removed and the Precambrian basement emerged 
from the sea. This event occurred 3-4 Ma ago at the latest, 
once the youngest and last marine sediments documented 
along the southern foothills of the plateau were deposited, 
and yields surface uplift rates of 0.4-0.53 mm yr -1 during this 
time span. 

5. Using the same attitude of the faults as suggested by 
Bilham and England [2001], we estimate the mean 
cumulative horizontal shortening rate to 0.65-2.3 mm yr -1. 
These values are significantly lower than the published 
values and represent a maximum of 10-15% of the 
Himalayan contraction rate. These results indicate that the 
long-term strain partitioning between the Himalaya and the 
Shillong plateau is minor and hence, that no significant 
change in shortening and rock uplift rate has occurred in the 
Bhutan Himalaya since the onset of the exhumation of the 
Shillong plateau 9-15 Ma ago. 

6. The amount of strain partitioning between India, the 
Shillong plateau and the Bhutan Himalaya, indicates that the 
tectonic development of the Shillong plateau did not 
influence the rock uplift rate in the Bhutan Himalaya. These 
findings strongly support interpretations previously proposed 
by Grujic and co-workers [2006] that the change in tectonic, 
erosion and landscape evolution in the Bhutan Himalaya that 
occurred sometime after 5.9 Ma was triggered by a local 
climate change caused by the construction of the Shillong 
plateau orographic barrier. 
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LOW-TEMPERATURE THERMAL HISTORY OF THE SAN ANDREAS FAULT 
OBSERVATORY AT DEPTH 
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Seven earthquakes of Mw >6.0 have occurred over the 

last 150 years on the San Andreas fault near Parkfield, in 
central California, at the boundary between the locked 
section of the fault to the south and the creeping section to 
the north.  As a result, a dense array of geophysical 
instruments has been installed near Parkfield in an attempt to 
capture the full geophysical signature and any precursors to 
an earthquake as it occurs.  The San Andreas Fault 
Observatory at Depth (SAFOD) is an integral part of the 
Parkfield experiment, with cores being extracted from and 
additional instrumentation emplaced at depth, adjacent to and 
across the active strand of the San Andreas fault.  Two holes 
were drilled sequentially as part of SAFOD: the pilot hole, 
which extends to a depth of ~2200m, and the main hole, 
which follows the pilot hole before bending to the east and 
continuing across the SAF to a depth of ~3000m (Figure 1).  
We are using low-temperature thermochronology from core 
samples collected from the SAFOD pilot and main holes to 
constrain the thermal history of the site.  
 

 
Figure 1:  Schematic cross-sectional view looking to the 
north of the SAFOD main and pilot holes showing the 
locations of major faults, cores, and samples used in this 
study  
 

Previously, we completed a study of the pilot hole using 
apatite fission track (FT) and (U-Th)/He (He) analyses 
(Blythe et al., 2004).   Apatite FT ages from that study ranged 
from 60 to 3 Ma, and decreased with sample depth (Figure 
2).  Corresponding He ages ranged from 32 to 1 Ma.   The 
deepest sample (at 2200 m and a modern-day temperature of 
~90ºC) yielded apatite FT and He ages of 3.8 Ma and 1.0 Ma, 
respectively.  A thermal history for the site was obtained 
from modeling of track length measurements with 
MonteTrax, (Gallagher, 1995).  Three distinct phases were 
indicated: 1) initial cooling and exhumation of 2-3 km from 
~80 to 30 Ma, 2) reheating and burial of >1 km from ~30 to 
8-4 Ma, and 3) cooling and exhumation of ~1 km over the 
last 8 to 4 Ma.  These events correspond to well-constrained 
regional events of late Cretaceous-early Tertiary cooling (the 
Laramide), followed by mid-Tertiary burial, and finally, late 

Cenozoic exhumation of the Coast Ranges (e.g. Ducea et al., 
2003).  

Six new apatite FT analyses are reported here from 
samples collected from the main hole.  These samples were 
obtained from depths of ~1800 to 2500 m, corresponding to 
current-day down-hole temperatures of ~80º to 107º C 
(Figure 2).  All of the main hole samples showed a large 
spread in individual grain ages, and mixed populations of 
ages, whereas the pilot hole samples did not.  Binomfit 
(Brandon et al. 1998), which uses the binomial peak-fit 
method of Galbraith (1988) and Galbraith and Green (1990), 
was used to analyze the distribution of single grain ages.  
Each sample had 2 distinct age populations.  In Figure 2, the 
apatite FT ages plotted for the main hole samples are the 
youngest age peaks from the single grain age populations.  
Error bars show 95% confidence intervals.   These younger 
age populations from the main hole samples fall on the same 
curve previously obtained from the pilot hole samples.   

 
Figure 2:  Apatite and zircon fission track ages from the 
SAFOD pilot and main holes.   
 

Five zircon fission track analyses were also obtained 
from the main hole samples (see Figure 2).  The ages of these 
samples range from 59 to 76 Ma, and are consistent with the 
regional phase of Laramide cooling from ~80 to 30 Ma.  

Overall, these new apatite and zircon FT analyses are 
consistent with our previous interpretation of the cooling and 
exhumation history of the SAFOD site.  They also suggest 
that the Buzzard Canyon fault, which was crossed by the 
drilling of the main hole core (Figure 1), has not had 
significant vertical motion on it in the last ~20 to 30 Ma  
Apatite (U-Th)/He analyses are currently underway in Ken 
Farley’s lab at Caltech to further evaluate the thermal history 
of the main hole samples. 
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APATITE FISSION TRACK AND (U-TH)/HE THERMOCHRONOLOGY ON THE ARDENNES 
AND BOHEMIAN MASSIFS: TOWARDS A BETTER PALEOGEOGRAPHY OF WESTERN 

EUROPE DURING CRETACEOUS 
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In Western Europe, Apatite Fission Track (AFT) data 
indicate that important uplift and denudation have occurred 
since Cretaceous in basement areas. These uplift and 
denudation events are related in age to the opening of the 
Atlantic and the Pyrenean and Alpine orogenies. Even in 

zones where there are no structural observations indicating 
Pyrenean and Alpine deformation at the outcrop scale, the 
AFT modelling show a regional denudation, far from the 
orogenic zone. 

 

 
Figure 1: Distribution of FT ages and thermal history in Ardenne massif. 
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There are still important massifs where knowledge is 
not sufficient to make interpretations precisely on the scale of 
the European continent such as the Ardennes and Bohemian 
massifs. Such approaches would also result in a new 
comprehension of the European paleogeography.  

The Ardennes (Belgium and France) and Bohemian 
(Germany, Austria and Czech Republic) massifs comprise 
metamorphic basement and sedimentary Paleozoic domains 
structured during the Hercynian orogeny. They were 
surrounded by Mesozoic sedimentary basins (Paris basin, 
Lower Saxony basin, Polish basin, Bohemian basin, SW 
Germanic basin). The extension of the sedimentary 
formations on the basement is unclear as limit between 
basement and basin depends on the level of erosion. The lack 
of sedimentary deposits on top of these basements is 
commonly assumed to be due to high elevation of these 
basements during sedimentation. However geological 
information and fission-track data across Europe suggest that 
these basement units have been buried. 

The sampling was carried out on Hercynian areas of the 
Ardennes and Bohemian massifs. Fission Track (FT) 
thermochronology have been performed on these samples (U-
Th)/He are in progress. 

For the Northwestern Ardennes (Dinant and Namur 
zones), AFT ages range from 140±13 to 258±18 Ma (Fig. 1) 
with AFT lengths between 12 and 13.2 µm. AFT ages in the 
Bohemian Massif show a large dispersion, from 76±5 to 
324±15 (Fig. 2). AFT ages for samples close to the border are 
younger than for samples in the core of the Massif (191 Ma 
to 225 Ma in the Erzgebirge and 73 to 140 Ma in the 
Fichtelgebirge). Mean AFT lengths are between 11.4 and 
14.1 µm.  

For the Ardennes Massif, modelling of AFT data (Fig. 
1), using AFTSolve (Ketcham et al., 2000) and taking into 
account regional geological context, suggests two stages of 
temperature increase during Upper Carboniferous and Upper 
Cretaceous (Campanian). These temperatures increase are 
interpreted as the increase of burial by deposition of Upper 
Carboniferous and Upper Cretaceous sediments. They are 
followed by two stages of temperature decrease during Late 
Permian and Late Cretaceous and Tertiary. These results are 

in agreement with an Upper Cretaceous cover that has been 
eroded during Late Cretaceous and Tertiary. AFT ages 
decrease irregularly from the south to the north.  

For the Bohemian massif (Fig. 2), the temperature-age 
paths obtained by modelling underline polyphased thermal 
record. The observed differences across the Bohemian Massif 
are interpreted to be due to regional tectonics events (massif 
segmented into different structural units), various thickness 
of sedimentary deposits depending on the previous 
paleotopography, deposition of Upper Jurassic and Upper 
Cretaceous marine sediments which are presently eroded. 
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Introduction 

Detrital zircon U-Pb geochronology has grown from an 
esoteric specialty used in provenance analysis, into a 
mainstream tool with diverse and potent applications in 
stratigraphy, regional geology, tectonic analysis, and 
geodynamics.  The problem that looms is a glut of underused 
but potentially valuable data. Worldwide, single-crystal 
detrital zircon ages must already number in the millions; 
given how far and fast plates can move, detrital zircon 
geochronology demands a global view.  At present, each 
individual researcher can only assimilate new results in an ad 
hoc manner, and the data glut will worsen as more labs come 
on line and more geologists include detrital zircon 
geochronology in their research.  
 
Database 

Beginning closest to home, in Alaska, we have 
undertaken a systematic effort to (1) capture all available 
detrital zircon data, (2) recast it in common format using a 
uniform set of filters, (3) develop statistical and GIS tools for 
analysis and display of results, and (4) make database and 
tool available on the web.  Analytical data are obtained in 
tabular form and are loaded into a relational (SQL) database.  
We have opted to use MySQL because it is free, open-source, 
available on a wide variety of hardware platforms, and 
integrates easily with the Apache web server.  We designed 
the database with two goals in mind: first, the original 
laboratory results must be preserved; second, the data 
organization, i.e., the table design and inter-relations, must be 
optimized to support flexible searching and data retrieval. 
Analytical data can be entered into the database manually, 
via a web-based interface, or automatically, using scripts that 
parse spreadsheets or comma separated ASCII files.  
Likewise, data can be searched and retrieved over the web, at 
the command line, or from applications with an Open 
Database Connectivity (ODBC) module (these are freely 
available for many different operating systems and 
programming languages).  In addition to searching 
capabilities, SQL also supports many string and numeric 
functions. These functions enable the user to filter the data 
according to various rules or conditions.  For example, a user 
might opt only to accept data for which (1) the error ellipse 
of the 206Pb/238U and 207Pb/235U ratios overlaps the concordia 
curve, (2) the 2-sigma error is less than 5% of the 206Pb/238U 
age, and (3) the discordance, calculated from the ratio of the  
207Pb/206Pb age to the 206Pb/238U age, is within ±10%.  

GIS tools are still being developed.  The detrital zircon 
database will be used in concert with other digital databases 
including the USGS's soon-to-be-completed digital geologic 
map coverage for Alaska, the International Polar Year digital 
geologic map of the circum-Arctic region, and the University 
of Saskatchewan's global U-Pb geochronology database.  
Examples of queries that we envision:  Search the global 
database for any samples whose barcode resemble a 
particular barcode of interest.  Plot a map of all Triassic strata 
in Alaska showing detrital zircon sample locations and their 
barcodes.  Plot a map of the Circum-Arctic showing 425-435 
Ma granites and locations where detrital zircons of this age 
range have been found.  
 
 

Results 
As of June 2008, the Alaskan database contains 121 

samples and 10,683 single-crystal zircon ages, mainly data 
collected by Anchorage-based USGS researchers.  The 
geographic distribution of samples is shown in Figure 1.  
Roughly half of these ages have been published and, as part 
of the public record, will be freely disseminated.  The other 
half are as yet unpublished and will be treated as confidential.  
The Alaskan compilation is still in progress and is about half 
finished.   

Alaska is widely interpreted as a collage of 
microcontinents, arcs, and tectonized sedimentary basins that 
were assembled through a still poorly understood chain of 
Phanerozoic events.  Evaluation of a subset of the detrital 
zircon data—from terranes of central Alaska that contain 
Proterozoic rocks—reveals previously unrecognized 
affinities, allowing the terranes to be set in an improved 
paleogeographic framework.  (1) Laurentia (ancestral North 
America).  The only Neoproterozoic to early Paleozoic 
sequence in Alaska of undisputed Laurentian origin crops out 
north of the Yukon River in easternmost Alaska.  A detrital 
zircon barcode from Cambrian strata in this belt (Gehrels et 
al., 1999) shows peaks at 1085, 1805, and 2609 Ma, all 
traceable to Laurentian sources. Devonian sandstones from 
the same area display similar peaks at 1838, 1922 and 2740 
Ma, as well as a peak at 431 Ma.  The ca. 431 Ma (Silurian) 
zircons must have been derived from an outboard source that 
is now missing.  (2) Wickersham terrane.  A composite 
zircon barcode from three late Neoproterozoic to Cambrian 
sandstones has peaks at 1060, 1091, 1840, 1947, 2551, and 
2689 Ma.  This is similar to the barcode of the roughly coeval 
Laurentian strata in eastern Alaska.  (3) Yukon-Tanana 
terrane. This belt of metasedimentary and metaigneous 
rocks underlies much of east-central Alaska.  A composite 
barcode, based on 4 samples, shows peaks at 1793 and 2591 
Ma and is similar to the Wickersham and Laurentian 
barcodes.  Most of the zircons are traceable to the Laurentian 
craton, although a few between 1490 and 1610 Ma do 
correspond to the so-called "North American magmatic gap" 
and may have come from a now-vanished outboard source.  
The youngest zircons from a reworked metatuff in the central 
Alaska Range give an age of ca. 664 Ma, allowing a 
Cryogenian (mid-Neoproterozoic) depositional age for part 
of the Yukon-Tanana metasedimentary succession.  (4) 
Farewell terrane. This continental fragment has 850-980 Ma 
basement overlain by late Neoproterozoic to Devonian 
passive margin platform deposits that carry faunas of mixed 
Siberian and Laurentian affinities.  A composite detrital 
zircon barcode of the Farewell terrane, based on 4 similar 
samples of late Neoproterozoic(?) and Cambrian quartzites, 
shows a dominant peak at 2051 Ma, suggesting derivation 
from the Kilbuck terrane (see below).  (5) Kilbuck terrane 
(and its displaced fragment, the Idono Complex).  These 
contain the oldest known rocks in Alaska—granitic gneisses 
dated at 2050 to 2084 Ma.  The Kilbuck terrane is now 
known to include at least one younger granite dated at 849 
Ma, strongly suggesting commonality with parts of the 
Farewell terrane.  A composite detrital zircon barcode of the 
Kilbuck terrane, based on 2 samples of Mesoproterozoic(?) 
quartzite, shows a dominant peak at 1935 Ma.  The main 
peaks of the Kilbuck and Farewell terrane composites show 
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substantial statistical overlap, and the Kilbuck composite is 
almost identical to one of the Farewell samples.  Detrital 
zircons and a crosscutting pluton together provide the first 
age constraint on the depositional age of the Kilbuck terrane's 
supracrustal sequence, which must be between ca. 1800 and 
850 Ma.  (6) Ruby terrane. These Neoproterozoic(?) and 
Paleozoic metasedimentary rocks are of presumed 
continental margin affinity, and are intruded by Devonian 
orthogneiss and Early Cretaceous granites.  A composite 
zircon barcode, based on three samples, shows peaks at 1180 
and 1470 Ma superimposed on a broad Mesoproterozoic 
high.  Similar barcodes are seen in Proterozoic Sequence B in 
northwestern Canada (Rainbird et al., 1997), in the 
Proterozoic Uy Group of Siberia (Khudoley et al., 2001), and 
in the Nome Group of western Alaska (Till et al., 2008).   

Detrital zircon and other data thus suggest that the 
Wickersham and Yukon-Tanana terranes both originated 

along the Laurentian margin, and that the Yukon-Tanana 
includes rocks as old as ca. 664 Ma.  The Farewell and 
Kilbuck terranes are likely parts of the same microcontinent 
that during the early Paleozoic lay between Siberia and 
Laurentia.  A Laurentian origin has long been suspected for 
the Ruby terrane but detrital zircons now allow a more 
exotic, peri-Siberian origin. 
 
Future Efforts 

Our immediate goal is to complete the Alaskan 
compilation, refine the tools for data handling and display, 
and publish online.  The Lower 48 will come next.  The 
ultimate goal will be a similar database for the whole world, 
with a system in place to keep it updated.  This will be 
achieved by cooperation with compilation efforts that are 
underway elsewhere.     

 
Figure 1:  Terrane map of Alaska from Silberling et al. (1994) showing locations of detrital zircon samples with the color of the 
symbol indicating the depositional age.  The barcodes are compiled from Gehrels et al. (1999), Bradley et al. (2007), and unpublished 
data of the senior author. 
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Over the last 15 years, techniques in low-temperature 
chronology have undergone significant improvements, 
resulting in a marked increase in published studies using the 
fission track and (U-Th)/He methods. These studies have 
used thermochronometry to address a wide variety of 
geological problems such as the coupling between tectonics 
and climate, the evolution of fault systems in space and time, 
and landscape evolution, collectively demonstrating that the 
goal of thermochronology is not only to define thermal 
histories but also to constrain the processes responsible for 
them. Despite the high quality of many of these studies, some 
skepticism remains in the wider Earth Science community 
about the fidelity of these methods.  

In this project we constrain the chronology and explain 
the underlying causes of formation of high-elevation, low-
relief landforms in the Eastern Pyrenees by using a 
combination of thermochronology and independent 
biochronological data coupled with geophysics, 
geomorphology, tectonics and basin analysis. Apatite fission 

track and (U-Th)/He data from these low-relief landforms 
show consistent ages independent of their current elevations. 
When combined with a detailed biochronology of 
micromammalian assemblages collected from fissures within 
limestone pavements adjacent to the apatite sampling sites, 
the model thermal histories confirm that the relict land 
surfaces have survived as islands of low erosion in this high-
energy mountain environment. 

Geophysical studies indicate that the topography in the 
Eastern Pyrenees is excessively high for corresponding 
crustal thicknesses of only 25–35 km, and that this anomaly 
is ascribable to post-orogenic surface uplift caused by 
thermal thinning of the subcrustal lithosphere. The value of 
combining a variety of geological constraints with 
thermochronometry extends beyond calibration and method 
validation. In this study thermochronology has been a 
powerful tool for properly interpreting the links between 
processes in the lithosphere and the effects of climate and 
erosion in shaping the Earth’s surface. 
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The island of Crete - now a horst structure in the 

forearc of the active Hellenic subduction zone - is built up by 
a pile of nappes. The lower nappes represent the sedimentary 
cover of a former microcontinent, which was accreted to the 
Aegean active continental margin in the Miocene. During 
collision, the sedimentary cover of the microcontinent 
underwent high pressure-low temperature metamorphism, 
followed by rapid exhumation in an extensional regime. A 
large scale detachment fault separates the high pressure-
metamorphic lower nappes from the upper nappes, which 
resided in the upper crust throughout the Tertiary. The very 
top of the nappe pile exposed on Crete is made up of the so-
called Uppermost Unit, which represents remnants derived 
from the front of the overriding European plate, i.e. the 
Aegean active continental margin of Miocene times.  

The Uppermost Unit exposed on Crete comprises a 
variety of small crustal slices, each typically exposed over a 
few square kilometres only and associated with Tertiary 
flysch deposits. These slices comprise (1) high temperature–
low pressure metamorphic rocks with late Cretaceous K-Ar 
cooling ages (referred to as “Asterousia crystalline 
complex”), (2) high pressure–low temperature metamorphic 
rocks with late Jurassic K-Ar ages, and (3) various 
metasedimentary sequences as well as (4) dismembered 
ophiolites, both with low or very low grade metamorphism. 
The internal record of this apparently un-coherent set of 
crustal slices reflects the Mesozoic history of convergence 
and amalgamation at the Aegean margin. Incidentally, this 
assembly of units then constituted the continental crust at the 
front of the overriding plate, during the later Miocene stage 
of subduction and microcontinent accretion. 

Fission track thermochronometry yields information on 
the thermal history of the different members of the 
Uppermost Unit. In the Asterousia crystalline complex, 
zircon fission track ages are between 60 and 70 Ma, in 
accordance with the K-Ar cooling ages on amphibole and 

mica of about 70 Ma. In the (very) low grade metamorphic 
slices, zircon fission track ages scatter between about 80 and 
300 Ma, without obvious regional correlation. These zircon 
data are interpreted to represent mixed ages, in accordance 
with the low temperatures of metamorphism.  Apatite fission 
track ages range from late Miocene (about 15 Ma) through to 
the Eocene (about 55 Ma), with a clear regional correlation. 
First of all, the zircon fission track ages being invariably > 60 
Ma indicate that all members of the Uppermost Unit resided 
in the upper crust throughout the Tertiary tectonic history, at 
temperatures well below 300°C. Deeper continental crust of 
the overriding active margin is not involved. Moreover, the 
early Tertiary apatite fission track ages found in some parts 
of the Uppermost Unit indicate that even remnants of very 
shallow crust of the overriding margin are preserved. These 
slices must have resided at a very shallow crustal position of 
even less than a few kilometres depth throughout subduction 
and microcontinent collision in the Miocene. Their present 
position in the Uppermost Unit on Crete, structurally a few 
kilometres above the Miocene high pressure metamorphic 
units, rules out a notable role of uplift and erosion for the 
rapid exhumation of the high pressure metamorphic deeper 
units. 

Remnants of the upper crust, in part very shallow upper 
crust, of the overriding active continental margin are found 
exclusively on top of the sedimentary nappes on Crete. This 
means that the original substratum of the rocks of the 
Uppermost Unit must have been detached at a shallow level 
by subduction erosion, with the Uppermost Unit itself 
subsequently having “surfed” over distances on the order of 
hundreds of kilometres on top of the nappes accreted 
beneath. The mechanical aspects are intriguing. The fossil 
record of the Uppermost Unit on Crete is of particular 
interest for the understanding of the crustal structure at the 
front of the present day retreating (roll back) continental 
margin to the south of Crete. 
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The Central Andean Plateau of South America is the 
largest plateau associated with an oceanic-continental 
convergent plate margin and includes the Puna (NW 
Argentina) and Altiplano (Bolivia) regions bounded by the 
thin- to thick-skinned Eastern Cordillera orogenic belt.  
Deformation, exhumation and uplift of the Plateau and 
Eastern Cordillera are mainly the result of the interactions 
between crustal thickening, starting in the 
early Tertiary, and late Tertiary 
delamination. Exhumation seems to have 
ceased in the Eastern Cordillera of Bolivia 
by ~ 10 Ma as deformation migrated 
eastward (e.g. McQuarrie et al., 2005; Ege et 
al., 2007). Paleoaltimetry studies (e.g. 
Garzione et al., 2006; Gosh et al., 2006) 
within the Altiplano have shown evidence 
for rapid surface uplift (~2.5 to 3.5 km) 
between ~10.3 and 6.8 ± 0.4 Ma interpreted 
as the result of delamination. Less is known 
about the Puna Plateau and Eastern 
Cordillera of NW Argentina, as 
paleoaltimetric and low-T 
thermochronological data are not as 
extensive as in Bolivia. Despite these many 
unknowns for the Puna, its evolution is often 
assumed to be the same as that of the 
Altiplano. Thus, if rapid late Miocene 
surface uplift did occur within the Puna as 
well, a signal of incision is expected to be 
recorded along the plateau margin.  Apatite 
Fission Track (AFT) and (U-Th)/He (AHe) 
thermochronologic systems record cooling 
through the uppermost ~1 to 3 km of crust, 
and therefore should record an episode of 
rapid and high magnitude incision at the 
Plateau margin. We present AHe data and 
AFT from two vertical profiles along the SE 
margin of the Argentinean Puna Plateau as 
well as a suite of detrital samples collected 
along strike in the Angastaco basin along the plateau margin 
(Fig. 1).  AHe cooling ages of 8.5 ±0.3 Ma and 15.0 ± 0.5 Ma 
were obtained from vertical transects of the Laguna Brava 
(Eastern Cordillera) and Cerro Negro (southern Puna) ranges, 
respectively.  Furthermore, detrital samples collected from 
the base of a >4 km stratigraphic section in the Angastaco-
Pucara basin suggest deformation/exhumation of the basin at 
7.1 ±0.3 Ma, 10.3 ±0.4 Ma, 10.4 ±0.4 Ma, and 13.2 ±0.6 Ma 
as recorded by the youngest AHe ages  These ages may 
indicate ongoing deformation at this time as supported by 
highly deformed late Miocene sedimentary rocks. The new 
thermochronological data from basement rocks suggest less 
than ~2 km of incision after ~8.5 Ma. Overall our results do 
not record major late Miocene incision and do not seem to be 
consistent with >2.5 km plateau uplift, but rather suggest 
continued contractional deformation in the Eastern Cordillera 
of NW Argentina after 10 Ma. These preliminary results 

highlight significant differences in timing of regional tectonic 
deformation and uplift for the Altiplano and Puna regions. 
 
Figure 1: A) General Digital Elevation Model (DEM) of the 
Andes. B) DEM of the SE margin of the Puna Plateau. The 
plateau margin is indicated by the dashed blue line; apatite 
(U-Th)/He sample locations are represented by blue circles 

and their respective youngest ages 
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The provenance, geochronology, and thermal history of 
syntectonic sedimentary rocks can provide invaluable 
information on the location, age and exhumation history of 
source terranes and rates and dynamics of orogenic 
processes. Although much progress has been made during the 
last decade toward routine detrital thermochronology and 
geochronology, the combination of multiple 
thermochronological and geochronological methods on 
individual detrital grains (‘multi-dating’) is still in its infancy. 
Here we present a multi dating detrital approach of foreland 
basin strata that is able to constrain multiple phases of 
orogenesis.   

Triple dating of detrital apatites (U-Pb, FT and U-
Th/He) and 40Ar/39Ar of detrital white micas has been applied 
to Eocene alluvial and fluvial strata of the Geste Formation in 
order to constrain the provenance, igneous crystallization 
ages, and cooling history of the region and ultimately unravel 
multi-stage orogenic processes. Provenance data document 
Ordovician quartzites and minor phyllites and schists as the 
primary source rocks. Detrital zircon U-Pb ages from both 
the Geste Formation and from underlying Ordovician 
quartzite cluster in the 900-1200 Ma (Grenville) and late 
Precambrian-Cambrian (Panafrican) ranges.  Late Eocene 
(~37-34 Ma) grains are also present and document volcanic 
contamination, thus constraining the depositional age of the 
hosting strata. Detrital apatite fission track (AFT) data show 
dominance of grains with Paleocene-late Eocene and 
Cretaceous ages. This is supported by double dating of the 
same apatites by U-Pb geochronology, which reveals mainly 
Devonian to late Precambrian apatite crystallization ages. 

Triple dating of the same apatites by (U-Th)/He shows 
mainly Eocene ages. Few low U-content apatites show late 
Miocene (U-Th)/He ages that may represent basin incision 
between ca. 10-8 Ma. (U-Th)/He. AFT from cobbles 
preserved in equivalent units farther west within the Plateau 
in the Salar de Arizaro area document early Eocene (46.2 ± 
3.9 Ma) and Cretaceous (107.6 ± 7.6, 109.5 ± 7.7 Ma) ages. 
Thermal modeling of the Eocene cobble suggests relatively 
rapid cooling between ca. 60 and 50 Ma, whereas modeling 
of the Cretaceous cobble shows monotonic and slow cooling 
with possible reheating in the Tertiary. Most (U-Th)/He ages 
show Eocene (48–55 Ma) signal representative of a detrital 
signature. These data suggest that the investigated strata 
never reached burial T higher than ca. 80°C, implying a 
maximum original basin thickness of ca. 2-3 km. These 
results further support the interpretation that Paleocene-
Eocene AFT ages from the same grains represent true 
exhumation ages rather than the ages of apatite 
crystallization. In turn, this requires exhumation of Andean 
source terranes in the western Puna during the Paleogene at 
rates on the order of 1 mm/yr. Furthermore, 40Ar/39Ar white 
mica ages from the Geste detritus in the Salar de Pastos 
Grande basin are mainly Devonian-Early Carboniferous (400 
- 350 Ma). The Devonian-Carboniferous corresponds to a 
period of Paleozoic foreland basin development in the region 
and thus is consistent with rapid exhumation of the nascent 
orogen and deforming fold and thrust belt. This implies deep 
tectonic exhumation (~ 11 km minimum) of the orogenic belt 
during the Ocloyic orogeny. 
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Southern Alaska is an example of the ultimate fate of 
drifting terranes. Here, in the Late Miocene the northward 
migrating Yakutat block began colliding with North America 
leading to formation of the Chugach-St. Elias Mountains 
(against an accreted Triassic oceanic plateau) and it is largely 
comprised of uplifted and accreted trench turbidites. Before 
their final accretion/collision some terranes can drift close 
enough to continents to cause deformation and transfer 
eroded material via trench accretion. This may have 
happened in the Indian Ocean in the Oligocene as Greater 
India traveled north and passed by the region that now forms 

the Andaman Islands, part of the Burma-Sumatra margin. To 
test how close India came to this margin we have 
investigated the provenance and rock uplift history of the 
Andaman flysch turbidites exposed in the deformed 
Andaman accretionary wedge. Our study adopted a multi-
method approach combining a range of techniques including 
heavy minerals, petrography, U-Pb, Sm-Nd, 40Ar/39Ar, ZFT, 
AFT and (U-Th)/He dating. We show how the fission track 
data proved to be key to pinpointing sediments sources, 
especially when combined with other methods through 
double dating strategies. 



 
In Garver, J.I., and Montario, M.J. (eds.), Proceedings from the 11th International Conference on thermochronometry, Anchorage 
Alaska, Sept. 2008. 
 46 
 
 

CLIMATIC, TECTONIC AND GEODYNAMIC FORCING ON THE EUROPEAN 
ALPS AT 5-4 MA: AN APATITE FISSION-TRACK STUDY IN THE NORTH 

ALPINE FORELAND BASIN 
 
Cederbom, C.E.1, Schlunegger, F.2, Van der Beek, P.3, Sinclair, H.D.4 & Oncken, O.1 
 
1 GFZ Potsdam, Telegrafenberg, 14473 Potsdam, Germany, cederbom@gfz-potsdam.de 
2 Geological Institute, Bern University, Baltzerstrasse 1-3, 1302 Bern, Switzerland, fritz.schlunegger@geo.unibe.ch 
3 Peter van der Beek, LGCA, University Joseph Fourier, BP 53, 38041 Grenoble, France, pvdbeek@ujf-grenoble.fr 
4 School of Geosciences, Edinburgh University, King’s Buildings, Edinburgh EH9 3JW, U.K., Hugh.Sinclair@ed.ac.uk 
 
Introduction 

We will present results from a comprehensive apatite 
fission-track (AFT) study in the Swiss part of the North 
Alpine Foreland Basin (NAFB) in Europe (Cederbom et al, 
in review). The aim of the study has been to decipher the 
driving mechanisms behind late Neogene accelerated 
erosional discharge in the Alpine region; an event that was 
coeval with uplift and erosion of the NAFB. 

Increased denudation and accelerated sediment 
discharge rates for the Alpine region since the latest Miocene 
(Kuhlemann and Kempf, 2002) have been interpreted as 
reflecting either climatic, tectonic, and/or geodynamic 
forcing. Accelerated erosion during the Pliocene has been 
documented, not only in the European Alps but in a wide 
variety of geological settings world-wide, and has been 
attributed to increased global climate perturbation (Molnar, 
2004; Zhang et al 2001). A previous apatite fission-track 
(AFT) study of three wells along a transect across the NAFB 
(Fig. 1) suggested km-scale exhumation of the NAFB since 
~4.6 Ma, increasing toward the mountain belt (Cederbom et 
al., 2004). It was proposed that an increase in atmospheric 
moisture, brought in by the Gulf Stream since 4.6 Ma (Haug 
and Tiedemann, 1998; Driscoll and Haug 1998), was 
responsible for accelerated erosion of the Alps and, hence, 
flexural rebound and erosion of the NAFB (Cederbom et al, 
2004). Tectonic wedge adjustment by backstepping of the 
orogenic front due late Miocene glaciation and a Messinian 
base-level drop has also been suggested (Willett et al, 2006). 
Moreover, several deep-seated mechanisms such as tectonic 
underplating (Mosar 1999), mantle upwelling (Lyon-Caen 
and Molnar, 1989), mantle delamination and crustal 
overthickening have been proposed (e.g. Kissling et al, 
2006). These have, however, mainly been based on 
conceptual rather than time-specific arguments. How these 
crustal and more deep-seated processes interact is difficult to 
predict, because of their complex nature, the difficulty in 
constraining the chronology and magnitude of activity and 
their different response times. 

The NAFB was formed during Oligocene times and 
underwent major erosion during Late Neogene times. New 
AFT ages from nine well sections in the Swiss part of the 
NAFB have been obtained. Combined with previously 
published AFT well data from the NAFB (Cederbom et al, 
2004; Mazurek et al, 2006), they constrain the onset, duration 
and magnitude of late Neogene basin erosion. Moreover, 
spatially restricted Plio-Pleistocene thrusting and shortening 
have been detected. The erosion pattern shed new light on the 
potential driving mechanisms behind basin erosion and 
process coupling in the European Alps. 

 
Summary of results 

The amount of erosion along the basin (i.e. parallel to 
the thrust front) is uniform or increases slightly from SW to 
NE. Three well sections in the eastern part of the study area 
constrain the amount of erosion to c. 1-2 km. In comparison, 

well sections reaching similar depths in the western part of 
the study area are associated with slightly lower erosion 
estimates of c. 0.5-1.5 km. Furthermore, there is no obvious 
gradient in erosion across the basin, towards the Alpine 
nappes (in contrast to what was predicted in Cederbom et al, 
2004). Similar erosion values are obtained for wells in the 
distal part of the NAFB and their corresponding wells, along 
NW-SE transects, in the proximal parts of the basin (mean 
values of c. 1.3-1.6 km versus c. 1.4-1.8 km of erosion for the 
best constrained eastern part of the study area).  

A late Miocene to Pliocene onset of erosion in the 
Swiss NAFB has been revealed in previous AFT studies 
(Cederbom et al, 2004; Mazurek et al, 2006). This time 
window can be narrowed down further by combining the new 
and previously published AFT data sets from the weakly 
deformed part of the study area. The AFT ages for four 
totally annealed samples and for the youngest age population 
in two strongly annealed samples from four different wells 
are very similar (3.2-3.9 Ma) even though they experience 
different present-day temperature conditions and span over a 
400 m depth interval. The steep age/temperature trend 
indicates rapid cooling of the basin. However, these AFT 
ages cannot be interpreted directly as dating the onset of 
cooling if they have experienced temperatures equal to or 
higher than the present-day temperature since erosional 
cooling started. Age reduction due to partial annealing since 
the onset of late Neogene erosion was forward modelled by 
applying two end-member cooling scenarios (cooling from 
120-150º C to 60-90º C over 0.02 Myr and 2 Myr, 
respectively) and four different timings of onset of cooling 
(related to four different climate events between 6.2 Ma and 
2.7 Ma). Additionally, the effect of variations in annealing 
kinetics was accounted for by generating a range of modelled 
AFT ages for apatites with Dpar values between 1.5 and 2.0 
µm. Of the scenarios tested, 0.02 Myr cooling beginning at 
4.6 Ma fits the very steep age/temperature trend among the 
observed data best. Nevertheless, cooling within less than 2 
Myr equals to a geologically more realistic value for the 
erosion rate of 0.6 mm/yr, but implies less Plio-Pleistocene 
AFT age reduction than predicted. To conclude, the new AFT 
data set narrow down the onset of cooling to c. 5-4 Ma and 
indicate a cooling duration of less than 2 Myr.  

Furthermore, Plio-Pleistocene thrusting has been 
discerned within the most proximal and previously thrusted 
part of the NAFB. Vertical offsets have been detected in 
three different wells (0.6, 0.8 and 1.0 km, respectively), that 
penetrate south-dipping faults within a triangular structure. 
The offsets imply re-activation and out of-sequence thrusting, 
and indicate minimum 1.7-2.4 km shortening within a 2 km 
wide fault zone. The detected thrusts must have been 
reactivated at or since the onset of basin inversion (i.e. at ≤ 5-
4 Ma). Additionally, the maximum age of tectonic activity 
for the deciphered individual fault zones is constrained by the 
youngest AFT age in each respective hangingwall, which is 
c. 4.3, 4.8 and 9.8 Ma, respectively.  



 
In Garver, J.I., and Montario, M.J. (eds.), Proceedings from the 11th International Conference on thermochronometry, Anchorage 
Alaska, Sept. 2008. 
 47 
 
 

 
Driving mechanisms 

We will discuss previously suggested driving 
mechanism, and show that several of these can be rejected 
based on our new AFT data. We argue for a multiple 
mechanism scenario including climatic (increasing 
precipitation focused to the pro-wedge, coeval with increased 
global climate perturbation), tectonic (compression and 
potentially tectonic underplating) and geodynamic 
(compensating crustal wedge and potentially mantle 
delamination) processes. Climate forcing is necessary for 
explaining the significant rock uplift and removal of material 
that is recorded in the Swiss part of the NAFB. Moreover, the 
documented thrusting emphasizes the involvement of 
tectonic forcing and yet active plate convergence at or since 
the early Pliocene. However, the magnitude of erosion in the 
Plateau Molasse, both in the distal parts and in areas 
disconnected from the Jura Mountains (i.e. areas where 
tectonic underplating is not plausible), demands a deep-
seated uplift mechanism with the capacity of driving long 
wave-length uplift. We suggest that climate-induced, 
accelerated erosion of the pro-wedge beginning at c. 4.6 Ma 
interacted with already existing tectonic and geodynamic 
forcing. More efficient erosion of the pro-wedge triggered or 
accelerated a northward shift in tectonic deformation towards 
the NAFB in regions experiencing compression. The 
resulting accelerated sediment discharge, in turn, induced 
isostatic, long wave-length uplift that affected also the distal 
and tectonically less active regions.  

If so, mass removal due to climatic forcing was 
compensated for both by buoyancy forces acting over 
orogen–wide scale and by tectonic forces in regions 
undergoing significant compression; an hypothesis which 
demands a 4D perspective of the orogen. Climatic, as well as 
tectonic and geodynamic forcing associated with plate 
convergence and mantle delamination, should vary in 
magnitude along the orogen. An additional complicating, but 
important, factor is the different response times. Tectonic 
adjustments of the Alpine wedge geometry, for example, are 
potentially associated with response times in the order of 5-
10 Myr for late Neogene times (Tomkin and Roe, 2007). 
Hence, tectonic adjustments due to Miocene changes in 
erosional outflux or convergence rate have to be considered 
for the early Pliocene onset of erosion, while tectonic 
adjustments due to Pliocene accelerated erosion are to be 
expected for the future. 
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The Micang-Hannan Complex is a stable basement 
mainly composed of Archaean-Proterozoic igneous and 
metamorphosed rocks, located at the conjunct between the 
Qinling orogen and the Sichuan basin. This complex is 
subdivided by the E-W trending Moujiaba-Taoyuan-Guohua 
Fault (Fig. 1-a, for short, Taoyuan Fault) into the northern 
Han-Nan Complex (HNC) and the southern Micang Shan 
Complex (MCS). The HNC is composed of Achaean granites 
and gabbros with the Rb/Sr age of ~825 Ma (Wei et al., 
1997), and its northernmost boundary, the Mian-Lue Suture 
Zone, is one of the suture zones between the Yangtze and the 
North China cratons (Li et al., 2007). The MCS can be 
further divided into two units. The northern one is the 
Guangwu Shan dome formed by the Proterozoic granites and 
metamorphosed rocks with the Rb/Sr age of ~870 Ma (Wei et 
al., 1997), while the southern part is a sedimentary unit, 
including Paleozoic-Mesozoic strata, thrusting towards south.  

As a part of the Yangtze basement, Micang-Hannan 
Complex experienced some important tectonic stages, 
including the post-collision process of the Qinling orogen 
since ~220 Ma (Ratschbacher et al., 2003) which affected the 
region more than other stages. To reconstruct this tectono-
thermal history, the low-temperature thermochronology 
analyses including apatite fission track (AFT) analysis and 
(U-Th)/He dating of zircon and apatite (ZrHe and ApHe) are 
carried out in this paper. These techniques are widely used in 
the orogenic study, especially as quantitative constraints on 
cooling and exhumation above the depth of ~8 km on the 
basis of the closure temperatures from ~200o C(ZrHe) to 50o 

C(ApHe) and AFT annealing models (Reiners et al., 2006; 
Laslett et al., 1987). Our samples are collected from different 
units of the Micang-Hannan Complex, for instance NQL010 
and NQL012 from the south MCS, NQL017 from the north 
MCS, and NQL023 from the HNC (Fig. 1-a). AFT, ZrHe and 
ApHe are measured for each sample, and the AFT thermal 
modeling for samples is done using the AFTsolve (Table1 
and Fig.1). The analytical results of samples from different 
tectonic units show a homogeneous tectono-thermal history, 
providing a general scheme of the exhumation process of this 
region from Early Jurassic to present.  

All the samples modeled by AFT generally reveal a 
three-stage tectonic thermal history. The first stage is a fast 
cooling with the average rate of 2.8o C/Ma~1.8o C/Ma (165 
Ma ~110 Ma). During this stage, the tectonic units in both the 
orogenic hinterland and foreland underwent uplifting and 
erosion, while the northern units in hinterland experienced a 
faster exhumation. This indicates that the main mechanism of 
orogenic growth of the Micang-Hannan Complex at this 
stage may be the post-collisional thrusting of the Qinling 
orogen. 

Secondly, after ~110 Ma (late K1), all the tectonic units 
in the Micang-Hannan Complex entered into a long thermal 
stable stage in which the samples stayed at a narrow 
isothermal zone of 70oC ~80o C in the orogen with very slow 
cooling. It means that the vertical distance between samples 

and their closure temperature isothermals is relatively stable. 
To be this result, either thermal conduction occurred or 
erosion rate is fast enough to change the shape of the closure 
temperature isothermals, which both can compensate the 
cooling effect caused by rock uplift or surface erosion. An 
alternative explanation is the very slow exhumation. But it 
conflicts with the contemporary thick sedimentary strata in 
the foreland. So, further study, especially more evidence 
from the sediment in the adjacent foreland basin is necessary 
to reveal a more comprehensive explanation.  

Furthermore, a significant faulting in this region 
happened at ~50 Ma, served as a thermal disturbance in this 
long-time stable stage (~110 to 15 Ma). This thermal 
disturbance was recorded by the ApHe ages of NQL010 and 
NQL012 that are on the regional scale faults, and also 
approved by the AFT modeling results of NQL012 and 
NQL023 (Table 1 and Fig. 1). In addition, the AFT modeling 
from sample NQL012 shows that this thermal disturbance is 
strong enough to reset the ApHe dating system of the 
samples very close to faults. In contrast, samples far away 
from the faults such as NQL017 were not influenced. This 
discovery proves that the thermal resetting is caused by 
faulting along the regional faults. Because there is no 
significant uplift occurred at the same time, the main 
characteristic of this tectonic faulting can be defined as 
horizontal movement and thermal resetting. On the studies of 
the adjacent regions, the activities of Longmen Shan, which 
were triggered by the convergence between the India plate 
and the Europe-Asia plate (Weislogel 2008; Roger et al., 
2004) are considered to be the main factor inducing the 
faulting in Micang-Hannan Complex (Wallis, et al., 2003).  

Finally, AFT analyses reveal a fast cooling since ~15Ma 
with the average rate of 3~4o C/Ma. This cooling is universal 
in Micang-Hannan Complex and also discovered in most 
parts of west China (Wang et al., 2007) including the tectonic 
units of the north Qinling orogen. The previous research 
proves that this fast uplifting in west China is resulted from 
the collision between the Indian plate and the Europe-Asia 
plate and the consequent growth of the Tibet plateau since 
Cenozoic (Clark et al., 2005; Wang et al., 2007).  

In sum, using low-temperature thermochronology such 
as AFT, ZrHe and ApHe on the samples from Micang-
Hannan Complex, south of the Qinling orogen, this paper 
reconstructs the tectono-thermal history of this region since 
Early Jurassic. Three tectono-thermal evolution stages are 
revealed including the early fast cooling stage during 165 to 
110 Ma interval, the consequent long thermal stable stage in 
which samples stayed at a narrow isothermal zone of 70o 

C~80o C, and the fast cooling stage beginning at ~15 Ma. In 
addition to post-collisional thrusting of the Qinling orogen 
from north, the lateral extrusion from the western Longmen 
Shan caused the faulting in this region at ~50 Ma, which is 
evidenced by AFT modeling and ApHe measurements. 
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The Donbas Foldbelt (DF) is the compressionally 
deformed segment of a large upper Paleozoic intracratonic 
rift basin (Pripyat-Dniepr-Donets Basin), which cross-cuts 
the East European craton. To the south it is bordered by the 
Azov Massif, which forms the eastern part of the 
Precambrian Ukrainian Shield. Geological highlights of the 
study area include the following: (i) The DF represents a 
classical example of an inverted basin as described by 
Cooper and Williams (1989); (ii) it is one of the deepest rifts 
in Europe, filled with more than 20 km of mainly Late 
Paleozoic sediments (e.g., Maystrenko et al., 2003); (iii) it 
contains one of the major coal fields in the world with proven 
reserves in the order of 60 Gt (Privalov et al., 2004); (iv) it is 
characterized by a high potential for coal-bed methane 
projects (Privalov et al., 2004; Alsaab et al. 2008). Because 
of these reasons, the DF became a target of extensive 
geophysical and geological research in the last decades. 
Consequently, significant progress in the understanding of 
the geodynamic evolution has been achieved and several 
models have been proposed by different working groups. 
However, due to lack of absolute time constraints and 
insufficient understanding of thermal evolution, proposed 
models are often controversial and in fact there are still 
numerous issues that are a matter of speculation (cf. Stovba 
and Stephenson, 1999; Stephenson et al., 2001). These 
include identification and quantification of exhumation and 
burial events, age of formation of major structures, amount of 
eroded rocks or age of basin inversion. In this study we aim 
to tackle these issues by applying low-temperature 
thermochronological dating methods (apatite and zircon 
fission track dating, and apatite (U-Th)/He dating) in 
combination with vitrinite reflectance data.  

Investigated samples revealed a wide range of ages 
from ~440 to ~160 Ma (zircon fission track) and from ~260 
to ~70 Ma (apatite fission track). These data allow us to 
reconstruct a complex thermal evolution lasting for more 
than 300 Myr.  

Our results reveal apparent inconsistencies between 
apatite fission track (AFT) and apatite (U-Th)/He (AHe) 
data: the AHe ages corrected for alpha ejection according to 
the standard procedure (Farley et al., 1996; Farley, 2002) are 
older than corresponding AFT ages, which is a phenomenon 
reported also form other cratonic terrains (e.g., Belton et al., 
2004; Hendriks and Redfield, 2005; Söderlund et al., 2005; 
Green et al., 2006). In order to test the relevance of alpha 
ejection correction, mechanical abrasion of several apatite 
grains was applied. We found that in case of the tested 
sample, abraded grains yielded AHe ages, which are 
practically identical with raw (uncorrected) AHe ages of non-
abraded grains (Danišík et al., 2008). This, in our opinion, 
shows that at least in the case of this sample, alpha ejection 
correction led to erroneous overcorrection of true AHe age. 
Therefore we suggest that customary used alpha ejection 
correction (Ft correction) of raw (U-Th)/He ages be used 
with caution. We suggest not to apply this correction to 
samples with long passage through the PRZ and to samples 
whose thermal history is not constrained by other means.  
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The Mesozoic Gondwana break-up was accompanied 
by the eruption of large volumes of igneous rocks during 
Jurassic to Cretaceous times. The oldest, Lower Jurassic 
volcanics cropout in South Africa (Karoo basalts) and East 
Antarctica (Ferrar province) and extruded in the southern part 
of the former supercontinent (Duncan et al. 1997; Luttinen et 
al. 1998). Younger Jurassic to Cretaceous igenous rocks are 
also found in northern Mozambique/southern Malawi (Eby et 
al. 1995; Lächelt 2004), eastern Sri Lanka (Takigami et al. 
1999), southern India  (Radhakrishna et al. 1999) and in 
Madagascar (Storey 1995) and reflect the northward 
rejuvenation of igneous activities within former Gondwana. 
This supports the idea that the break-up: (1) was possibly 
triggered by the activity of one large mantle plume (Kumar et 
al. 2007) or various plumes (Storey 1995); and (2) progressed 
northwards from southern into central Gondwana.  

However, the distinct linkage between post Jurassic rift 
centers and locations of Late Carboniferous to Triassic 
intracontinental rift sediments (cf. Catuneanu et al. 2005) 
may suggest that crustal stretching favored the emplacement 
of volcanic rocks and instead relates the Gondwana break-up 
to the prevalence of a long lasting far-field stress regime 
(Ziegler and Cloethingh 2004). 

In this study we focus on a small region in northern 
Mozambique, formerly located in the central part of the 
supercontinent. Here the Cretaceous Chilwa igneous province 
marks the visible termination of the southern Malawi rift-
system (Fig. 1).  

In the northern part of the Malawi rift sedimentary, 
thermochronological and structural studies indicate repeated 
crustal extension and rifting since the Late Palaeozoic (Ring 
1994; van der Beek et al. 1998; Catuneanu et al. 2005). The 
tectonic lineaments in the southern Malawi rift link up 
southward to the eastern segment of Palaeozoic Zambezi Rift 
System (Shire Valley) and farther to the Mesozoic horst and 
graben structures in southern Mozambique. The pre-
Cenozoic tectonic history of the southern Malawi rift system 
is obscured as pre-Cenozoic sedimentary rocks are absent, 
likely due to substantial exhumation and erosion triggered by 
up doming in the cause of igneous activity. We applied 
apatite fission track thermochronology for investigating the 
timing and magnitude of cooling and exhumation in the 
region. Samples were collected on the southern Malawi rift 
shoulders and the basement rocks located in the igneous 
region. 

 

 
Figure 1: Overview map (A) displaying the main lithological units and samples sites with quoted apatite fission track ages of the 
study area. Map was modified after Pinna et al. (1993). Map B depicts a reconstruction of western Gondwana and outlines Africa’s 
pre-breakup setting and the study area location in East Africa (modified after Kusky et al. 2003).  Abbreviations: ANS = Arabian 
Nubian Shield, DM = Damara Belt, EAAO = East African-Antartic Orogen, EuF = European fragments, Kal = Kalahri craton, M = 
Madagascar, MB = Mozambique Belt, T = Turkey, TS = Trans-Saharan, WA = West Africa craton.  
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Analyses of twenty-one samples yielded apatite fission 
track ages between ca. 200 Ma and 75 Ma with 
corresponding long to moderate mean track length of 14.3- 
11.5 µm. Determined kinetic parameters (Dpar) sample mean 
values cluster between 2.89 µm to 1.08 µm. The results of 
inverse modeled apatite fission track data indicate three main 
cooling phases during the Early Permian, the Late Cretaceous 
and since Eocene times.  

Early Permian cooling is related to the initiation of the 
Malawi rift (Zambezi pre-transform system) during a phase 
of intracontinental rifting within central Gondwana (Castaing 
1991); synchronous with the deposition of Early Permian 
basal conglomerates in the northern Malawi rift segment (cf. 
Catuneanu et al. 2005).  

Both younger episodes of rapid cooling are linked to 
denudation events along the evolving Malawi rift shoulders. 
Late Cretaceous cooling is contemporaneous with the 
emplacement of high level alkaline intrusions in the adjacent 
Chilwa province; igneous bodies derived by partial melting 
of the upper mantle in response crustal thinning (Eby et al. 
1995). The Late Cretaceous cooling episode correlates with 
the deposition of the Cretaceous Red Sandstone Group in the 
northern Malawi rift segment (Roberts et al. 2005) and an 
increased sediment influx in the Zambezi Delta (Walford et 
al. 2005).   

Cretaceous crustal thinning, transform faulting and 
igneous activities in southern Mozambique and in south 
western Madagascar and along the Davi Fracture Zone are 
attributed to the Late Cretaceous reorganization of the drift 
configuration in the proto Indic Ocean (Nairn et al. 1991; 
Storey et al. 1995). We link the Late Cretaceous denudation 
in northern Mozambique/southern Malawi to block faulting 
by crustal extension and transform faulting and localized up 
doming above high level intrusions. Crustal extension and 
faulting was triggered by changes in the regional intra-plate 
stress regime, related to the drift reconfiguration in the proto 
Indic. Accordingly; we propose a tectonic southward linkage 
of the study area into southern Mozambique. We consider the 
southern Malawi rift segment as a northward extension of the 
Mozambique Ridge transform fault into the African 
continent. Together with the Davi Fracture Zone, this ridge 
formed a set of interrelated transform faults during the Late 
Cretaceous. Material eroded in the southern Malawi rift 
segment during the Late Cretaceous denudation was 
transported into the Zambesi Delta via the Shire River 
fluviatile system (Goudi 2004).      

An Eocene cooling step is inferred from some samples 
on the western Malawi rift shoulder and Mt. Tumbine and 
may be linked to regional cooling event <40-50Ma (van der 
Beek et al. 1998) and slightly pre-dates a second period of 
increased sediment influx in the Zambesi Delta in the 
Oligocene.   
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Study area, methodology and geological setting 

The Tien Shan are an active intracontinental mountain 
belt in the Central Asian Orogenic System (CAOS; Fig. 1A). 
It is mainly formed by east-west trending mountain ranges, 
separated by intramontane basins. While the eastern Tien 
Shan is located in China, our work concentrates on the 
western Tien Shan, which is for a large part situated in the 
Republic of Kyrgyzstan. While work is ongoing on samples 
from its entire territory, the results presented here are to a 
large extent obtained from the granitic basement of the 
northern Kyrgyz Tien Shan. The Tien Shan – or Celestial 
Mountains – can be regarded as a mobile belt between the 
two rigid blocks or micro-plates of Tarim (south), and 
Kazakhstan-Junggar (north). This mobile belt was formed 
during the Paleozoic closure of the Turkestan Ocean and the 
convergence-collision of aforementioned micro-plates (Gao 
et al. 1998; Chen et al. 1999). The modern Tien Shan orogen 
is undergoing active tectonic deformation as a distant effect 
of India – Eurasia convergence (e.g. De Grave et al. 2007). 
There is in addition ample evidence that in the Mesozoic, the 
Tien Shan mobile belt was reactivated. This evidence comes 
from various sources such as sedimentology (Hendrix 2000; 
Li et al. 2004), structural geology (Allen and Vincent 1997) 
and paleomagnetic investigations (Cogné et al. 1995). Also 
thermochronologic studies (fission track and U-Th/He 
dating) have indicated a Mesozoic (mainly Jurassic) episode 
of Tien Shan deformation (Sobel and Dumitru 1997, Bullen 
et al. 2001, Sobel et al. 2006, De Grave et al. 2007). In this 
study we revisit the Kyrgyz Tien Shan and present apatite 
fission-track (AFT), apatite (U-Th-Sm)/He (AHe) and K-
feldspar 40Ar/39Ar results from a broad area (Fig. 1). 
Crystalline basement rocks from basement-cored mountain 
ranges were collected. These samples are mostly granitoid 
rocks, though a minor amount of metamorphic rocks (gneiss) 
are also included in this work. Vertical sample profiles across 
several ranges were taken, while in other cases single sample 
sites were chosen. The following Tien Shan mountain ranges 
(more or less listed in a north-south sense) were sampled: 
Kindil-Las, (Za)ili (both in Kazakhstan), Kyrgyz, Kungey, 
Terskey, Talas, Suusamyr, Fergana, Jumgöl, Moldo, Zetim 
Bel, Naryn, Atbashi, Alai, Trans-Alai (all in Kyrgyzstan) 
(Fig. 1). At several localities zircon U/Pb ages (SHRIMP or 
LA-MC-ICP-MS) and biotite 40Ar/39Ar ages were obtained to 
constrain the basement cooling at higher temperature and to 
serve as benchmarks for low-temperature thermal history 
modelling. While this work aims at providing a general 
overview of results, an associated study (Glorie et al., 2008, 
this volume) zooms in on a single sample profile and presents 
more detailed insights. 
 
Results and discussion 

AFT and AHe age results obtained from the Kyrgyz 
Tien Shan are indicated in Fig. 1B, along with results from 

Sobel and Dumitru (1997), Bullen et al. (2001), and Sobel et al. 
(2006). The AFT ages vary widely, with the oldest ages Triassic 
(206-253 Ma) and the youngest late Eocene – early Miocene 
(38-17 Ma). Most ages are nevertheless Jurassic and Cretaceous 
and they show a clear zonal pattern in the Kyrgyz Tien Shan. 
This zonal configuration to the east of the Talas-Fergana fault 
zone exhibits an elongated east-west appearance, more or less 
mimicking the strike of the dominating east-west mountain 
ranges. Zones of older ages, mainly Jurassic, are found at the 
northern and southern edges of the eastern Kyrgyz Tien Shan, 
while age zones appear to get younger, from Early to Late 
Cretaceous, when approaching the more centrally located ranges 
(Fig. 1). This trend of younger age zones culminates in a 
narrow, distinct zone of Middle to Late Cenozoic ages at some 
locations in the Kyrgyz and Terskey ranges. These zones 
represent exhumed basement in a typical transpressive mountain 
belt. 

At three localities Triassic AFT ages are found that seem 
to be independent of the east-west zonal age pattern. These 
Triassic samples were retrieved from the Song Kul and Inylchek 
areas that are characterised by a high-altitude plateau 
morphology, with all-surrounding mountain ranges. In this 
perspective these “old” AFT ages could be interpreted as relict 
ages, preserved at high-altitude terranes that are moreover 
internally drained, especially in the case of Song Kul, and that 
seem to have been eroded to a lesser extent. The sampled sites 
with Late Mesozoic and Cenozoic AFT ages on the other hand, 
represent the areas subjected to the most intense uplift and 
denudation during Late Mesozoic and Cenozoic mountain 
building. All these ages correspond well with punctuated 
Cimmerian collision-accretion events transpiring at the southern 
Eurasian margin. During subduction of the Paleo-Tethys and the 
early Neo-Tethys, the Tibetan blocks of Qiangtang (230-200 
Ma) and Lhasa (160-130 Ma), the Pamir-Karakoram-Hindu 
Kush terrane (100-125 Ma) and the Kohistan-Dras-Ladakh arc 
(70-80 Ma) collided with Eurasia (Searle et al. 1999; Schwab et 
al. 2004; Chu et al. 2006; Kapp et al. 2007). The correlation of 
these distant geodynamic events with cooling ages in the Tien 
Shan is marked (Fig. 2), and we interpret the Mesozoic cooling 
ages as denudation of the Mesozoic Tien Shan as a response to 
tectonic reactivation. This denudation is underscored by the 
occurrence of coeval molasse deposits in the foreland basins of 
Junggar and Tarim (south). AHe ages confirm these findings. In 
most cases the AHe ages correspond to the Mesozoic AFT ages, 
and range roughly between 245-105 Ma (Triassic-Cretaceous), 
with many clustering between 160 and 120 Ma (Jurassic-Early 
Cretaceous). However, also in the case of the AHe results, 
distinct Cenozoic ages zones (particularly the Terskey and Zaili 
Range – 10-30 Ma) can be discerned. At the higher temperature 
spectrum, Triassic to Jurassic K-feldspar Ar-ages are obtained, 
while Ordovician to Silurian biotite Ar-ages (~400 Ma) and 
zircon U/Pb SHRIMP ages (420-460 Ma) provide more insights 
on basement formation and initial cooling.  



In Garver, J.I., and Montario, M.J., Proceedings from the 11th International Conference on thermochronometry, Anchorage Alaska, 
Sept. 2008. 
 55 

 

 
 
Figure 1: A. General setting of the Kyrgyz Tien Shan. B. Age results obtained from the crystalline Tien Shan basement. C. Schematic 
and tentative AFT age distribution and age zones in the Tien Shan. 
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After final subduction of the Neo-Tethys, the Cenozoic 
continental collision of India with Eurasia ensued and in a 
distinct zone of the Kyrgyz Tien Shan, Late Cenozoic AFT 
and AHe ages are found (Figs 1, 2). These ages represent the 
initiation of Late Cenozoic intracontinental reactivation of 
the modern Tien Shan mobile belt as a far-field response to 
the collision. Also in this case, molasse-type deposits are 
found in the Tarim and Junggar foreland basins as well as in 
intramontane basins (e.g. Issyk-Kul, Cobbold et al. 1994). 
This reactivation is mainly constrained to the Miocene up 
until the present by the AFT and AHe ages obtained in this 
and other studies (Sobel and Dumitru 1997, Bullen et al. 

2001, Sobel et al. 2006). Numerical modelling of the AFT 
data (AFTSolve by Ketcham et al. 2000) translates the AFT 
ages and length information into thermal histories or time-
Temperature paths (Fig. 2). These models again confirm the 
interpretation put forward here. This Meso-Cenozoic 
intracontinental reactivation history, related to convergent 
tectonic events at the accretional southern Eurasian margin, 
can be traced over large swaths of Central Asia and the 
CAOS. This is for instance also the case for the Altai 
mountain range, north of Tien Shan (De Grave et al. 2007 
and 2008). 

 

 
 
Figure 2: Meso-Cenozoic AFT, AHe and Kspar Ar ages obtained from the Kyrgyz Tien Shan in relation to subduction of the Tethys 
Ocean, collision of Cimmerian blocks with Eurasia, molasse deposits in foreland and intramontane basins, and activity of the Talas-
Fergana fault zone. Some AFT thermal history models are also shown (Kil = Kindil Las Range, Kun = Kungey Range, Ter = Terskey 
Range). 
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Low-temperature thermochronology of apatites using 
both the fission-track (FT) and (U-Th)/He methods are used to 
characterize the cooling patterns of the Puna and Eastern 
Cordillera in NW-Argentina between 23°S and 24°S. As part 
of this project, we collected 22 basement samples from 6 
sample locations. The sample locations are situated along a ca. 
110 km long, ESE-trending line extending from the Eastern 
Cordillera across the Puna Plateau. The transect is oriented 
perpendicular to the orogen, and crosses several main thrusts. 

The study area is located within a transitional zone of 
the Andean orogen between the Bolivian Altiplano segment 
and the Argentine Puna segment. In this transition zone, a 
number of fundamental changes occur (Allmendinger et al., 
1997). These changes regard the geometry of the subducted 
Nazca plate, the lithospheric thickness, the structural styles of 
the foreland deformation etc. (Allmendinger et al., 1997). In 
the study area, the Puna is characterized by wide spaced, E 
and W vergent thrusts that emplace Ordivician over Tertiary 
rocks, resulting in a topography of isolated ridges within a 
broad, flat plain (e.g. Allmendinger et al., 1997; Coutand et al., 
2001). The Eastern Cordillera consist of  strongly imbricated 
thrust slivers and thrust-bounded folds, exposing Proterozoic 
to early Cambrian basement (e.g. Mon and Salfity, 1995). 
The study aims to decipher the temporal and spatial 
exhumation pattern of this part of the Argentine Andes. 

Preliminary results from this project which is currently 
under research yield AFT-ages from three of the sample 
locations in the Eastern Cordillera that range from late 
Oligocene to middle Miocene ages. AFT-Ages generally 
increase with elevation, and indicate rapid exhumation. At the 
westernmost of these sample locations (Cobres Granite) 
exhumation started no later than 25 Ma. Priliminary modelling 
results from the easternmost samples (Fundicion Granite) 
suggest that these were reheated due to reburial by Andean 
foreland basin strata and that late exhumation started at ca. 14 
Ma. Additional (U-Th)/He-data from these samples will enable 
more robust thermal models. AFT-data combined with (U-
Th)/He-data should allow to determine precise cooling histories 
from the remaining sample locations to the east and to the west. 
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Quantifying the timing, rate and amount of cooling 
driven by complex exhumation histories using apatite fission 
track and (U-Th)/He thermochronometry remains 
challenging, and the evolution of the Scottish landscape is 
one such example.  Existing studies have identified a number 
of possible cooling events, but still there remains little 
consensus about the amount, timing, and spatial distribution 
of denudation [1, 2, 3].  Here we present a novel application 
of fission track thermochronology to a suite of crystalline 
samples.  These have a single, complex thermal history, but 
show significant chemical variability.  We aim to highlight 
the ability of this chemical heterogeneity to provide 
additional constraint on thermal histories.  

Our ability to extract realistic information about the 
cooling histories relies implicitly on the ability of the 
annealing algorithms to accurately extrapolate from 
laboratory to geological timescales, and to correctly represent 
the behaviour of fission tracks in the individual apatites used 
in any study.  Although the dominant mechanisms governing 
apatite fission track annealing are time and temperature, 
apatite chemistry can also exert a significant kinetic control.  
Annealing studies have been used to correlate annealing 
behaviour, as indicated by the parameter Dpar [4,5,6] with 
Cl-, F- and OH- content, and so the routine assessment of the 
kinetic variability in apatite populations can now be made.  
The correlation between Dpar and annealing is not fully 
understood, and for end member values of Dpar the 
relationship between annealing and composition remains 
unclear.  In addition to Cl and F (and OH), several other 
chemical substitutions also control annealing behaviour (Mn, 
Sr, Fe, Na, REE, Si, S, & C [4, 8, 9]), but in most cases these 
are thought to have a smaller influence than the dependence 
on Cl and F.  While Dpar allows us to monitor the annealing 
process in many apatites, further work is required before the 
annealing behaviour represented by more atypical Dpar 
values can be fully incorporated into the annealing 
algorithms and modelling techniques.  However, for most 
apatites used for fission track analysis the Dpar kinetic 
indicator can be used to incorporate the chemical control into 
forward and inverse modelling techniques [7].   

In apatite populations that have chemical heterogeneity, 
the high Cl apatites will generally have a larger Dpar and 
have greater resistance to annealing, for a particular time-
temperature path, than apatites with lower Cl content.  This 
different annealing response to a given time temperature path 
can be exploited.  Comparison of fission track age and length 
distributions from different chemical populations within 
single sample can tighten both the time and temperature 
constraints on possible thermal histories, provided the 
correlation between Dpar and annealing is understood.  The 
difference in annealing, and therefore the differences in track 
length distributions and AFT ages will be greatest in samples 
that have spent long periods of time within, or close to the 
partial annealing zone.  Chemical composition could 
therefore be an important tool for understanding slowly 
cooled, complex and ancient landscapes.   

Measurement of Dpar may now be routine in many 
laboratories, however there are few examples where this 
chemical information has been used to improve constraint on 
thermal histories.  Here we present a case study that 
intentionally targeted samples with chemical variability in 

order to extract the maximum information about the thermal 
histories. This study focuses on a suite of samples from the 
west coast of Scotland, in order to address several questions 
about regional and local denudation, relief and landscape 
evolution.  These questions include the rate, amount and 
timing of exhumation following the Caledonian orogeny, and 
the magnitude and distribution of denudation following the 
impact of the proto-Icelandic plume and the opening of the 
North Atlantic.  Both questions are the subject of continued 
debate.   

Samples taken along a short horizontal transect though 
the Etive Intrusive Complex, were used for fission track and 
geochemical analyses.  This granitic complex is one of many 
complexes associated with the Caledonian orogeny, and was 
emplaced at approximately 400 Ma, at a depth of between 6 
and 8 km [10, 11, 12].  The Etive Complex shows a 
compositional progression from a granitic suite in the interior 
of the complex, to dioritic compositions in the marginal 
facies.  Four samples were collected from the four major 
lithologies, over a 1 km unfaulted horizontal transect through 
the outer zones of the complex.  The short length of the 
transect and the absence of faulting, hydrothermal alteration 
and post Caledonian intrusions implies that these samples 
have experienced a single thermal history since the end of 
emplacement at ~ 400 Ma.  Expansion of this study to 
incorporate samples along a vertical profile though the 
complex, together with addition horizontal transects at know 
elevations is ongoing 

Preliminary fission track length data (Figure 1) from the 
horizontal transect, show that these samples have significant 
variability in the track length distribution, variability that is 
difficult to reconcile with a single thermal history. Sample 
BC02, taken from the most interior part of the complex 
shows a broad negatively skewed track length distribution, in 
sharp contrast to the much narrower, symmetrical distribution 
found in sample BC04.  The other two samples (BC03 & 
BC05) have wide, bimodal distributions.  After c-axis 
projection the shape of the track length distribution of BC02 
becomes more symmetrical, the other samples remain largely 
unchanged.   

The differences between the track length distributions 
must therefore be controlled by apatite composition.  
Average values of Dpar were determined for every apatite in 
which horizontal confined tracks were measured.  These were 
calculated from at least 20 individual Dpar measurements, 
but individual crystals generally showed little variation in 
Dpar. The apatite populations for all four samples show a 
wide range of chemical compositions (Figure 1).  However, 
while BC02 shows the predicted positive correlation between 
track length and Dpar, the relationship between Dpar and 
annealing behaviour in the other samples is unclear.  Inverse 
modelling of these samples, using Dpar as the kinetic 
indicator cannot identify thermal histories that can predict the 
observed distributions.    

We will discuss the track length and compositional 
data, together with ongoing fission track age determination 
on individual crystal populations, and the thermal history 
information that can be extracted from this data set.  We will 
highlight the benefits of targeting chemically variable 
samples, and the biases that current crystal selection 
techniques may introduce to both crystal age populations and 
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track length distributions.  Detailed EMPA analyses have 
been performed on a large number of apatites from these 
samples, and the chemical substitutions controlling Dpar and 
the annealing process will be presented.   

We suggest that apatite separates that have significant 
chemically variable can be a highly useful tool in the 

interpretation of complex and slowly cooled terrains, and 
should be exploited.  We will illustrate the improved 
constraint on cooling histories that can be achieved, by 
considering applications on a range of geological settings, 
and by addressing the important questions that remain 
unanswered about the evolution of the Scottish landscape.   

 

 
 
Figure 1. Measured track length distributions and Dpar measurements fro the four samples taken the horizontal transect.  Samples 
are shown in order from the interior sample (top) to exterior (bottom).  At least 20 Dpar measurements were made for every grain 
containing confined tracks.   All samples were etched in 5M HNO3 for 20 seconds, at a temperature of 21ºC.   Mean measured track 
lengths for these samples are: BC02 = 10.55 ± 2.32 µm, BC03 = 11.31 ± 1.94 µm   BC04 = 12.61± 1.67 µm   BC05 = 10.72± 
2.18 µm. Samples BC03 and BC05 remain bimodal on c-axis correction, sample BC02 become more symmetrical and BC04 remains 
broadly unchanged.  
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The South American Platform in southeastern Brazil is 
not a typical passive margin, having a complex evolution and 
recording a long history of tectonic, magmatic and uplift 
events, which resulted on the opening of the South Atlantic 
Ocean. After rifting ceased (ca. 134-114 Ma), epeirogenic 
uplift (89-65 Ma) of the continental crust commenced in 
response to the drifting of the South American Platform over 
a thermal anomaly that was accompanied by intense alkaline 
magmatism (Almeida, 1967; Zalan & Oliveira, 2005). The 
Poços de Caldas Alkaline Massif is a consequence of this 
event, and is one of the largest alkaline bodies in the world, 
being located in the central-western portion of the magmatic 
alignement, at the border between Minas Gerais and Sao 
Paulo States (Figure 1). 

The Poços de Caldas Massif with about 800km², is 
composed mainly of nepheline syenites, phonolites, 
ankaratrites and volcanoclastic rocks (Almeida, 1964; 
Horstpeter et al 2002) while the surround area is the 
crystalline basement, composed mainly of charnockites, 
orthogneisses, gneisses and granites; on the west side of the 
massif is the border of the Paraná Basin. 

The main morphology of the alkaline massif is a semi-
circular plateau with average altitude of 1200 m and 

elevations up to 1500-1600 m alongs the edges. Some 
authors (King, 1956, 1967; Holmes et.al. 1992) consider the 
circular structure and the elevated surrounding area as a large 
plateau remnant of an erosional surface resulted from 
differential erosion in the Late Cretaceous to Paleogene. King 
(1956) recognized three erosional surfaces, the Early 
Cretaceous Gondwana Surface (1400m.), the Paleocene Sul 
Americana Surface (900 m), and the Miocene Velhas Surface 
(700 m). Ages of the three surfaces were discussed on the 
base of comparison with other areas in Brazil. However, 
Almeida (1964) recognized that the Sul Ameircana, that he 
named Japi Surface, is predominant in the whole area 
including the area above 1400 m, agreeing that an important 
tectonis event occurred and uplifted the surface. 

The aim of the study is to understand the long-term 
evolution of the Poços de Caldas Alkaline Massif topography 
considering these erosional surfaces that exist in the area, 
using low temperature thermochronology and 3D numerical 
modeling by applying the computer Code Pecube (Braun 
2003). 

 

 

 
 
Figure 1: Location of the Poços de Caldas Alkaline Massif on the SE Brazil. 
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Figure 3: SRTM DEM 3D (Vertical scale 4,25) Perspective of Pocos de caldas Alkaline Massif, view from south to north, and 
location of the topografic Profile (East to West)\ 
 

At the present, we have 18 apatite fission-track ages 
from rocks collected mainly on the north area of the alkaline 
massif and its surrounding area. The data show two groups of 
ages, one is the surrounding area of the massif, where the 
ages are from the Late Cretaceous, and the second belongs to 
the alkaline massif area, and resulted in ages, that range from 
the end of Early Cretaceous to the beginning of the 
Paleogene. These preliminary results suggest that the oldest 
surface was formed at the beginning of the Cretaceous, and 
partially destroyed by the alkaline intrusion from the end of 
this period, and the recent ages show another erosional event 
after the intrusion, which shaped the relief that formed 
another surface at the beginning of the Paleocene. That 
means the Gondwana surface proposed by King (1956) no 
longer exist on this area, suggesting that the oldest surface 
predominant on this area is the Sul-Americana, that was 
uplifted and partially destroyed on the end of the Late 
Cretaceous, when it started the elaboration of the Velhas 
surface proposed by King (1956). Paraguaçu surface was not 
registered because the apatite fission track data do not have 
enough resolution (apatite has a relative high closure 
temperature) to register the morphogenetic process 
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Apatite (U-Th)/He analysis of a rock sample 

typically involves dating between 2 and ≈10 individual 
apatite grains. The resulting single-grain He ages should 
generally be statistically identical, but examples of broadly 
spread single-grain ages are fairly common. Some of these 
reflect detrital age effects or analytical difficulties (e.g., high-
U inclusions), but others probably reflect real grain-to-grain 
differences in He diffusion behavior that may be useful 
recorders of thermochronologic information. Recently, we 

completed a structural and tectonic study (Unruh et al., 2007) 
of the Mt. Diablo anticline east of San Francisco (Fig. 1), 
where single-grain ages from all seven of our He samples 
exhibited very broad spreads on the order of 200 to 400% 
(Fig. 2A). These rocks were heated to ≈75°C late in their 
histories (Fig. 3), and we infer that this late heating to 
temperatures near the middle of the He partial retention zone 
induced the broad age spreads. 

 
Figure 1: Cross sections across Mt. Diablo anticline. Estimates of Pliocene burial temperatures and depths from FT and He data 
were used to reconstruct the now-eroded upper part of the anticline. Section B crosses exposures of the Coast Range fault, a major 
older structure folded by the anticline. 
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Figure 2: (A) Plot of FT and He ages. For the Great Valley forearc basin samples (structurally above Coast Range fault), all FT ages 
are older than depositional ages, whereas all He ages are younger, indicating Tmax of these samples (at 3.5 Ma) fell between ~60 and 
100°C. For the Franciscan accretionary prism samples beneath the fault, FT ages are highly consistent (mean 61 Ma) and are 
younger than depositional ages, indicating temperatures >~110–125°C pre–61 Ma, followed by cooling below ~100°C ca. 61 Ma.  
(B) Plot of degree of late Neogene resetting of He ages (details in Unruh et al., 2007 Data Repository). These values are the 
approximate percentage of total He lost between times the individual samples cooled below ~85°C ("start age" when He could first be 
retained by a particular sample) and 3.5 Ma (when all samples experienced Tmax during Neogene burial). Franciscan samples yield 
consistently younger He ages than Great Valley samples (plot A), but show generally similar degrees of resetting (plot B). This 
indicates that the younger Franciscan ages are mainly an artifact of the younger start ages of the Franciscan samples (ca. 60 Ma 
during exhumation) versus the Great Valley samples (ca. 93–141 Ma within sediment source areas). (C) Plot of theoretical He 
diffusion activation energies (Ea) needed to fit the observed He ages, computed from modeling runs (Fig. 3) assuming a Tmax of 
73.7°C at 3.5 Ma for all samples. Almost all grains yield fitted Ea within the narrow range of 32.7 to 33.9 kcal/mol.  
 

Mt. Diablo anticline is a large, active, fault-propagation 
fold developed over the last 3.5 Ma above the active Mt. 
Diablo blind thrust fault (Fig. 1). This shortening represents a 
local contractional step-over in the San Andreas transform 
plate boundary, and may be a moderate thrust earthquake 
hazard for nearby cities. Basin filling occurred over the site 
of the future anticline from the Early Cretaceous until ca. 3.5 
Ma, and the detailed stratigraphic record and apatite fission-
track (FT) data allow a fairly complete reconstruction of the 
thermal history. Modeling of FT length distributions 
indicates maximum burial temperatures (Tmax) of ≈75°C at 
3.5 Ma (time of maximum burial/reburial determined from 
stratigraphic data) (Fig. 3). Another key feature of the area is 
that two contrasting packages of Cretaceous rocks are 
exposed, separated by the major Coast Range fault (Fig. 1B 
and 3). Beneath the fault are blueschist-facies metamorphic 
rocks of the Franciscan accretionary prism that, based on 
apatite FT ages, were exhumed at least 8 km in latest Cretac-
eous-early Tertiary time by major normal slip along the fault. 
Above the fault are unmetamorphosed marine strata of the 
Great Valley forearc basin that were accumulating and 
subsiding over that same time period. 

Apatite in our samples is detrital, mostly sourced from 
the Sierra Nevada batholith, and mostly of good quality and 
little-abraded. Unreset apatite FT ages are only slightly older 

than depositional ages (Fig. 2A), so detrital effects on He 
single-grain age patterns should be minor. We determined He 
ages of seven samples at the Caltech laboratory. For all 
samples, single-grain He ages are very broadly spread, 
younger than FT ages, and older than the 3.5 Ma timing of 
maximum burial/reburial (Fig. 2A). 

Mean He ages of Franciscan samples are distinctly 
younger than mean ages of Great Valley samples (Fig. 2A). 
This reflects the fact that Franciscan rocks were exhumed 
mainly in latest Cretaceous-early Tertiary time, whereas 
Great Valley rocks were never deeply buried (Fig. 3). In 
order to normalize for differing early histories, we calculated 
the percent "resetting" of He ages due to He loss from the 
time He could first started to accumulate in a given sample 
up until the 3.5 Ma time of maximum burial/reburial (Fig. 
2B). After this normalization, all samples, Franciscan and 
Great Valley, show quite similar spreads in degree of 
resetting, with most individual grains from each sample 40% 
to 90% reset (Fig. 2B). 

We infer that the large, relatively uniform spreads in 
degree of resetting reflect real variability in diffusion 
behavior between different grains all subject to late 
heating/reheating to ≈75° C. In order to explore the amount 
of diffusion parameter variation that might be required, we 
used simplified versions of the best-fit FT models with a 
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constant Tmax of 73.7° C at 3.5 Ma as input into He 
simulation models and varied the assumed 4He diffusion 
activation energy (Ea). The Ea’s that fit the He ages 
measured for each grain are plotted in Fig. 2C. These Ea's 
vary only slightly from grain to grain, falling essentially 
within a tight band of 32.7 to 33.9 kcal/mol. 
 

 
Figure 3. Schematic comparison of the burial and unroofing 
histories of the Franciscan accretionary prism and Great 
Valley forearc basin (GVG) at Mt. Diablo. The histories of 
the two units contrast strongly ca. 70 to 40 Ma, then are 
similar in more recent time. The detachment fault system 
between the two units was apparently active during the first 
time period, to accommodate the contrasting histories, then 
inactive during the second period. The history for the GVG 
was derived mostly from the basin filling history (e.g., back 
stripping). This history was then used as input for FT models, 
which output a fitted provenance age and Tmax (circles); 
only these two outputs are highly sensitive to the FT data. 
For the Franciscan samples, the FT models output the 
general cooling path around 60 Ma and the Tmax at 3.5 Ma 
(oval and circle); the FT data are not highly sensitive to 
other segments of the history. 
 

 
 
Figure 4: Plot of degree of resetting of single-grain He ages 
(from Fig. 2B) vs. each grain's "eU" (U plus Th 
concentrations, weighted by decay rate). eU is a proxy for 
the rate of production of alpha decay damage in each grain. 
Shuster et al., (2006) proposed that such damage retards He 
diffusion by "trapping" He within damaged zones. Such a 
model predicts a positive correlation (positive slope) in a plot 

such as this, with more damaged grains yielding older ages. 
However, this plot shows no correlation, so the alpha 
damage model does not explain the wide spread in single-
grain He ages observed at Mt. Diablo. 
 

Detailed laboratory heating experiments by Farley 
(2000) yielded an Ea of 33.0±0.5 kcal/mol for He diffusion in 
Durango apatite. Less precise work on other apatites has 
yielded generally similar Ea's. Overall, the fitted Ea's from 
Mt. Diablo appear to fall easily within the range permitted by 
current understanding of He diffusion parameters in apatite. 
We infer that the He ages probably are reliable and are quite 
compatible with the ≈75° late Neogene Tmax estimated from 
the FT data. 

The thermal history at Mt. Diablo exposed samples to 
Tmax near the middle of the He partial retention zone 
(≈75°C) at 3.5 Ma, after considerable He had accumulated. 
With  this favorable history, small spreads in Ea such as 
those in Fig. 2C can apparently induce very strong spreads in 
single-grain ages. Therefore, observation of such age spreads 
may be a useful indicator of similar histories. 

We do not know the physical mechanism for the small 
differences in He diffusion behavior, but it appears to be 
different from previous proposals. Fitzgerald et al. (2006) 
proposed that if parent U and/or Th are zoned, partial He loss 
at roughly 50-85°C may enhance variations in single-grain 
ages. To test for t his, we visually surveyed the degree of U 
zoning in about 310 apatite grains on FT external detector 
prints from our He samples. Roughly 257 grains showed no 
or slight zoning, 50 moderate zoning, and 3 strong zoning. U 
zoning does not appear to be prevalent enough in our samples 
to explain the single-grain age spreads. 

Alternatively, Shuster et al. (2006) and Green et al. 
(2006) proposed that alpha decay of U and Th create alpha 
radiation damage in the apatite structure that may retard 
diffusion of He. If samples are then reheated to roughly 50-
100°C, grains with lower levels of damage (younger grains 
and  grains with lower U and Th concentrations) will lose 
more of their He and develop relatively younger ages. In 
order to test this possibility, we plotted degree of resetting vs. 
the eU parameter for U and Th concentrations (Fig. 4). This 
plot does not show the predicted positive correlation, so 
alpha damage does not explain the age spread we observe. It 
should be noted that the model of Shuster et al. (2006) might 
require some minimum amount of alpha damage before 
inducing detectable variations in single-grain ages. The 
amounts of alpha damage in our samples are probably low 
compared to examples cited by Shuster et al. (2006) and 
Green et al. (2006). Therefore, even though the alpha-damage 
model does not explain our data, our data do not indicate that 
the alpha-damage model is incorrect. It should also be noted 
that the magnitude of differences in single-grain diffusion 
parameters needed to explain our data (Fig. 2C) are relatively 
small compared to the alpha-induced differences proposed by 
Shuster et al. (2006). 
 
Reference: (see this paper for complete reference list) 
Unruh, J.R., T.A. Dumitru, and T.L. Sawyer, 2007, Coupling of early 

Tertiary extension in the Great Valley forearc basin with blueschist 
exhumation in the underlying Franciscan accretionary wedge at 
Mt. Diablo, California, Geological Society of America Bulletin, v. 
119, p. 1347–1367 (and data repository). 

 



In Garver, J.I., and Montario, M.J., Proceedings from the 11th International Conference on thermochronometry, Anchorage Alaska, 
Sept. 2008. 
 66 

APATITE SINGLE GRAIN (U-TH)/HE DATA FROM HEIMEFRONTFJELLA,  
RECORD OF FLEXURAL RESPONSE TO GLACIAL LOAD? 

 
Emmel, B.1,2, Jacobs, J.1,2, Crowhurst, P.3 & Daszinnies, M.C.1,4 
 
1Fachbereich Geowissenschaften, Universität Bremen, PF 330440, 28334 Bremen, Germany 
2Department of Earth Science, University of Bergen, Allegaten 41, 5007 Bergen, Norway 
3CSIRO Petroleum Resources, PO Box 1130, Bentley, WA 6102 Australia 
4SINTEF, Strindveien 4, 7465 Trondheim, Norway 
 
Introduction 

In western Dronning Maud Land (East Antarctica), 
Heimefrontfjella is the only location were late Paleozoic 
sedimentary rocks crop out. The surrounding metamorphic 
basement shows Mesoproterozoic protolith ages and 
Mesoproterozoic to lower Paleozoic metamorphic, mostly 
polyphase overprint. The basement/sedimentary rocks 
unconformity provides a valuable reference surface for the 
reconstruction of the pre- and post-depositional exhumation 
history. The easily weathering sedimentary rocks crop out at 
elevations of c. 2200 m, arguing for a young episode of 
unroofing. Additionally, these rocks are tilted 1-3° towards 
the SE (Fig. 1) suggesting tilting of the whole 
Heimefrontfjella after deposition. 

 
The data and interpretation 

Thirty-six AFT ages from Heimefrontfjella are reported 
from Jacobs and Lisker [1999]. They revealed AFT ages 
ranging between 172±17 Ma and 81±8 Ma. From 29 samples, 
mean track lengths were measured varying between 
13.48±0.16 µm and 11.96±0.17 µm with corresponding 
standard deviation between 2.01 µm and 1.32 µm. In order to 
test the assumption of block tilting in Heimefrontfjella 
[Jacobs and Lisker, 1999] we plotted the AFT ages of the 
basement rocks against their present elevations and the 
calculated relative elevations before block tilting. After 
rotation the AFT ages show statistically better fits with linear 
regression lines compared to the original data-set probably 
indicating that block rotation occurred after closure of the 
AFT system.  

To constraint further the timing of block tilting we 
dated apatites using the (U-Th)/He method.  The single grain 
ages of zoned apatites (Fig. 2) vary between ca. 130 and 50 

Ma. Apatite FT and (U-Th)/He single grain ages were 
modeled together whereby zoning of the grains was taken 
into account. We used the program ‘HeFTy v1.3c’ [Ketcham, 
2005] to model AFT and (U-Th)/He single grain ages 
inverse. If possible, 50 good fitting (goodness of fit >0.5) 
cooling paths were modeled and were tested with the 
program ‘DECOMP’ [Meesters and Dunai, 2002 a, b]. Model 
results suggest that samples collected near the outcrop/inland 
ice boundary show a Cenozoic rock cooling step (Fig. 2) 
whereas samples farther away record the older cooling 
history. Hereby the effect of elevation differences on the 
timing of rock cooling seems to be irrelevant. Thus, we 
suggest coherence between the rock cooling histories and 
spatial distribution in respect to the distance to the maximum 
glacial load.  

As the driving mechanism for differential rock cooling 
we propose flexural isostatic rebound due to glacial load 
during the development of the intracontinental ice sheet in 
the hinterland of the Heimefrontfjella region. To compute the 
potential flexural response of the lithosphere we used a 
simple finite element model under the assumption of a 
homogenous crust. Model results (for Te: 10-20 km; glacial 
load: 3 km) bracket maximum uplift between c. 20-30 m but 
maximum deflections can reach c. 725 m.  We suggest that 
during the Cenozoic glacial maximum, samples located at the 
margin of the ice sheet were subjected to maximum 
deflection. After retreat of the inland ice sheet isostatic 
compensation and associated enhanced denudation caused 
the observed Cenozoic rock cooling step. Only minor 
isostatic compensation affected the samples located at larger 
distance to the maximum ice load.  

 

 
 
Figure 1: Map of Antarctica. The black areas represent outcrops, the grey box highlights the working area. Photograph shows the 
Late Carboniferous- Early Permian sedimentary rocks tilted by c. 1-3° toward the SE. Abbreviations: DML: Dronning Maud Land. 
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Figure 2: Cathodoluminescence images and SEM data of X-ray line-scanning of apatites from the Heimefrontfjella. All apatites show 
a first order zoning and a second order oscillating variation in uranium and thorium concentrations. Modeled time-temperature path 
depicts a Cenozoic cooling from below 40° C to surface temperature.       
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The ongoing oblique collision of the Yakutat terrane 
with North America formed the highest coastal mountain 
range in the world, the Chugach–St. Elias orogen in southeast 
Alaska (Fig. 1A).  Because of the high latitude, high relief 
and maritime climate, the area is heavily glaciated and the 
~200 km long and ~10 km wide Bagley Ice field–Seward 
Glacier system covers most of the orogenic spine (Fig. 1B). 
Investigation of the long term (>106 yr) exhumation history 
of the orogen using low-temperature thermochronometers is 
challenged by the thick ice cover that limits bedrock 
sampling to the mountain ridges that tower over the massive 
glaciers. In a new study we use the glaciers as conveyor belts 
that sample the rocks underneath the glaciers. We present 
zircons fission track (FT) ages from sand of rivers that drain 
the glaciers, providing new insight into the exhumation 
history recorded by rock in the valleys and covered by ice. 

This study shows that the Chugach–St. Elias orogen is 
an excellent example of how natural conditions limit 
sampling strategies and consequently affect the resulting 
picture of the exhumation history. The new detrital FT data 
record an exhumation history that differs significantly from 
that revealed by bedrock studies (e.g. Spotila et al., 2004; 
Johnston, 2005; Perry, 2006; Berger et al., 2008, Meigs et al., 
in press). However, combining these data sets reveals a more 
comprehensive picture of the exhumation of the Chugach–St. 
Elias orogen, starting in the Oligocene (~30 Ma) and 
continuing to the present.  

 
Geological Setting 

The Chugach–St. Elias mountain range was formed by 
the oblique collision and flat-slab subduction of the Yakutat 

terrane into the tectonic corner formed by the dextral 
Fairweather transform fault (east) and the Aleutian 
subduction zone (Fig. 1A). The Fairweather transform fault 
formed ~30 Ma and allowed the northward transfer of the 
Yakutat terrane. This transfer resulted in subduction of 600-
1000 km of related oceanic lithosphere that has led the 
Yakutat terrane, causing the Wrangell volcanic complex 
(Plafker, 1987). The leading edge of the Yakutat terrane 
encountered the Aleutian trench between 10 and 5 Ma and 
has since collided with southeast Alaska (Fig. 1; Plafker et 
al., 1994). 

This part of southern Alaska consists of a complex of 
terranes amalgamated to North America since the Paleozoic 
(Fig. 1), including the Paleozoic–Mesozoic Wrangellia 
terrane, separated by the Border Range fault to the late 
Mesozoic Chugach terrane. To the south is the Contact fault 
separating the Chugach from the Paleocene–Early Eocene 
Prince William terrane. The Contact fault was likely 
reactivated as the eastward continuation of the dextral 
Fairweather fault system during Chugach–St. Elias orogenic 
development (Bruhn et al., 2004).  Much of the sedimentary 
cover to the Yakutat terrane has been scraped off basement 
rocks and accreted to the fold and thrust belt. The imbricated 
cover rocks include Eocene–Oligocene Kultieth Formation, 
the Eocene–Miocene Poul Creek Formation, and the 
synorogenic fluvial, and glacial marine Miocene–Pleistocene 
Yakataga Formation that formed in response to orogenic rock 
uplift since ~6–5 Ma (Lagoe et al., 1993; Plafker et al., 
1994).  

 

 
 
Figure 1: (A) Tectonic setting in southeast Alaska, plate motion vectors (e.g. Fletcher and Freymueller, 1999). (B) Geological map of 
the Chugach–St. Elias orogen showing the different accreted terranes. Faults and assumed faults are solid and dashed lines, 
respectively. BRF: Border Range fault, SCF: Steward Creek fault, CF: Contact fault, CSEF: Chugach–St. Elias fault. Detrital sample 
locations are shown, grey line indicates the profile shown in Fig. 2. 
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Figure 2: Profile through the Chugach–St. Elias orogen summarizing the detrital zircon FT age populations (numbers below surface; 
Enkelmann et al., in review) and bedrock ages (numbers above the profile; Spotila et al., 2004; Johnston, 2005; Berger et al., 2008. 
 
 
 
 
Detrital zircon fission track study 

Detrital zircon FT results of ten samples from glacial 
rivers draining north and south of the Bagley Ice field (Fig. 
1) are presented by Enkelmann et al., (in press). Samples 
located in the Wrangellia and Chugach terrane generally 
show age populations that get younger towards the south with 
major changes in age populations across the Border Range 
fault (Fig. 2). The samples, draining the Bagley Ice field and 
the area north of it (CH 21, 44, 46, 47) yield age populations 
ranging from 42-8 Ma. Samples farther north in the Chugach 
terrane (CH22, 24) yield older populations ranging from 
102–30 Ma, and one sample from the Wrangellia terrane 
north of the Border Range fault yield ages of 120–90 Ma 
(W23). Significant vertical displacement along the Border 
Range fault is indicated by the difference of the youngest age 
populations north of the fault (W23) and south of it (CH22, 
24). This result suggests the Wrangellia terrane formed the 
backstop to the exhumation of the Chugach terrane starting 
~30 Ma, coeval with the formation of the Fairweather fault 
and initiation of Yakutat lithosphere subduction and 
Wrangell volcanism (Plafker et al., 1994). Two exhumation 
phases at 20±2 Ma and 11±2 Ma followed as revealed by the 
Chugach samples CH21, 44, 46 and 47 (Fig. 1B and 2). 
These two phases of Chugach terrane exhumation coincide 
with changes in the Pacific plate motion relative to North 
America at ~20 and ~10 Ma (Stock and Molnar, 1988), and 
the transition of oceanic plate subduction to flat slab 
subduction of the Yaktutat terrane at ~10 Ma (e.g. Eberhart-
Phillips et al., 2006).  
 

Three samples are located in the Yakutat terrane (Fig. 
1B). The drainage areas of these samples consist of the 
sedimentary rocks of the Kultieth, Poul Creek and Yakataga 
Formations. Sample YA2 receives material solely from the 
Yakataga Fm. and provides us cooling information about the 
rocks that sourced the Yakataga Fm. at the time of its 
deposition (< 5.6 Ma, Lagoe et al., 1993). The zircon FT age 
distribution of this sample is amost identical to the samples 
of the Chugach terrane, suggesting the Chugach terrane as 
the main source. Based on the youngest age population in 
YA2 (5.2 Ma), we suggest that the latest exhumation phase in 
the Chugach–St. Elias orogen started at ~6-5 Ma in concert 
with the final collision of the Yakutat terrane and the 
beginning of glacial marine sedimentation of the Yakataga 
Fm. The backstop shifted southward and the suture between 
the Chugach and Prince William terrane was reactivated 
(Contact fault) as the westward continuation of the 
Fairweather fault zone (Fig. 1). This dextral transpressional 
fault zone is probably associated with pop–up structures 

resulting in locally very rapid exhumation. It is possible that 
the development of the Bagley Ice field–Seward Glacier 
system is a consequence of the faulting activity along the 
Contact fault and therefore it would be younger than 5 Ma.  
We also predict the fastest exhumation rates along the 
Fairweather–Contact fault zone where rock weakening due to 
faulting coincides with strong glacial erosion. The fact that 
deformed Yakataga Fm. sediments yield ~5 Ma zircon FT 
ages suggests that cooling ages underneath the Bagley Ice 
field–Seward Glacier system are younger.  
 
Comparing detrital and bedrock results 

One of the major advantages of detrital 
thermochronology over bedrock studies is that rivers collect 
samples over a large area that might otherwise be 
inaccessible for bedrock sampling. The well-mixed detrital 
sample thus represents material from the entire drainage area. 
In the case of this study, we collected Recent sand samples 
from rivers that drain the glaciers, at locations close to the ice 
front. Our detrital samples present therefore mainly material 
that is scraped off the valley bottoms by the glacier. On the 
other hand the ice cover limits bedrock sampling to the ridges 
above the glaciers, a comparison of detrital data with bedrock 
data can therefore be generally seen as a comparison between 
the cooling histories recorded by valley samples with ridge 
samples. That is of major importance considering the effect 
of topography and exhumation on the perturbation of 
isotherms in active tectonic areas (e.g. Mancktelow and 
Graseman, 1997). Particularly cooling through low 
temperature (i.e. apatite U-Th/He with TC = 65°C, and apatite 
FT with TC = 100° C) is commonly interpreted as very fast 
exhumation, but can be typically by explained by the effect 
of lateral cooling of the topographic relief. The depth of 
isothermal perturbation depends on the exhumation rate and 
the vertical and horizontal scale of the surface topography. It 
has been shown that topography does not affect systems with 
higher closure temperatures (>200° C, e.g. zircon FT; TC = 
240±40° C) but heat advection due to fast exhumation has a 
significant effect on elevating isotherms (Mancktelow and 
Graseman, 1997).  

Isothermal bending underneath the topography of an 
exhuming orogen results in cooling histories recorded by 
samples in valleys (detrital) differing from those displayed by 
samples taken along ridges (bedrock). As a consequence, the 
interpretation of thermochronology data from only one data 
set causes a limited and/or biased view on the exhumation 
history. Combining the two however, provides a 
comprehensive picture of the exhumation of the Chugach–St. 
Elias orogen.  
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Figure 3: Cartoon of the isothermal structure underneath the 
Chugach–St. Elias mountain range. Black indicates the 
eroding part.    
 
 

Bedrock ages show a distinct picture with very young 
(<2 Ma) apatite U-Th/He ages south of the Bagley Ice field 
and old apatite ages (27-7 Ma, U-Th/He; 40-13 Ma, FT) that 
scatter widely located north of it (Fig. 2). Zircon bedrock 
ages are rare but show essentially no difference across the 
orogen. Zircon FT analysis on bedrock samples from the 
deformed Yakutat cover yield general non-reset ages and 
only few partial reset grains in the structurally deepest strata 
(Johnston 2005; Perry, 2006; Meigs et al., 2008). Detrital 
zircon FT results are significantly different (Fig. 2). Samples 
located in the Chugach terrane yield age populations younger 
or equal to apatite bedrock ages, thermochronometers with 
significantly lower closure temperatures (compare ~240°C 
vs. ~65°C). This result suggests a strong bending (or 
disruption) of even higher temperature isotherms. The 
aggressive erosion by means of glacial erosion magnifies the 
effect by focusing exhumation at the valley bottoms and 
therewith the effect of isotherm elevation and compression, 
whereby ridges are laterally cooled and relatively lesser 
affected by erosion. This difference is particularly evident on 
the north side of the orogen where the mean annual 
precipitation is low (<2000 mm/yr). In contrast, on the south 
side of the orogen, bordering the Pacific, annual precipitation 
rates are up to 7000 mm/yr. The effect of the modern climatic 
situation is displayed by the bedrock apatite U-Th/He ages 
that show the ‘preservation’ of mountain ridges north of the 
Bagley Ice field, and a fast ‘recycling’ south of it in the 
developing accretionary wedge (Fig. 3).   
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Introduction  

Low-temperature thermochronology is one of the most 
useful tools in constraining late-stage exhumation of rocks in 
a variety of tectonic settings.  Apatite and zircon fission track 
(FT) and (U-Th)/He thermochronology are widely used, but 
each technique has its limitations.  Monazite FT 
thermochronology can complement existing techniques and 
provide key temporal information on dynamic landscape 
evolution, including the exhumation of young terrains. The 
ubiquitous occurrence of this mineral and the high uranium 
concentration makes this phase ideally suited for 
thermochronologic work, in particular fission-track analysis.  

Monazite is a light rare earth element (LREE) 
phosphate mineral, with the general chemical formula 
(LREE)PO4.  It commonly occurs as an accessory phase 
which tends to partition U and Th.  Monazite is of specific 
interest because its petrogenesis provides important 
information regarding metamorphic and magmatic processes.  
Because of the link between monazite and crustal/orogenic 
processes, this mineral has been the subject of investigations 
of in situ U-Th-Pb dating using ion-microprobe and electron 
microprobe analyses (e.g., Montel et al., 1996).  More 
recently, studies have evaluated the potential of monazite as 
an (U-Th)/He thermochronometry (Boyce et al., 2005). 

A series of experiments were conducted to test the 
viability of monazite as an FT thermochronometer.  Since U 
concentrations can be determined using electron microprobe 
techniques, monazite FT thermochronology would be readily 
available.  Monazite crystals were obtained from a sand 
placer deposit from Cleveland County, North Carolina.  
Crystals are generally large (> 200µm) and exhibit concentric 
zoning.  The most likely source of the monazite is the 
Cherryville quartz monzonite, which has been dated at 340-
350 Ma by whole rock Rb/Sr methods (Kish and Fullagar, 
1977).  The U-Th-Pb chemical age of the monazite sand 
grains, calculated by electron microprobe analyses of 
numerous grains is 343 ± 5 Ma (Fayon and Baird, 2005), in 
good agreement with the published whole rock age. 

 
 

 
 
Figure 1:  Etched tracks in monazite. 
 

Age determination 
Analytical techniques were developed for track etching 

(Figure 1) and microprobe analyses of uranium 
concentrations (Figure 2). Latent tracks were etched in 
concentrated HCl, boiling for 45 minutes, and track densities 
determined using a petrographic microscope with a 100x dry 
objective. U concentrations ranging from 0.3 to 0.8 wt% 
were determined using electron microprobe analyses.  FT 
ages were calculated using an age equation modified from 
Hasebe et al. (2004).  

The monazite sand yields FT ages of ~ 1.0 to 1.5 Ma, 
significantly younger than the crystallization age and apatite 
FT ages from the nearby Appalachian Mountains.  These 
young ages support previous inferences that fission tracks in 
monazite anneal at extremely low temperatures.  
 
Annealing of fission tracks in monazite 

Initial isothermal annealing experiments were 
conducted to characterize the annealing behavior of fission 
tracks in monazite. Grains selected from the placer sand were 
mounted in Teflon, oriented with the 100 plane exposed.  
BSE images were obtained from polished grain mounts to 
qualitatively evaluate zoning in each grain. Concentrically 
zoned grains were selected for the experiments and regions 
that appeared homogeneous in U concentration were counted 
for initial track density (Figure 2).   

 

 
 
Figure 2:  U Mβ X-ray map of a monazite sand grain used in 
annealing experiments.  a., b., and c. represent counting 
locations and areas where U concentrations were determined 
using electron microprobe analysis. Variation in intensity 
indicates variations in U concentration. U concentration 
determined from microprobe analyses outlined above are: a. 
3394 ppm, b. 2800 ppm, c. 2792 ppm.  Track counts for these 
areas are a. 215, b. 180, c. 160 for areas of 6.353 x 10-5 cm2. 
 

Once initial track densities were determined, grains 
were re-polished to remove etched tracks, annealed at 150 
and 250 °C at 1 hour time intervals for a total of 8 hours.  
Grain mounts were then etched following each 1 hour anneal.  
In each experiment, a systematic decrease in track density 
was observed.  After 8 hours of annealing, track density 
decreased by 23% at 150 °C and 65% at 250 °C (Figure 3).  
Given these results, tracks should completely anneal after ~ 
35 and 15 hours at 150 and 250 °C, respectively (Shipley and 
Fayon, 2006).  Additional isothermal and isochronal 
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experiments on chemically similar monazite are necessary to 
determine the annealing temperature over geologic 
timescales.   

 
Summary 

The results of the study to date show that monazite FT 
thermochronology is feasible. Monazite FT ages are in the 
process of being determined for rocks exposed in the 

Grenville Province, Labrador, and in the North American 
Cordillera.  Samples from which monazite has been obtained 
also contain apatite suitable for FT dating.  By obtaining both 
the apatite and monazite FT ages from one sample, and 
continuing with annealing experiments, the annealing 
temperature for fission tracks in monazite will be better 
constrained. 

 
A. 

 

B. 

 

Figure 3:  Track density as a function of annealing time for 150° C (A) and 250° C (B).  Each point represents track counts from 
areas of homogenous U concentrations in 3 to 6 grains.  
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AECL’s Underground Research Laboratory (URL) is 
located on the western flank of the Severn Arch, an extensive 
exposure of Precambrian crystalline basement that separates 
the Phanerozoic Williston and Hudson Bay intracratonic 
basins on the southern Canadian Shield. Deep excavation and 
extensive drill-coring in the URL provides a unique 
opportunity for a low-temperature thermochronometry study 
of the Archean crystalline basement in the southern Canadian 
Shield. Analysis of a 1.15 km deep apatite fission track 
(AFT) thermochronology profile at the URL corroborates 
earlier suggestions of late Neoproterozoic-early Phanerozoic 
cooling to temperatures below those required for total AFT 
annealing (Crowley et al., 1985; Crowley and Kuhlman, 
1988). In addition however, our AFT time-temperature 
history models suggest two Phanerozoic heating and cooling 
episodes that involved significant heat flow variations 
combined with substantial burial of the Archean shield by 
Phanerozoic successions that have subsequently been 
completely eroded. Maximum Phanerozoic temperatures 
occurred in the late Paleozoic when the geothermal gradient 
is inferred to have increased to ~47 ± 4.6o C/km (compared to 
a present day gradient of ~14±2o C/km) and the sedimentary 
cover was ~800-1100 m thick. A second heating phase 
occurred during Late Cretaceous-Paleogene time with a more 
moderately elevated geothermal gradient, ~22 ± 2.1o C/km, 
and under a somewhat thicker Mesozoic and Cenozoic 
succession, ~1200 to 1400 m.  Our thermal history models 
along with regional stratigraphic relationships suggest that 
the Paleozoic succession was completely eroded prior to 
commencement of Mesozoic sedimentation.  

The Phanerozoic thermal history at the URL site is 
similar to that inferred previously for the epicratonic 

Williston Basin, several 100 km's to the west (Osadetz et al., 
2002). This implies a common regional thermal history for 
cratonic rocks underlying both the basin and the currently 
exposed shield.  Further, it suggests that the morphotectonic 
differences between the Williston Basin and the exposed 
shield at the URL are due to a dissimilar thermomechanical 
response to a common Phanerozoic geodynamic history. We 
tentatively attribute the two Phanerozoic episodes of 
increased geothermal gradient (heat flow anomaly) and the 
epeirogenic movements to  far-field effects of orogenic 
processes at the plate margin i.e. the Paleozoic Antler and the 
Mesozoic Cordilleran orogenies, (e.g. Burgess et al. 1997), 
and the related deposition and erosion of sedimentary 
sequences (Kaskaskia and Zuni respectively). 
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Introduction, objectives and strategy 

The Pyrenean mountains of Spain and France 
are a doubly-vergent orogen formed since the Late 
Cretaceous as a result of convergence between the 
European and Iberian plates. The Pyrenean orogen 
extends for ~1500 km from southern France to the 
Cantabrian ranges of northern Spain.  The range 
consists of a central Axial Zone of uplifted Hercynian 
Paleozoic basement rocks flanked north and south by 
fold-thrust belts formed from a Mesozoic-Cenozoic 
sedimentary cover (Fig. 1). The northern limit of the 
Axial Zone is defined by the North Pyrenean Fault 
(NPF), regarded as the Iberian-European plate suture 
[Choukroune, 1973].  The thrust belts are, in turn 
flanked by foreland basins, the Aquitaine to the north 
and the Ebro to the south. The Pyrenees were formed 
by convergence along a section of previously thinned 
continental crust. 
 The Pyrenees are an ideal natural laboratory to 
study the tectonic processes involved in the formation 
of collisional orogens because of their relatively small 
size, quality of exposure, preservation of syn-orogenic 
sedimentary strata and absence of significant late-
extensional collapse structures.  However, it is the 
variation in structural style along-strike due to the 
decreasing amount of shortening from east to west 
that permits geologic processes associated with 

convergence to be evaluated in such detail.  Our 
objective is to relate the along-strike variation in 
denudation history with the differences in structural 
style to learn more about the evolution of the Pyrenees 
and collisional tectonics within this orogen. 
 Variation in structural styles results from the 
differences in the inherited geometry of pre-existing 
extensional faults, varying amounts of convergence 
along the orogen, and a geologic history dominated by 
Mesozoic extension and transtension followed by 
Tertiary collision.  Extensional faults developed 
during a Triassic-Cretaceous extensional to 
transtensional rift system formed during the 
fragmentation of southern Hercynian Europe and 
western Tethys [Roest and Srivastava, 1991; Olivet, 
1996].  Cenomanian opening of the Bay of Biscay 
caused counter-clockwise rotation of the Iberian plate 
that combined with northward movement of the Afro-
Iberian plates resulted in oblique collision with the 
European plate beginning in the late Santonian (~85 
Ma).  Oblique collision began in the east. Estimates of 
crustal shortening are ~165 km in the central 
Pyrenees, decreasing to 103 km in the west-central 
Pyrenees, 80 km just east of the Pamplona Fault, 50 
km in the Basco–Cantabrian fold and thrust belt and 
26 km west of the Cantabrian Mountains. 

 

 
 

Fig. 1: Structural and geologic sketch map of the Pyrenees showing location of plutons targeted for thermochronology 
[compiled from Zwart, 1979; Teixell, 1996; Vergés et al., 2002]. Paleozoic metamorphic units and Hercynian granites 
in the central-western, western and Basque Pyrenees that are part of this study are shown in dark pink.  Plutons in the 
central Pyrenees are shown in light pink.   
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 Our approach to constrain the timing, amounts 
and rates of denudation within the Pyrenean orogen is 
to systematically apply low temperature 
thermochronology (apatite fission track (AFT), apatite 
(U-Th)/He dating (AHe) combined with selected 
40Ar/39Ar thermochronology) on samples collected 
from a number of across-strike (north-south) transects.  
Our approach is systematic in terms of our sampling 
strategy and the use of vertical sampling profiles, but 
also with respect to the integration of multiple 
thermochronometers.  In this presentation we compare 
results from the thrust sheets of the central Pyrenees, 
notably AFT and (U-Th)/He data from vertical 
profiles along the ECORS deep-seismic line [Morris 
et al., 1998; Fitzgerald et al., 1999; Sinclair et al., 
2005; Gibson et al., 2007] to results from thrust sheets 
in the west-central Pyrenees [Jolivet et al., 2007].  
This presentation is a companion paper to Metcalf et 
al (this volume) who apply K-feldspar 40Ar/39Ar 
thermochronology and multi-diffusion domain 
modeling to some of the same plutons.  Both papers 
emphasize that thermochronology, while it constrains 
the thermal history, does not necessarily constrain the 
timing of thrusting, because thrusting by itself, does 
not exhume rock. 
 In addition, we present detrital thermochronology 
on syn-tectonic conglomerates from basins (Sierra de 
Cis, Senterada and Pobla Basins) south of the central 
Pyrenees.  Granitic cobbles have meaningful central 
AFT ages that can be compared to data from vertical 
profiles within the Axial Zone. K-feldspar 40Ar/39Ar 
thermochronology and multi-diffusion domain (MDD) 
thermal modeling on one granitic cobble from the 
Sierra de Cis deposited in the Early Oligocene 
provides information on Cretaceous cooling. 
 
Central Pyrenees (along the line of the ECORS 
seismic line) 

AFT data (LaCourt pluton, Trois Segnieurs pluton) 
from north of the North Pyrenean fault suggest a 
transition from relative thermal and tectonic stability 
to the onset of denudation at ca. 50 Ma at a rate of ca. 
300 m/m.y.  AFT data from the Nogueres thrust sheet, 
in the hanging wall of the Garvanie thrust, indicate 
denudation continued at that same rate from at least 45 
Ma to ca. 35 Ma (Riberot pluton), when the 
denudation rate increased dramatically (km/m.y.) 
(Marimana pluton).  AFT data from the Orri thrust 
sheet (Maladeta pluton), in the footwall of the 
Garvanie thrust, suggest burial of that massif and 
partial annealing of tracks (due to thrusting), followed 
by rapid denudation (km/m.y.) that slowed 
dramatically at ca. 32 Ma.  Combining AFT data with 
AHe ages from the Maladeta vertical profile, the rate 
of denudation remained slow until at least 15 Ma, with 
later post-orogenic exhumation occurring sometime 
between 10-0 Ma, likely driven by base-level change.  
Just south of the Maladeta Massif, across another 
thrust, AFT data from the Barruera Massif indicate a 
period of rapid denudation at ca. 22 Ma.  Overall the 
data indicate that separate thrust sheets do not have 
separate denudation histories, but reflect erosional 
denudation proceeding from north to south as 
thrusting to form the Pyrenees propagated southward 
to create the antiformal stack of the Axial Zone.  
However, the dramatic increase in denudation rate at 
ca. 35 Ma, interpreted to reflect erosion following the 
generation of relief due to thrusting, provides a 
minimum age for initial movement on the Garvanie 
thrust. 

West-Central Pyrenees 
We compare the denudation history of two 

massifs: the Bielsa pluton that lies in the footwall of 
the major Gavarnie thrust, and the hanging wall of the 
Bielsa thrust, and the Nouevielle massif that lies in 
hanging wall of the major Gavarnie thrust.  A minor 
thrust, the Pic-Long, a branch of the Eaux-Chaudes 
thrust, separates the Neouevielle from the Gavarnie 
thrust to the south, while another branch of the Eaux-
Chaudes, the Pic-du Midi thrust, bounds the massif to 
the north.  AFT data from a vertical profile in the 
Neouvielle massif indicates rapid denudation at 30 
Ma, dramatically slowing at ~25 Ma.  Jolivet et al. 
(2007) report an AFT age from Neouvielle, and 
suggest rapid cooling began soon after ~35 Ma.  This 
provides a minimum age for movement along the 
Gavarnie thrust of ~35 Ma, compatible with similar 
constraints in the central Pyrenees.  AFT data from a 
vertical profile within the Bielsa massif suggest burial 
of the massif and partial annealing of tracks (due to 
burial by thrusting) followed by rapid cooling 
beginning at 25 Ma and slowing at ~20 Ma.  
Assuming that denudation follows thrusting, this data 
supports the southward propagation of thrusting from 
the Eaux-Chaudes to the Gavarnie, to the Bielsa thrust 
[e.g., Jolivet et al., 2007] although the timing of 
denudation of the Bielsa massif is earlier than that 
proposed by Jolivet [2007] , who proposed out-of-
sequence thrusting for the Bielsa thrust. 

 
Syn-tectonic conglomerates, Central Pyrenees 

To further constrain the denudation history of the 
central Pyrenees, we sampled, for detrital 
thermochronology, syntectonic conglomerates of the 
South Pyrenean fold and thrust belt.  These 
conglomerates record both the late stages of thin-
skinned transport of the South Pyrenean Central Units 
and the onset of the exhumation of the Pyrenean Axial 
Zone. Magnetostratigraphic studies constrain the age 
of the Sierra de Sis and La Pobla de Segur syntectonic 
conglomerates in Middle-Late Eocene (Bartonian to 
Priabonian) [Beamud et al., 2003] and the Senterada 
Basin as middle Oligocene.  AFT information on 
granitic clasts from syn-tectonic conglomerates of the 
Sis, Pobla and Senterada basins on the southern flank 
of the Central Pyrenees adds to the extensive 
thermochronology data set from basement samples, 
especially as the AFT ages are older, suggesting that 
these clasts come from eroded upper sections of thrust 
sheets that form the Pyrenees.  If the denudation 
pattern in each basin was simple and sediment derived 
from one catchment, we would expect a simple 
inverted AFT stratigraphy, but this is not the case.  
For example, in the Sierra de Sis, the lowermost clasts 
give AFT ages of 43-49 Ma, while clasts 
stratigraphically above those are older (61-63 Ma).  
This reversal in age trend reflects a changing source 
area.  However the AFT age sequence in the Sierra de 
Sis for the three upper groups of samples (63 - 49 - 28 
Ma) does represent an inverted AFT stratigraphy and 
in this case indicates the onset of rapid cooling in the 
source region at ca. 50 Ma, as indicated by 
information from the track length distribution.   

A plot of AFT age vs. stratigraphic age constrains 
the rate of exhumation in the source region, assuming 
that the time from erosion of the sample to deposition 
is geologically insignificant.  Samples that lie on the 
1:1 line indicate rapid exhumation.  As samples plot 
further away from the 1:1 line the rate of exhumation 
is lower, and can be estimated given certain 
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assumptions.  Interestingly, the data suggests the only 
truly rapidly exhumed samples are the uppermost 
samples from the Sierra de Sis, deposited in the Late 
Oligocene (ca. 27-28 Ma).  Thus for the Sierra de Sis 
region there is a group of slowly cooled samples 
deposited 50-40 Ma (although the exhumation rate of 
the source area is unconstrained as mean lengths 
indicate considerable residence in the apatite partial 
annealing zone).  A change in source region followed, 
then another group of slowly cooled samples was 
deposited until ~35 Ma.  The exhumation rate of the 
source region increased dramatically between ~33 and 
~28 Ma.  This history ties in well with AFT data from 
vertical profiles along the ECORS line, which also 
indicates a dramatic increase in denudation rate at 
about this time.  MDD modeling of sample PY-73 
(AFT age of 46 Ma) deposited in the Early Oligocene 
(~33 Ma) in the Cis basin yields quite robust thermal 
models indicating rapid cooling between ~110 and 90 
Ma, perhaps associated with strike-slip motion along 
the North Pyrenean fault. 
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Introduction and objectives 

The South Virgin-White Hills detachment (SVWHD) is 
a major continental detachment fault system within the 
eastern Lake Mead extensional domain of southern Nevada 
and northwestern Arizona [Duebendorfer and Sharp, 1998]. 
The SVWHD has an along-strike displacement gradient from 
~17 km in the north, to <6 km over its ~60 km length (Fig. 
1).  Low temperature thermochronology is used to constrain 
the tectonic evolution of this region, including the role that 
the SVWHD played during profound Miocene extension, 
thus providing insight into the along-strike development of 
detachment fault systems.  We integrate new apatite fission 
track (AFT) thermochronology data from the region south of 
Lake Mead and the Gold Butte block tilted crustal block with 
existing thermochronologic, structural and stratigraphic 
information to address: (1) Is there is a difference in footwall 
exhumation histories along the strike of the detachment that 
can be linked to the displacement gradient? (2) Is the slip rate 
on the SVWHD the same along its length, and can that be 
explained by a north to south younging for the onset of 
movement?  (3) Do the slip rates on the detachment vary 
along-strike, as would be expected if the timing of movement 
on the fault was synchronous along-strike?  (4) What 
constraints can be placed on the initial dip of the detachment?  
(5) What is the overall thermal history of this region? 
 
 

Gold Butte block 
The Gold Butte block, at the northern end of the 

SVWHD, is a largely intact tilted crustal block, exposing ca. 
17 km of crust in the footwall of the Lakeside Mine fault 
[Wernicke and Axen, 1988; Fryxell et al., 1992; Brady et al., 
2000].  Previous thermochronology in the Gold Butte Block 
[Fitzgerald et al., 1991; Reiners et al., 2000; Bernet, 2002; 
Reiners, 2005] document well the timing of the onset of rapid 
cooling due to tectonic exhumation, as well as the intact 
nature of at least the upper ~10 km of the crustal block.  The 
pattern of AFT ages plotted vs. paleodepth indicates a clear 
break between samples with AFT ages older than ~17 Ma, 
that indicate considerable residence time within an apatite 
PAZ, and those with AFT ages < ~17 Ma that indicate rapid 
cooling through the apatite PAZ. The dramatic break in slope 
in the age-paleodepth profile at ~1.6 km below the 
nonconformity represents the base of an exhumed PAZ and 
the onset of rapid cooling due to tectonic exhumation at ca. 
17 Ma. Exhumed PRZ's from zircon and titanite (U-Th)/He 
age - paleodepth and the zircon fission track - paleodepth 
profiles also indicate the onset of rapid cooling due to 
tectonic exhumation at ~17 Ma. AFT ages (rapidly cooled 
samples) versus distance from the sub-Cambrian 
nonconformity yields a (minimum) slip rate of 8.6 ± 6 
km/m.y. (1s) along the Lakeside Mine fault during tectonic 
exhumation and tilting of the Gold Butte block.   

 

 
 

Figure 1: Oblique DEM derived using GeoMapApp (www.marinegeo.org/geomapapp). 
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The paleo-geothermal gradient for the mid Miocene 
(just prior to the onset of extension) is constrained using 
multiple methods: paleodepth of the base of exhumed AFT, 
ZFT partial annealing zones, paleodepth of the base of the 
exhumed zircon and titanite (U-Th)/He partial retention 
zones, temperature difference between the base of these 
PAZs and PRZs divided by the paleodepth differences, to 
yield 18-20°C/km. The original dip on the Lakeside Mine 

fault was likely ~60°.  A new vector approach, albeit with 
caveats, to constrain the dip of the fault during tectonic 
exhumation, using the angle between the vertical exhumation 
rate and the slip rate is presented. 

 
 
 

 
 
Figure 2: Simplified geological map of the Gold Butte block of southeastern Nevada and White Hills of northwestern Arizona with 
AFT ages (Ma). CMF = Cyclopic Mine fault, GWF = Grand Wash fault, LBF = Lost Basin Range fault, LMF = Lakeside Mine fault, 
MF = Meadview fault, SSF = Salt Spring fault, WF = Wheeler Ridge fault.  Geographical features: GRP = Golden Rule Peak, GWT 
= Grand Wash Trough, LBR = Lost Basin Range, SWR = South Wheeler Ridge, WR = Wheeler Ridge. 
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White Hills 

The dominant structure is the west-dipping, low-angle, 
top-to-the-west SVWHD, expressed in the White Hills as the 
Salt Spring and Cyclopic Mine faults.  Between the SVWHD 
and the largely undeformed Grand Canyon region of the 
Colorado Plateau, a series of major north-striking normal 
faults divide the region into two distinct ranges. The Grand 
Wash fault, with an offset of 3.5 - 5 km down the west and 
with motion from ca. 16 to 11 Ma, marks the dramatic and 
scenic edge of the Colorado Plateau.  In contrast, the 
Meadview fault is down-to-the-northeast, has a 100 m wide 
damage zone implying significant displacement, and 
separates Proterozoic basement and nonconformably 
overlying Paleozoic strata of south Wheeler Ridge from 
Proterozoic basement of the northern Lost Basin Range.  

Within the footwall of the SVWHD there is no single 
(semi-coherent) tilted crustal block with an overlying 
unconformable sedimentary section and hence samples 
cannot be plotted according to paleodepth.  However, west of 
the Meadview fault, AFT ages range from ~13 to ~19 (with 
large errors) Ma and reflect rapid cooling due to tectonic 
exhumation associated with extension controlled by the 
SVWHD.  A few samples close to Lake Mead have been 
partially reset by thermal effects induced by hydrothermal 
activity associated with Miocene magmatism.  While there is 
no exhumed PAZ exposed, results indicate rapid cooling 
must have been underway by ca. 18 Ma, continuing until at 
least 13 Ma, consistent with stratigraphic constraints.  Slip 
rate determined by plotting AFT age vs. horizontal distance 
from the SVWHD for three E-W transects yield slip rates of 
ca. 1.2 km/m.y. While differential slip is required between 
the Gold Butte block and the northern White Hills, it is 
uncertain how many east-trending transverse structures there 
may be and how much differential slip was accommodated 
on those.  Therefore the displacement gradient along the 
SVWHD most likely resulted from near-synchronous motion 
but with differential slip rates along different segments of the 
SVWHD.  It favors growth of the detachment fault by 
linkage of individual segments. 

East of the Meadview and Grand Wash faults AFT ages 
are all >60 Ma and track length distributions reflect a more 
complex thermal history with samples residing for 
considerable time in the apatite PAZ. The most profound 
break in AFT ages is across the Meadview fault.  On the 
southwest side, rapidly cooled AFT ages of 15-19 Ma 
contrast an age of 127 Ma on the northeast side, only ~2 km 
away.  This age difference indicates the Meadview fault is 
one of the more important structures in this region and that 
any original exhumed PAZ east of the SVWHD in the White 
Hills region (cf. to the Gold Butte block), has likely been 

uplifted and eroded due to movement along the Meadview 
Fault and the SVWHD.  The east-dipping Meadview fault 
may have served as a major antithetic fault that 
accommodated exhumation of the footwall of the SVWHD 
and it would have been most active during peak extension 
contemporaneous with the SVWHD.  AFT ages of ca. 15 Ma 
in the southern Lost Basin Range compared to an age of ~68 
Ma from Garnet Mountain may correspond with the buried 
trace of the southern extension of the Meadview fault. 

A composite AFT-stratigraphic column to constrain the 
thermal history of the region can be constructed by 
temporally linking AFT data from the Gold Butte block with 
data from the White Hills and the western edge of the 
Colorado Plateau.  The thermal history reflects the transition 
of the Colorado Plateau as a depositional environment, 
through the Laramide orogeny and a poorly constrained 
heating event in the Oligocene, to the major cooling event 
associated with tectonic denudation and Miocene extension 
in the adjacent Basin and Range province. The marked 
contrast in AFT ages across some mapped faults in the region 
also indicates their previously unrecognized significance 
(e.g., Meadview fault). 
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The development and subsequent deformation of 

foreland basins provides critical information about the 
kinematics and behavior of fold-thrust belts in orogenic 
evolution. In the Patagonian Andean orogen between 50-52 
°S (Fig. 1), the Magallanes foreland basin developed on pre-
orogenic oceanic and attenuated continental crust and records 
a prolonged period of deep-water marine deposition, prior to 
basin filling and the cratonward migration of the Tertiary 
deformation and foreland depocenter (Fildani and Hessler, 
2005). Late Cretaceous tectonic shortening resulted in uplift 
along the western basin margin and initiated a transition to 
foreland basin sedimentation. Although considerable work 
has been done to evaluate this transition (Dalziel, 1981; 
Wilson, 1991; Fildani and Hessler, 2005; Calderón et al., 
2007), thermochronologic data might directly tie orogenic 
uplift with concurrent basin evolution and better constrain the 
exhumation of the western Cordilleran thrust sheets. Here, 
we present results from ongoing work that includes apatite 
and zircon (U-Th)/He thermochronologic and detrital zircon 
U-Pb data from the Magallanes Basin to assess 1) 
exhumation and inferred deformational patterns across the 
sub-Andean fold-thrust belt and 2) potential provenance and 
age of sediment source exhumation that contributed detrital 
input to the Cretaceous foreland basin. 

The study area is located in the Patagonian Cordillera 
(Fig. 1) and consists of dissected Paleozoic metamorphic 
basement, Jurassic through Neogene calc-alkaline plutons of 
the Patagonian Batholith, and the Mesozoic-Cenozoic 
Patagonian fold-thrust belt (e.g., Dalziel, 1981; Allen, 1982; 
Biddle, et al., 1986; Ramos, 1989; Wilson, 1991; Hervé et al., 
2007). In recent years, additional stratigraphic and 
provenance studies, new geochronology, structural studies, 

and industry exploration have contributed new data – and 
inspired new questions - on the dynamic interplay between 
the Magallanes foreland basin and thrust belt evolution. 
Remnants of the Jurassic Rocas Verdes marginal basin 
include the Sarmiento ophiolite and associated 
metasedimentary and metavolcanic rocks exposed in the 
western Cordillera (e.g., Calderón et al., 2007 and references 
therein) (Fig. 1), whereas the eastern sub-Andean fold-thrust 
belt constitutes the sedimentary fill of the Upper Cretaceous 
– Neogene retro-arc foreland basin (Fildani and Hessler, 
2005; Malumián et al., 2001; Romans, 2008; Crane et el., in 
press; Hubbard et al., in press) (Fig. 2).  

This presentation highlights preliminary zircon (U-
Th)/He and U-Pb data from the deep-water phase of 
Magallanes foreland basin that provides refined constraints 
on depositional age and exhumational histories in the thrust 
belt. Continued late Cretaceous foredeep subsidence 
culminated in the deep-water Cerro Toro Formation, during 
which time high rates of uplift and denudation of the 
hinterland fed conglomerate-filled channels in the axis of the 
deep-water Magallanes basin (Dott et al., 1982; Crane and 
Lowe, in press; Hubbard et al., in press). Zircon separated 
from turbidites and interbedded volcanic ash layers suggest 
continuous input and high erosion rates of potentially arc-
related source terrane ca. 84-86 Ma during maximum 
foredeep subsidence (Bernhardt and Lowe, 2007). Ongoing 
detrital thermochronologic studies of the foreland basin 
deposits aim to assess the temporal unroofing patterns of 
their source terranes, such as the thrust sheets in the western 
Cordillera and the subAndean fold-thrust belt (e.g., Romans, 
2008). 

 
 

Figure 1: Tectonic setting of the Patagonian Andes modified and compiled from Thomson et al. (2001) and Fildani and Hessler 
(2005). The study area is indicated by the black box and includes part of the western Cordillera and sub-Andean fold-thrust belt (Fig. 
2). 
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Figure 2: Distribution of apatite (U-Th)/He ages from the subAndean fold-thrust belt and sample locations for combined detrital U-
Pb and zircon (U-Th)/He analyses.  
 

The magnitude of deformation in the sub-Andean fold-
thrust belt decreases eastward toward the craton and consists 
of several structural domains that accommodate contrasting 
styles of shortening (Winslow, 1980; Wilson, 1991). These 
boundaries may reflect progressive deformation due to an 
advancing thrust front (e.g., Radic et al., 2007), as 
documented by basin provenance evolution (Romans, 2008; 
Fildani et al., in press). Subsequent Eocene to early 
Oligocene synorogenic deposition documents progressive 
propagation of the thrust-front into the foreland basin (e.g., 
Malumián et al., 2001). Unpublished industry seismic data 
suggest the presence of Miocene (?) deep-seated thrust faults 
(Harambour, 2002; Mpodozis, 2007) that broadly correspond 
to these domain boundaries. The significance and age of 
these structures, however, remain poorly understood in a 
regional deformational context. Thermochronologic methods 
are well-suited to recognize vertical uplift along high-angle 
basement faults that underpin the sub-Andean fold-thrust 
belt. Our new apatite (U-Th)/He and suggest Miocene 
exhumation of the thrust belt (Fig. 2) and invite speculation 
on the role of basement structures in accommodating regional 
uplift. As such, temporal constraints of exhumation across 
these structures help assess a spatial progression of retroarc 
deformation into the foreland and potentially elucidate the 
age and significance of thrust faults that would otherwise be 
difficult to identify in the surface geology (e.g., Wobus et al., 
2003).  
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Average orogenic strain rates may be calculated when it 
is possible to date progressive mineral growth during 
deformation and quantify finite strain. Deformation of 
accretionary-style thrust sheets in the western Lachlan 
Orogen occurred by chevron folding and faulting over an 
eastward propagating décollement. Based on 40Ar/39Ar dates 
of white micas, which grew below the closure temperature, 
this deformation started ca. 457 Ma in the west and ended ca. 
378 Ma in the east, with apparent “pulses” of deformation ca. 
440, 420 and 388 Ma. The 40Ar/39Ar data from thrust sheets 
in the Bendigo structural zone show that deformation 
progressed from early buckle folding, which started at 457–
455 Ma, through to chevron fold lock-up and thrusting at 
441–439 Ma (see figure). Based on retrodeformation, the 
total average strain for this thrust sheet is −0.67, such that the 

bulk shortening across the thrust sheet is 67%. This amount 
of strain accumulated over a duration of ~16 m.y. gives a 
minimum strain rate of 1.3 X 10−15 s−1 and a maximum strain 
rate of 5.0 X 10−15 s−1, based on fan thickness considerations. 
The total shortening is between ~310 km and ~800 km, 
which gives a décollement displacement rate between ~19 
mm yr−1 (minimum) and ~50 mm yr−1 (maximum). If 
deformation occurred in pulses ca. 457–455 and ca. 441–439 
Ma, then the calculated strain rate would be on the order of 1 
X 10−14 s−1. These strain rates are similar to convergence rates 
in western Pacific backarc basins and shortening rates in 
accretionary prisms and turbidite-dominated thrust systems 
as in Taiwan. 
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We present and discuss new apatite fission-track data 

from Precambrian rocks and toleiitic dikes (131-129 Ma) 
exposed in SE Brazil. These data represent new insights into 
the exhumation history of an anticlinal structure (Ponta 
Grossa Arch - PGA) that is genetically related to the 
evolution of the NE-SW trending Early Cretaceous rift 
system of SE Brazil (Fig. 1). 

The study area in SE-Brazil mainly consists of 
Precambrian metamorphic and granitoid rocks of the Ribeira 
metamorphic belt (Campos Neto & Figueiredo 1995; Töpfner 
1995; Hackspacher & Godoy 1999; Cordani et al. 2000) and 
Devonian to Upper Cretaceous sedimentary rocks of the 
Paraná Sedimentary Basin. (Milani & Ramos 1998). The 
Lower Devonian to Upper Jurassic sedimentary rocks are 
discordantly covered by ~1500 m of Early Cretaceous basic 
magmatic rocks of the Parana-Etendeka Magmatic Province 
(138 – 127 Ma, Renne et al. 1992, Turner et al. 1994, Stewart 
et al. 1996), which extruded the Parana flood basalts during 
the syn-rift stage of the South Atlantic rift evolution at 133 
(1) Ma (Renne et al. 1992; Renne et al. 1996). NW-SE 
trending mafic dykes and sills of 131.4 (0.5) to 129.2 (0.4) 
Ma (Renne et al. 1996) are located in the PGA and are 
genetical related to the Parana flood basalts. Late Cretaceous 
alkaline intrusions (mainly Jacupiranga, Juquiá and 

Pariquera-Açu intrusions) occur in two NW-SE trending 
belts. The detritus of the Upper Cretaceous (90 – 65 Ma) 
(~600 m) post-rift sedimentary sequence is slightly tilted to 
the NW and is partially derived from Upper Cretaceous flood 
basalts, Lower Devonian to Upper Jurassic sedimentary and 
Precambrian rocks (Milani & Ramos 1998).  

Close to the modern coast the Precambrian basement 
was exhumed prior to the evolution of the Eocene (~ 40 Ma) 
to Miocene (~20 Ma) NE-SW trending (~1000 km) ENE-
WNW continental rift basins of SE Brazil. The rift system 
was developed in the Precambrian basement and was filled 
with thick terrigenous sediments (Curitiba and Pariqueraçu 
basins, Salamuni et al. 2003).  

The PGA is an anticlinal structure with NW-striking 
Lower Cretaceous toleiitic dikes called the Ponta Grossa 
Dikes Swarm, (Ferreira et al., 1981; Zalan et al., 1990; Renne 
et al. 1992, Turner et al. 1994). The dikes show a subvertical 
dip-slip and extend to a lengths of ~100 km. In the PGA 
region, the passive continental Atlantic margin is bordered by 
high-elevated areas of the Serra do Mar that separates the 
coastal area from the hinterland plateaus. The development of 
this landscape is related to major block faulting, uplift and 
erosional processes in Post-Miocene time. 

 
Figure 1: Digital elevation Model (DEM) of onshore SE Brazil. Topography data from U. S. Geological Survey (SRTM/USGS/EROS 
Data Center). Numbers represent the age of the collected samples with respective error. 
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Previous Apatite Fission-Track (AFT) studies in the 

eastern part of PGA done by Vignol-Lelarge et al. (1994) 
showed significant and rapid uplift at around 86 (4) Ma with 
2.5 km of denudation in the Serra do Mar coastal region. 
Gallagher et al (1994), in a NW-SE transect parallel to PGA, 
revealed AFT ages spread between 65.1 (4) and 154.4 (15) 
Ma. These ages are interpreted as differential denudation that 
occurred across the PGA after (and maybe prior) eruption of 
the basalt. In the south of the PGA, Gallagher et al. (1995) 
interpreted the ages of samples collected on the low coastal 
plain as having been exhumed over the last 100 Ma with an 
erosion rate lower than 100 m/Ma, while the basalt rocks in 
the interior escarpments reveal ages of ~ 130 Ma.  

In order to reconstruct the post-Cretaceous landscape 
evolution of the PGA, AFT analysis was carried out on 
samples collected along a NW-SE transect. The Precambrian 
basement, the Devonian to Jurassic sedimentary series and 
the toleiitic dikes of Lower Cretaceous ages were sampled. 
The low-temperature thermochronology based on apatite 
fission-track data spreads ages between 101.8 (8.0) Ma and 
25.5 (1.7) Ma in the PGA with complex long-term 
exhumation history since Late Cretaceous time. 

The ages around 90 Ma might represent the early 
exhumation of the Atlantic continental margin. Dynamic 
topography evolution at this time could be related to the 
drifting of the South America Plate over a mantle anomaly, 
the Trindade hot spot. The Late Cretaceous exhumation was 
accompanied by intense alkaline magmatism in onshore 
portions (e.g. Poços de Caldas – Cabo Frio lineament) and 
onshore basaltic magmatism (in Santos and Campos basins). 
The resulting differentiated topography was the main source-
area for the Late Cretaceous sedimentary sequence of the 
Santos, Campos, and Paraná basin (Zalán & Oliveira, 2005). 
The younger ages are related to the extensional setting with 
magmatic activity and fluid movement in the Paleocene (~ 60 
Ma) to Miocene (~ 20 Ma). In addition, some of the data 
point to Post-Miocene exhumation of the Serra do Mar. 
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Quantifying a thermal history from 
thermochronological data can be achieved with either a 
forward or inverse modelling approach. In either case, we are 
interested in finding thermal histories that can reproduce the 
observed data adequately, but also in understanding what 
features of the thermal history are well resolved or not. In 
most cases we will tend to improve the fit to the data as we 
introduce more complexity in the thermal history. Generally, 
we will reach a point where adding even more complexity 
makes little or no difference to the data fit. Therefore, we 
might characterise a good model as one that achieves a 
balance between fitting the data and not being too complex. 

 In trying to find such models, we need to specify the 
mathematical form of the thermal history model. This is 
generally done in terms of a discrete number of time-
temperature points (or nodes), and some form of interpolation 
(usually linear) between these nodes. In terms of the 
complexity of the thermal history, this will be partly reflected 
in the number of time temperature points (in as much as a 
discrete representation of a continuous function is 
appropriate), as well as how much variability is justified in 
the thermal history, i.e. the model resolution. In some cases, 
we have prior geological information (such as stratigraphic 
age for a sample, or a more or less complete burial history for 
a well) that can be incorporated into the thermal history. In 
other situations, we may just have a surface sample from a 
basement terrain with effectively no prior information on the 
thermal history. If we deal with multiple samples, from a 
borehole, a vertical profile or a suite of samples distributed 
over a large region, it may be that each sample has a different 
amount of such prior information available, and also both the 
data quality and the amount of useful thermal history 
information may vary between samples.  

Here, we present a general methodology to allow us to 
infer thermal histories for multiple samples subject to the 
philosophical constraints mentioned above. In discussing the 
method, we focus on single samples and vertical profiles, but 
the method can be applied to 3D sample distributions. The 
core of the approach involves a trans-dimensional sampling 
method, known as reversible jump Markov chain Monte 
Carlo (rjMCMC). The approach is formulated in a 
probabilistic (i.e. Bayesian) framework and naturally favours 
simpler models over more complex ones.  

The basic implementation is superficially similar to, but 
has many advantages over, previous sampling-based methods 
used in thermal history modelling. Thus, we need to specify 
range of possible values for time, temperature, temperature 
gradients, and the number of time-temperature points (this is 
the prior information) and then iterate over many thermal 
history models, drawn from these ranges, proposing a new 
model at each iteration. The trans-dimensional aspect arises 
because we do not specify in advance how many time-
temperature points we use. Rather we sample different 
numbers of points, and allow the algorithm to assess each 
model probabilistically. The key aspects in MCMC are: (i) 
that the proposed model is conditional on the current model; 
and (ii) how we decide whether to accept a proposed sample 
or not.  

The proposed model is generated from the current 
model by choosing one of a variety of possible modifications. 
These are perturbing the temperature or time for a given 
time-temperature point, changing the value of the 
temperature gradient (if dealing with a vertical profile), or 
adding or deleting a time-temperature point in the current 
thermal history. These last two, known as birth and death 
moves, respectively, allow us to address the problem of the 
number of time-temperature points, and so the complexity of 
the thermal history. 

The acceptance criterion incorporates a measure of the 
data fit (the likelihood), the prior information we have 
available on the thermal history (which can be very specific 
or not), and additional terms relating to how we propose a 
model from the current model. The design of an acceptance 
criterion has a sound theoretical basis, and provided this is 
followed, the distribution of the accepted samples represents 
a complete probability distribution on the thermal history. 
This distribution then can be used to make inference about 
the full range of possible thermal histories, as well as 
allowing us to select single models (e.g. the maximum 
likelihood, maximum a posterior, or expected models), as 
well as readily provided direct estimates of uncertainties (e.g. 
95% credible intervals).  

We present this new methodology with examples from 
both synthetic and real data, focussing on apatite fission track 
applications. 
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Introduction 

In New York State, the Upper Cambrian Potsdam 
Formation sits unconformably above Grenville basement (c. 
1100 Ma) that is well exposed in the Adirondacks Mountains.  
This mountain range is a roughly circular massif with well-
exposed cover rocks around the edges.  Just south of the 
Adirondacks, in the Mohawk Valley, differential erosion 
along normal faults of probably Taconic age (c. 450 Ma) 
provides local exposures of this cover sequence.  
 

 
 

Figure 1: An outfrop of the Cambrian Potsdam Formation 
on Rt. 22 north of Whitehall, NY.  The Potsdam Fm. (bedded 
upper unit) resets unconformably on Grenville basement 
rocks (lower half).  At this locality the Potsdam Fm. has a 
slightly green color from iron-rich chlorite likely related to 
hydrothermal alteration (Selleck, 1997). Analysis of fluid 
inclusions suggests these rocks have been exposed to 
temperatures in excess of 250° C (Collins-Waite, 1991; 
Selleck, 1997). 
 

Farther south, the unit occurs at depth in southern New 
York and Pennsylvania where it is buried by a thick (c. 3000-

4000 m) sequence of Paleozoic strata (Fisher 1977).  It is 
widely held that the orthoquartzites of the Potsdam 
Formation are locally derived and that they represent largely 
material derived from the underlying Grenville basement 
(Harding, 1931).  Many of the zircons from local samples of 
the Postdam Formation have Grenville U/Pb ages (c. 1100 
Ma), with a small fraction that are older (c. 1300-1400), and 
may represent a partial source form older adjacent basement 
terranes (Gaudette et al., 1981). 
 

We sampled the Potsdam Formation in seven locations 
to address the potential of using annealed, radiation-damaged 
zircons to record the thermal events that have affected this 
unit since deposition.  We suspect that the original 
unannealed zircon grains in the Potsdam Formation for the 
most part record the low-temperature thermal history of the 
Grenville basement, the likely source rock.  
 
Results 

We separated zircon from seven samples of the 
Potsdam Fm.  In most samples the dominant heavy mineral is 
zircon, which are generally rounded to highly rounded and 
spherical and ellisoidal, frosted and pitted, with a range of 
colors from near colorless, those of the yellow and the pink 
series.  Using the SEM HDFT dating (see Montario & 
Garver, this volume) the zircon fission track ages of 466 
detrital grain ages were determined from seven sample 
surface outcrops around the Adirondack massif.  One sample 
was also collected from a drill core of the Olin oil and gas 
well in southwestern New York.  At just over 4115 m, the 
Olin well is the deepest well in New York State and offers a 
rare opportunity to sample the Potsdam Formation where it is 
clearly deeply buried (the amount of burial of the Adirondack 
basement rocks is controversial).  Zircon fission track ages 
from the Potsdam Formation in eastern NY range from ~300 
Ma to over 2000 Ma (Fig. 2).   The sample from the Olin 
well has similar age distribution as the surface samples 
although it does not have the rare grains that are reset and 
clearly younger than deposition (c. 500 Ma) (Fig.3). 
 

________________________________________________________________________________________________________  
 
Table 1: Zircon fission-track age data from the Potsdam Formation, New York State USA 
 

Unit Location n P1 P2 P3 P4  
a] Potsdam Fm.   Adirondack 466 280 Ma (±24) 540 Ma (±36) 730 Ma (±32) 1430 Ma (470) 
 Composite (7 total)  2% 31% 67% 1% 
 
b] Potsdam Fm.   Olin Well 121 none 577 Ma (±44) 755 Ma (±40) 2020 Ma (503) 
 Single sample  0% 31% 67% 2% 

 
Note: Fission track ages (± 1σ) were determined using the external detector method using an SEM for counting fission tracks (see Montario & Garver 
this volume). A Zeta factor for zircon of 337.6 ± 9.2 (± 1se) is based on determinations from the Fish Canyon Tuff, Buluk Tuff, and Peach Springs Tuff.  
Glass monitors (CN5 for zircon), placed at the top and bottom of the irradiation package were used to determine fluence gradient.  The Olin well is in 
Steuben County, NY, near the border with Pennsylvania. 
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Figure 2: Statistical analysis of the FT ages for zircon of 
seven samples from the Potsdam Formation that yields peak 
ages at 280 Ma, 540 Ma, 730 Ma and 1400 (see Table 1).  
The 280 Ma and 1400 Ma peaks are intriguing, but are made 
up of very small percentages of the grain population. 
 
Discussion 

One of the most important observations from these data 
is that almost all of the grains appear to be older than the age 
of deposition, and therefore it is likely that they are unreset 
and reflect the cooling ages of the source rock.  The bulk of 
the grains cooled at c. 550 Ma and c. 740 Ma, and we suggest 
that to a first order this reflects cooling of the Grenville 
basement source rock.  The composite sample has a young 
population (only 2%), at c. 280 Ma, which may suggest local 
resetting in the Carboniferous, which coincides with 
unroofing following peak Alleghanian burial at 300 Ma 
(Winsch et al., 2003) 

 
Sediment burial  

A key question that has driven this research is the 
timing of thermal maturation of these strata, which a 
maximum burial in the late Paleozoic by a minimum of 4 km 
of strata, and perhaps by as much as 11 km.  The Potsdam 
Formation has overlying strata deposited by three significant 
pulses of sedimentation in this part of the Appalachians.  
These pulses are associated with the Taconic (~450 Ma), 
Acadian (~360 Ma) and Alleghanian (~300 Ma) orogenies. 
The Taconic Orogeny terminated the passive margin that 
resulted in the deposition of the Potsdam Formation and 
overlying Beekmantown Group.  Associated with the 
Taconic Orogeny is the deposition of a 0.5 to 2 km of clastic 
strata derived from the orogenic belt (see Rickard, 1973; 
Fisher, 1977). The Devonian Catskill Delta is the foreland 
basin fill of the Acadian orogeny, involved deposition of a 
~1.5-3.0 km-thick clastic wedge (Rickard 1975).   

 
The thickness of strata deposited in NY during the 

Alleghanian Orogeny is controversial because none is 
present, so original thicknesses need to be estimate using 
indirect means.  Estimates range from a thin north-tapering 
wedge to a thick regionally extensive blanket.  Collectively 
estimates range between 0 to 6 km, and it was likely thicker 
in south (cf. Meckel, 1970; Johnsson, 1985; Sarwar & 
Friedman, 1995).  Totaling these estimates, the sediment 
overburden in east central New York (over the Adirondacks) 
could have been anywhere from 4-11 km immediately 
following the Alleghanian Orogeny.  This means enough 
sediment may have been present to provide the burial needed 
to reset the zircon fission track system in most places, given 
typical geothermal gradients (20-30° C/km).  The fact that 

most grains appear to be unreset (> 500 Ma) would favor 
reconstruction of a thin cover (c. 4 km) over the 
Adirondacks.  The lack of reset grains in the Olin well 
(already at nearly 4 km depth), suggest that cover rocks in 
southern NY were probably not appreciably thicker in the 
latest Paleozoic. 
 
Hydrothermal Fluids 

Hydrothermal fluids have also played an important part in 
the thermal history of this area, and a significant fluid-rich 
event is thought to have driven reservoir formation, which is 
the focus of considerable hydrocarbon exploration in the 
region (Smith & Nyahay, 2004, Lim et al., 2005).  The 
timing of hydrothermal fluid flow is inferred to coincide with 
the fault movement, which is largely thought to be Taconic in 
age (c. 450 Ma – Bradley & Kidd, 1991; Smith 2003; Lim et 
al., 2005; Smith, 2006). Smith & Nyahay (2004) show that 
fluids appear to be localized around normal or wrench faults 
in a locality in the Mohawk Valley.  Seismic data show that 
most of the faults with dolomitization die out as they pass 
upwards into the mid Ordovician Trenton and Utica 
Formations, which suggests they were not reactivated during 
the later Alleghanian or Acadian orogeny (Smith, 2006).   
Geochemical analysis of fluid inclusions, stable isotopes, and 
trace elements of matrix and saddle dolomite samples from 
outcrops in New York formed show these fluids were ~110-
170oC saline, Mg and Fe rich brines, probably of subsurface 
origin (Slater; 2007; Smith 2006). Our data cannot rule 
confirm or refute a Taconic age for these fluids.  These FT 
grain ages do not show widespread post-depositional 
resetting, which would be predicted given peak temperatures 
(locally up to and exceeding 250°C) indicated by fluid 
inclusions and CAI.  As such, we suggest that the widely 
recognized fluid-rich event in this area was transient, local, 
and short-lived. 
 
Conclusions 

It is clear that none of the zircons dated from the 
Potsdam Formation have had significant resetting of fission 
tracks.  It is intriguing that these grain ages appear to record 
the thermal evolution of the Grenville terrane. The two pre-
depositional populations may give insight into the post-
orogenic thermal history of the Grenville terrane.  It is 
possible that the c. 740 Ma corresponds to low-temperature 
cooling following orogenesis and this age is essentially 
predicted from extrapolation of higher temperature 
themochronometers (Heitzler and Harrison, 1998).  The c. 
550 Ma population likely represents a thermal event related 
to intrusion and rifting related to the opening of the Iapetus 
Ocean (Walsh and Aleinikoff, 1999).   

 
These are the oldest detrital ZFT ages reported in the 

literature (see Bernet and Garver, 2005). The apparent 
success of the emerging SEM HDFT dating technique 
suggests that we can begin to investigate the low-temperature 
thermal evolution of Precambrain terranes elsewhere. 
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Apatite (U-Th)/He thermochronology has been 

intensively applied to constrain the crustal rock thermal 
history in the 40-70°C range. Recent data on He diffusion 
challenge the temperature sensitivity of this method: alpha 
damages have been proposed as modifying the He diffusion 
properties through time (Green et al., 2006; Shuster et al., 
2006). A trapping model based on the [4He] content has been 
developed to account for the irradiation damage and its 
relation with He kinetics (Farley, 2000; Shuster et al., 2006) 
and it has been shown that this can explain partially the 
important variation of diffusion coefficients and closure 
temperatures (Flowers et al., 2007). However, the fading of 
irradiation damage through time with varying temperatures 
has not been considered and quantified. This effect can be 
critical when samples having been exhumed several times are 
studied. Our approach combines a regional study and alpha 
production/ejection/diffusion recovery models. We have 
chosen the Massif Central basement (France) where the 
relationship between apatite fission-track data and (U-Th)/He 
data cannot be explained considering present-day models.  

The southeastern part of the French Massif Central 
basement has been considered because 1) the cooling data of 
the rocks show that they passed slowly across the 110-60°C 
region, (Barbarand et al., 2001) and 2) rocks have been 
exhumed at the end of the Variscan orogeny and then buried 
again by Mesozoic sedimentary deposits. Finally, 3) the area 
is characterized by three different blocks, which have 
undergone different thermal histories since the Trias, ending 
up with a slow cooled exhumation history. The blocks were 
not buried at similar depth, ranging with a maximum 
temperature from 60°C to more than 120°C (Barbarand et al., 
2001; Séranne et al., 2002).  

 
The mean (U-Th)/He ages from two to four 

replicates vary from 39±5 Ma to 160±33 Ma and are in 
general slightly younger than fission-track ages (45±2 to 
208±8 Ma; (Barbarand et al., 2001), as shown on Figure 1). 
And three samples present a He age older than the FT age for 
all replicates and three other samples present older He ages 
for some replicates; see Figure 1. 

 
He ages are generally reproducible among replicates 

but some samples present an He age dispersion which is not 
correlated to crystal size. A quantitative model including α-
recoil damage, annealing, and their effect on He diffusion 
kinetics has been developed and calibrated against data from 
independent literature. This model has been embedded into a 
production/ejection/diffusion Monte Carlo model applied to 
the thermal history deduced from FT length distributions 
(Gautheron and Tassan-Got, 2008). The defects act as a 
storage tank in chemical equilibrium with the helium atoms 
located in the lattice. For their annealing, a treatment of 
thermal annealing, which is very similar to the one applied to 
fission tracks has been developed. In addition, the alpha-

irradiation annealing is neglected because it plays only a 
minor role on recoil damage annealing (<7-8%); see Soulet et 
al., 2001 for references. The deduced He kinetics parameters 
are: Eb=31kJ/mol, Ea=109kJ/mol, D0=0.18cm2/s and 
c=2.6×10-5(ppm.Ma)-1.  

 

 
Figure 1: Mean (U-Th)/He ages reported as a function of the 
fission track ages (Barbarand et al., 2001). The equality line 
between He and FT ages is reported and the data in majority 
lie on the right side of the diagram indicating that FT ages 
are older than He age. And three samples have older He ages 
than FT. 
 

This model perfectly reproduces the Massif Central 
data except for the three samples where He ages are older 
than FT’s, as seen on Figure 2.  

 
The effect of irradiation damage is significant and 

the long stay in the He-PRZ (Helium-Partial Retention Zone) 
amplifies the effect of damage increasing the temperature 
sensitivity of the (U-Th)/He thermochronometer. In the 
Massif Central case, the He temperature sensitivity is close to 
the FT thermochronometer and closure temperature between 
80 and 95°C can be deduced, for a cooling rate of 10°C/Ma. 
However, we show that annealing of irradiation damage play 
an important role because the samples have undergone a 
burial phase. Higher closure temperature for the apatite 
Helium system are recorded; this can be non significant for 
rapidly and recently exhumed samples but for samples from 
slow-cooled basement, the production and annealing of alpha 
damage must be considered to get more realistic thermal 
histories. 
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Figure 2: Measured He ages in function of the simulated age 
using the production/ejection/diffusion Monte Carlo model 
where the trapping/annealing model is embedded. The (U-
Th)/He ages were modeled by including in the simulation the 
irradiation damage production/annealing model. 
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Rocks exposed in the Ruby-East Humboldt 

metamorphic core-complex, NE Nevada, provide a guide for 
reconstructing the pre-Eocene crustal structure in the 
hinterland of the Sevier Orogen.  The exposed rocks from the 
core complex are in the footwall of a west-dipping normal-
sense shear system (Howard, 2003).  It has been proposed 
that these rocks may have underlain the Piñon and Adobe 
Ranges ~50 km to the west and the Carlin gold trend, before 
Tertiary extension (Howard, 2003). The Ruby-East 
Humboldt complex exposes metamorphosed Paleozoic strata, 
as well as smaller areas of Precambrian gneiss (Howard, 
2003). Cretaceous-Tertiary metamorphic conditions in the 
core complex peaked at upper amphibolite facies, with lower-
grade facies occurring to the east and south (Howard, 2003).  
Granitic rock forms a significant volume of the Ruby 
Mountains complex as well, manifested as dikes, sills, and 
irregular masses, commonly of two-mica pegmatitic granite 
(Howard, 1980). These metamorphic units were exhumed 
during the Tertiary via extensional shearing, which also 
mylonitized and overprinted prior metamorphic fabrics 
(Howard, 2003).  

40Ar /39Ar thermochronological data obtained from rock 
samples collected across the Ruby Mountains define a lateral 
cooling age gradient, in which cooling ages young 
progressively to the west.  Individual mineral cooling ages 
and transect sample localities are shown in Figure 1.  Our 
40Ar /39Ar data combined with previous studies (e.g., 
McGrew and Snee, 1994), provide constraints on: (1) the 
onset and duration of extension in the Ruby Mountains 
metamorphic core complex; and (2) the slip rate of the 
bounding normal detachment fault.   

Muscovite and biotite 40Ar/39Ar cooling ages from 
Lamoille Canyon become younger towards the west across 
the Ruby Mountains following the direction of slip on the 
detachment fault system (Figure 2).  At a distance of ~ 12 km 
in slip direction transect the mica cooling ages drop from the 
Late Eocene (≥ 33 Ma) to the Early Miocene (≤ 25 Ma).  
Farther west along the transect, the mica cooling ages 
decrease more gradually to ~20 Ma. The change in slope of 
the mica cooling age curve defines the position of the mica 
partial argon retention zone at the onset of exhumation and 
the start of a period of rapid slip along the detachment fault.  
A regression plotted through the collection of younger 
samples shows an age of the onset of extension in the Ruby 
Mountains metamorphic core complex to be at ~ 25.2 Ma.  

Mica ages from the East Humboldt Range transect, 
while more sparse, are consistent with those of the Lamoille 
Canyon transect.  There is a drop in age at ~ 27 Ma to ~24 
Ma, and then a more gradual drop to ~ 21 Ma to the east 
along the transect.  When a regression is plotted for the 
samples from Lamoille Canyon (Figure 2), the regression line 
points to an age of ~ 25 Ma, clearly coinciding with the onset 
of extension in the Lamoille Canyon transect samples. For 
Lamoille Canyon, there were two distinct age groupings.  
The younger group includes eight samples.  The older group 
includes five samples.  A least-squares regression of the older 
group yields a slope = -0.24 ± 0.22 (slope errors are 2σ) 
corresponding to a fault slip rate of 4.2 ± 4.5 km/Myr  The 
younger group of samples from Lamoille Canyon yielded a 

regression slope = -0.40 ±0.16 corresponding to a fault slip 
rate of 2.5 ± 6.3 km/Myr.   

 

 
 
Figure 1: Simplified geologic map showing mineral cooling 
ages from samples, collected along transects across Lamoille 
Canyon and the East Humboldt Range, using 40Ar/39Ar 
thermochronology (2σ). 
 

It is important to note that the apparent slip rate 
calculations are averaged over the time interval from ~ 33–30 
Ma for the older Lamoille Canyon samples and ~ 26–20 Ma 
for the younger Lamoille Canyon samples. The slip rate 
calculations do not account for increases or decreases in slip 
along the detachment within the time interval of ~ 33–30 Ma 
and ~26–20 Ma (Foster and John, 1999; Stockli, 2005). 

The ca. 33–31 Ma apparent age for the old group of 
ages could indicate an Oligocene phase of extension at the 
poorly defined rate of ~4.2 ± 4.5 km/Myr, or alternatively 
might be due to slow cooling of the shallower part of the 
footwall through the biotite partial retention interval, or a 
crustal thermal event at about 30 Ma. A significant 
uncertainty for using these data to estimate paleoslip rates for 
the Ruby detachment is that the depth of erosion below the 
detachment is unknown for the central and eastern part of the 
mountain block.   

Mica 40Ar/39Ar ages (Ma) from the East Humboldt 
Range transect ploted versus their distance along slip 
direction (km) do not show a clear relationship between age 
and structural position because of the structural complexity 
of the region.  Apatite fission track analyses of samples from 
the transect across the central Ruby Mountains give cooling 
ages from about 21 Ma to 14 Ma, and mean track lengths 
about 14 microns.  There is no clear relationship between 
fission track age and position along the detachment in the 
direction of slip indicating that slip had ended before the 
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footwall moved through the apatite partial annealing zone.  
There is a relationship between sample elevation and apatite 
fission track age.  Samples from elevations of 3300-3400 
meters elevation give ages ca. 21-19 Ma and samples from 
below 2900 m give ages of ca. 14-16 Ma.  There is a break in 
slope at about 16 Ma, suggesting that exhumation though the 
partial retention zone accelerated in the Middle Miocene.  
Two lower elevation samples give intermediate fission track 
ages of ca. 18-19 Ma, but are from adjacent to the range front 
and were probably displaced relatively downward in the 
Miocene.  The correlation between age and elevation 
indicates that the Ruby-East Humboldt metamorphic core 
complex was exhumed through the PAZ after uplift of the 
Ruby Mountains in the footwall high-angle normal faults that 
bound the block.  
 
Conclusions 

The thermochronological data set obtained from the 
Ruby Mountains metamorphic core complex transect across 
Lamoille Canyon shown in this study provide several 
constraints on the exhumation onset and slip rate during the 

Eocene and Miocene: (1) The age of the onset of extension in 
the Ruby Mountains is indicated to be ~25 Ma by the marked 
break in the slope of the cooling age curve on the age vs. 
distance diagram constructed from the mica cooling ages 
(Fig. 2).  This thermochronology-based age constraint is in 
good agreement with the previous thermochronology done in 
the area (e.g. Dallmeyer et al., 1986; Dokka et al., 1986; 
Howard, 2003; McGrew and Snee, 1994). Furthermore, (2) 
the cooling ages from micas show that extension in the Ruby 
Mountains across Lamoille Canyon continued until at least ~ 
20 Ma.  (3) Muscovite and biotite 40Ar/39Ar 
thermochronological data obtained during this study were 
also used to constrain the slip rate on the detachment fault.  
These data show that between ~ 26–18 Ma, the averaged slip 
rate on the detachment was ~ 2.5 ± 6.3 km/m.y.  (4) 40Ar/39Ar 
data from the eastern part of the footwall may indicate an 
Oligocene phase of extension at a rate of ~ 4.2 ± 4.5 km/m.y. 
from ~ 33–31 Ma, or record the gradual cooling before the 
onset of extension.  (5) Apatite fission track data indicate that 
the Ruby Mountains were exhumed as a high-angle fault 
block after detachment faulting had ended. 

 
 

 
Figure 2: Lamoille Canyon muscovite and biotite 40Ar/39Ar data graphed age (Ma) vs. distance in slip direction (km).  The blue lines 
showing least-squares regressions, the yellow arrow showing the age of onset of extension. 
  
 

Onset of extension 

Slip rate = 4.2 ± 4.5  

Slip rate = 2.5 ± 6.3  
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Figure 4: Apatite apparent ages (Ma) plotted vs. Sample 
elevations 
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Fifteen new apatite and eleven new zircon fission-track ages 
from samples collected in two locations across the Bruin Bay 
fault in south central Alaska span Middle Jurassic to Late 
Oligocene times and provide new insight into the protracted 
exhumation of a source area supplying sediment to the major 
prospective basins of Bristol Bay and Cook Inlet. Markedly 
different hangingwall, footwall, and along-strike cooling 
histories may be in part related to episodic, diachronous 
exhumation of Jurassic intrusive arc rocks.  
 
Most zircon fission-track (ZFT) ages from granitic 
hangingwall rocks at a locality in Katmai National Park 
suggest rapid cooling occurring between 145 ±7 to 141 ±6 
Ma. These ages are partially coeval with deposition of an 
adjacent thick cobble to boulder conglomerate composed of 
granitic clasts within upper Naknek Formation footwall 
rocks. Apatite fission-track (AFT) data from the same 
samples and their inverse thermal models principally indicate 
moderately rapid to rapid Eocene cooling occurring from 
56.4 ±3.7 to 30.0 ±4.6 Ma, spanning episodes of proximal 
clastic sedimentation along the western Cook Inlet corridor 
during Paleocene and Eocene times.  
 
Footwall samples from adjacent latest Jurassic Naknek 
Formation strata yield entirely Cenozoic ages, and therefore 
have been partially to completely annealed by temperatures 
near or above ~240°C. ZFT ages range from 56.1 ±2.7 to 
41.6 ±2.3 Ma. AFT ages range from 41.7 ±2.7 to 25.0 ±1.6 
Ma with generally shorter track lengths and inverse thermal 
models reflecting slower cooling with respect to adjacent 
hangingwall rocks. Local igneous reheating and poorly 
organized sample age distributions complicate interpretations 

of footwall cooling ages, but AFT ages ranging from 33.1 to 
25.0 Ma may reflect exhumation-related Oligocene cooling.  
 
Katmai area cooling ages contrast with those from a locality 
~95 km to the southwest north of Becharof Lake, where 
cooling of hangingwall and footwall rocks below ~110 °C 
occurred by early Cretaceous time. A ZFT cooling age of 191 
±9 Ma sampled from hangingwall Jurassic arc rock is older 
than the recognized age of the intrusive arc (176-154 Ma). 
However, an AFT cooling age of 169 ±7 Ma from the same 
sample indicates that cooling to shallow crustal temperatures 
occurred rapidly during Middle Jurassic time. Middle 
Jurassic Naknek Formation footwall strata yielded a 
provenance ZFT cooling age of 176 ±10 Ma, suggesting 
rapid exhumation and deposition of arc-derived detritus. A 
partially to completely reset Early Cretaceous AFT cooling 
age of 126 ±6 Ma from the same sample implies annealing 
due to sedimentary burial to depths at ~110 °C or shallower. 
Inverse thermal modeling suggests slow cooling throughout 
Cretaceous and Cenozoic times.  
 
Collectively, these data indicate cooling occurred at different 
times, tempos, and rates along strike of the Bruin Bay fault. 
At its southernmost exposure near Becharof Lake, 
hangingwall rocks of the Bruin Bay fault cooled rapidly from 
above 240 °C to below 110 °C during a single episode in 
Middle Jurassic time that was likely associated with early slip 
along the fault. In contrast, hangingwall rocks of the Bruin 
Bay fault exposed in the Katmai area were exhumed later, 
and perhaps episodically, during latest Jurassic and Eocene 
times resulting in deposition of one or more substantial 
packages of  proximal granitic basin fill. 
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The overall tectonic setting of the Greater Caucasus 
corresponds to a doubly verging mountain-belt with two 
external fold-and-thrust belts. The generally accepted model 
is that the Greater Caucasus mountain range started building 
in the Paleogene. However, the main tectonic event that gave 
rise to the present topography started in Miocene, climaxed 
in Plio-Pleistocene, and continues to the Present. The 
continued convergence (since Paleogene) makes the Greater 
Caucasus a unique mountain belt where tectonic activity is 
expressed in numerous morphological structures, such as 
antecedent and diverted rivers, terraces up to 2500 m.a.s.l., 
uplifted marine sediments to name but a few. Active and relic 
mountain fronts shape the topography along the southern and 
northern edges of the mountains. Large uncertainties remain 
as to exact timing of the orogenic evolution and the 

associated uplift/exhumation rates. Results from existing 
GPS studies indicate an average deformation of 14 mm/y 
across the eastern part of the mountain range and older 
investigations suggest up to 12mm/y vertical uplift. We will 
review and discuss existing data and also present new results 
on uplift obtained from a pilot study in the eastern parts of 
the Greater Caucasus in Azerbaijan. A large sample set along 
two transects covering the Great Caucasus, the Kura basin 
and the Lower Caucasus in Azerbaijan was acquired in two 
field seasons. In addition, in the Great Caucasus samples 
were extended following the main axes of the highest 
elevation. We will present the first apatite fission-track data 
and will compare the data from Azerbaijan with published 
data from Georgia, and southern Russia. 

 

 
 
Figure 1: The topography of the Caucasus, an orogen between the Black sea and the Caspian Sea. The dashed line and the rectangle 
represent the sample locations. 
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Apatite of the Cerro de Mercado iron ore deposit, 
Durango, Mexico, is arguably the most widely used age 
standard for apatite fission-track and (U-Th-Sm)/He 
thermochronology. The deposit is located within the 
approximately 30 Ma Chupaderos caldera and its origin is 
genetically linked with the formation of the Caldera. The 
magnetite-hematite deposit occurs within a sequence of 
subhorizontal rhyolites and rhyodacites, known as the 
Carpintero Group. Lately, new age constrains of the apatite 
formation have been revealed by 40Ar/39Ar dating of 
plagioclase grains from related volcanic rocks outside the 
mine but within the Chupaderos Caldera (McDowell et al., 
2006). The occurrence of apatite is related to massive, 
powdery, or breccia type iron ore of magnetite and hematite 
composition. In addition, pyroxene, quartz, chalcedony, 
sepiolite, and calcite occur. The origin of the ore is 

controversial. The main genetic hypotheses are magmatic-
volcanic emplacement (Gonzalez-Reyna, 1956; Lyons, 1988; 
Henriquez and Corona, 2000; Corona and Henriquez, 2004), 
and hydrothermal replacement (Labarthe, 1987; Labarthe-
Hernandez et al., 1990). Within the open pit mine, the iron 
mineralization is controlled by two major fault systems, 
striking N-S and NE-SW (Fig. 1). The N-S system is 
composed of two parallel faults that are separated by ~120 m. 
It can be followed for 1200 m, with more or less continuous 
iron ore and apatite occurrences between the faults. The 
second fault system is oriented NE-SW and has a length of 
ca. 1000 m. Well crystallized apatite can be observed in 
different grain size, crystal shape and colour at many 
locations within the mine. The rhyodacitic host rock as well 
as the iron ore is truncated in various places by a steep NE-
SW trending rhyolite dike.  

 
Figure 1: Geological map of the Cerro de Mercado open pit iron mine with sample locations. 
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During several visits at the mine a representative set of 

apatite and other minerals from various locations were 
sampled (Fig. 1). In addition, samples from the young 
rhyolitic dike, the rhyodacite wall rock and the rhyolite dome 
were collected. Mineral processing of the rhyolite dike, the 
rhyolite dome and the rhyodacite revealed apatite and zircon 
in good quantity and quality. Apatite and zircon fission-track 
and (U-Th-Sm)/He ages of the various locations will be 
presented (Wipf et al., in prep.). Furthermore, confined 
spontaneous and induced fission-track length data and etch 
pit size distribution will be shown for different locations. The 
dependency of defect concentration on the Raman band of 
Durango apatite will be discussed in relation to irradiation at 
ambient pressure and high external pressure (Liu et al. 2008, 
Weikusat et al. 2008). 
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Fission track counting can be a laborious and time-
consuming process, requiring a high level of skill on the part 
of the operator, and constant effort to minimise observer bias 
and ensure consistency in the results obtained. It has long 
been recognised that automation of the process would have 
many advantages, provided that it could be implemented with 
at least a similar degree of reliability and consistency to that 
achieved by a human operator.  Such automation has proved 
difficult to achieve, however, and has received only 
occasional attention by researchers over the last few decades 
(e.g. Gold et al. 1984, Wadatsumi et al. 1990, Belloni et al. 
2000).  Despite some promising approaches, none of these 
previous efforts has yet produced any meaningful benefits for 
routine fission track analysis in natural minerals.  This is not 
to say that automation has found no place in fission track 
analysis.  Indeed, a degree of automation has become 
widespread in most laboratories, based on computer-
controlled stage systems (Smith and Leigh-Jones, 1985).  
These stage systems facilitate grain location and mirror-
image matching to external detectors, thereby leaving the 
human operator to focus on the task of track identification, 
counting and measurement. This semi-automated approach 
has served the field of fission track analysis well, and 
substantially increased overall productivity.  However, 
continued hardware developments, especially in computing, 
data storage and digital microscopy, have now opened the 
opportunity to revisit the largely dormant objective of fully 
automating the counting and measurement of fission tracks, 
with little or no requirement for supervision by the human 
operator during much of the process. We have recently made 
substantial progress towards this objective by developing an 
automated image analysis system for counting fission tracks, 
and measuring track densities.  

Our automated track counting system operates in two 
separate components, an image acquisition module, and an 
image analysis module. The acquisition software module 
operates a fully-motorised digital microscope that captures a 

set of high quality digital images at a series of previously 
located grain areas. At present, grain selection is still carried 
out manually by the human operator, but we are also 
investigating ways in which grains with suitable orientation, 
etching characteristics and clarity can be automatically 
located. Once the grains are selected, the image acquisition 
system proceeds to visit each marked area in turn, locates the 
surface using an auto-focus routine, and then captures a 
series of images in reflected and transmitted light. The image 
capture sequence is illustrated in Figure 1.   

In practice many more images are captured in the z-
stack than are shown in Figure 1, typically at a spacing of 
about 300-400 nm, requiring a very high degree of precision 
in the z-axis control of the microscope. This level of 
precision is easily achieved with the latest generation of 
digital microscopes, or by the use of a piezo-focussing device 
added to an older system. Another issue, that arises during 
image capture in reflected light, is that both apatite and 
muscovite suffer from strong internal reflections due to their 
very low surface reflectivity, causing problems in the 
subsequent analysis. Applying a very thin aluminium coating 
to the surface using a vacuum evaporator eliminates this 
problem by enhancing the reflectivity, without significantly 
reducing the intensity of the transmitted light images. Once 
captured, the image sets for each grain area represent the full 
range of information that would normally be available to a 
human observer. Most importantly, the image capture 
sequence requires no intervention or supervision by the 
operator.  Multiple mounts can even be loaded onto a suitable 
slide holder on the microscope stage, and the image capture 
set to run unattended, or even overnight. The captured images 
for a particular sample can take from 1-5 GB of storage, 
depending on the camera resolution, the number of steps in 
the stack and the number of areas captured, (typically ~3.5 
GB for a sample of 20 grains).  A reasonably large capacity 
(1TB) hard disc is therefore required to store the images, for 
later retrieval and analysis. 

  
 

 
 

Figure 1: The image capture sequence employed in the automated fission track counting system.  A pair of images is first captured in 
reflected and transmitted light close to the surface.  These images may also be derived from a sequence of images that are closely 
spaced in the z-axis and projected onto a single plane to provide a uniformly focussed image, even for areas that show a small 
amount of surface relief.  These ‘surface’ images are then followed by a z-stack of images in transmitted light focussed in a precise 
sequence of depth increments below the surface, which capture the full 3D extent of the etched tracks. 



 
In Garver, J.I., and Montario, M.J. (eds.), Proceedings from the 11th International Conference on thermochronometry, Anchorage 
Alaska, Sept. 2008. 
 100 
 

  
 
 

 
Figure 2: The image analysis sequence involved in 
‘Coincidence Mapping’ for transmitted (a) and reflected 
light (b) images of fission tracks in muscovite. Images (c) 
and (d) are binary images derived by using a threshold 
routine to segment the original greyscale images. These 
binary images are then combined to produce the coincidence 
map (e) with the track features identified by the black areas. 
Image (f) shows the material rejected by this process and 
includes the spurious features in the original images. The 
discrimination obtained with this method is also highly 
effective for counting spontaneous fission tracks in apatite.    
 

The second component of the Image Analysis system is a 
software package for analysing and reviewing the captured 
images offline, and quite independently of the microscope. This 
system processes the images and automatically identifies and 
counts the fission tracks before presenting the human operator 
with the results. The central component of the analysis is a 
procedure called ‘Coincidence Mapping’ system that uses a 
combination of the surface reflected and transmitted light 
images to automatically determine the track density and a range 
of additional track size and shape parameters (Gleadow et al. 
2008). The principle of Coincidence Mapping is shown in 
Figure 2.  The surface reflected and transmitted light images, (a) 
and (b) respectively, are first segmented by applying a specially 
developed threshold routine to give  (c) and (d), which are 
binary versions of the original greyscale images. Each of these 
two binary images includes both track and spurious, non-track, 
features, but the spurious features are rarely found in both. This 
provides the basis for the track discrimination. The features that 
are common to both two images are obtained using their 
intersection via a Boolean AND operation that selects for the 
genuine track features, and against most spurious objects.  The 
coincidence map, (e), shows the selected track features in black, 
and (f) shows the features that have been rejected from the 
analysis.  The analysis is extremely rapid and takes only a few 
seconds to complete, even when the images contain many 
hundreds of tracks.   

The Coincidence Mapping method is extremely effective 
at discriminating tracks from surface dirt and dust, polishing 
scratches, crystalline and fluid inclusions.  It is also remarkably 
effective at resolving multiple track overlaps even at track 
densities well beyond that which a human operator would 
normally attempt.  The system achieves this success in resolving 
overlaps by exploiting the much smaller average size of the 
track entrance pits in reflected light.  At even higher track 

densities, where even the reflected light pits begin to overlap, 
we use an analysis of the areas of the individual pit features to 
resolve the number of tracks represented by larger compound 
track features.  In this way we have successfully been able to 
count track densities up to 5x107 cm-2, well beyond the range 
that is normally countable in transmitted light by a human 
operator.  We see no reason why this method should not work 
effectively up to track densities as high as 108 tracks cm-2. 

This core image analysis procedure is additionally 
combined with a series of track-size and shape filters that 
provide additional discrimination of the tracks, and refine the 
automatic count data. The final results of the analysis are then 
presented to the operator in a review interface that is essentially 
a virtual microscope.  The results are overlaid on a scrollable 
version of the captured z-stack, which simulates a transmitted 
light image that can be focussed up and down. This software 
interface provides the operator with all of the information 
usually available at the microscope, but in a more convenient 
and powerful form that allows much greater control over the 
images and the discriminating parameters, as well as the 
automatically counted features for final checking and review.  
In this way the automated count data can quickly be reviewed 
and anomalies checked.  The same interface can also be used for 
manual counting if required for a particularly difficult sample. 

The new automated fission track counting system is 
expected to deliver a number of benefits including improved 
productivity, better standardisation and analytical objectivity, 
and potentially significantly improved counting statistics. The 
archived images also provide a permanent record of the tracks 
which is advantageous where laser-ablation ICP-MS is used for 
direct determination of the uranium abundance in each grain for 
fission track dating (Hasebe et al, 2003), which largely destroys 
the grain surface. We also expect this automated counting 
system will also greatly facilitate training of new researchers in 
the field and generally increase the accessibility of fission track 
data. The error rate in experiments so far is comparable to, or 
better than that achieved by an experienced human operator 
(Gleadow et al. 2008). The separation of the capture and 
analysis components will enable completely new work patterns 
to be explored, and open new opportunities for collaborative 
research and remote access to facilities. 
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The emergence of a new generation of digital microscopes 
and increasingly powerful computers has opened new 
opportunities for the automation of fission track analysis in 
natural minerals. Gleadow et al. (2008) have recently made 
substantial progress using digital image analysis techniques 
for the automated identification and counting of fission 
tracks, which, along other developments, are likely to lead to 
significant changes in the way fission track analysis is carried 
out. However, counting the tracks is only one part of the 
overall protocol required for fission track analysis, and two 
other components of any fully-automated system must be the 
selection of suitable grains for counting, and measurement of 
the lengths of confined fission tracks.  We are currently 
working on both of these problems with the aim, not of 
removing the human analyst from the system, but of greatly 
facilitating the microscopy required, and potentially 
increasing the overall productivity that can be achieved.  In 
this we are continuing a strategy that began with the 
development of computer-controlled microscope stage 
systems in the early 1980s that first allowed the automatic 
matching of grain and external detector images, thereby 
freeing the human operator to focus on the tracks themselves. 
Here we will again extend this approach to the problem of 
grain selection in apatite mounts based on a recently 
developed c-axis fabric analyser (Figure 1) coupled with 
additional digital image processing techniques.  
 

The time taken to scan an apatite mount to locate suitable 
grains for fission track counting depends on a variety of 
factors including the number of grains present, the range of 
grainsizes, and the quality of the mount. The principal criteria 
applied in the selection are the orientation of the grain and 
the location of suitable grain areas that are free of 
interference from fractures and other surface defects.  

Usually the selection process involves either a combination 
of scanning at low power followed by closer inspection at 
high magnification, or possibly a laborious scanning across 
the mount at high magnification. A variety of strategies can 
be conceptualised that could bring some level of automation 
to this procedure, thereby reducing the amount of time 
required by the operator. The approach we have taken here is 
to screen an entire mount to rank the grains in terms of two 
basic criteria, the crystallographic grain orientation and the 
grain size, or at least the size of clear areas within a grain.  
Once the mount has been analysed the system will present 
the operator with a series of potentially suitable grains for 
final review and selection.  The grains are presented in 
decreasing rank order of quality according to these criteria. 
  

The problem of determining the orientation of apatite 
grains in a mount is essentially identical to that of 
determining the crystallographic preferred orientations of 
quartz and other mineral grains for microfabric analysis in 
structural geology. Traditionally, the precise crystallographic 
orientations of individual grains in a thin section were 
determined using a universal stage attached to a petrographic 
microscope.  This procedure is laborious, however, and has 
not been adopted in fission track analysis where the grain 
orientation is usually not determined explicitly anyway, but 
rather the surface etching characteristics are used as a guide 
to suitably oriented grains. Recently a new fully automated 
microfabric analyser has been developed by Wilson et al. 
(2007) that can by used to collect c-axis orientation data in 
just a few minutes on the scale of an entire thin-section or 
grain mount.  The orientations are determined precisely (<1°) 
in three dimensions, providing information that can be used 
routinely to provide a rapid initial screening of grains for 
fission track analysis.  

 

 
Figure 1: The G50 Microfabric Analyser, which has a large motorised stage and a low magnification lens system, suitable for 
analysing a large-area thin section, or an entire fission track grain mount at one time. The digital imaging system captures a sequence 
of images under rotating crossed polarizers, whilst being illuminated in turn by a series of LED light sources, all under the control of 
the laptop computer.  
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The c-axis fabric analyser operates by acquiring a series of 

images of a grain mount at various orientations between 
polarizers. Wilen et al. (2003) have outlined the basic optical 
principles underlying this and other similar automated 
systems.  Two versions of the microfabric analyser are 
available; one being a modified petrographic microscope 
(Wilson et al., 2007) for high-resolution work, and the other 
being a macro-scale instrument capable of measuring an 
entire mount at one time (Figure 1). The latter has a spatial 
resolution down to 5 µm that is more than sufficient to 
analyse the orientations of whole grains. The orientation 
measurements are spatially linked to their positions within 
the mount so that the orientation of each apatite grain may be 
accurately determined.  An example of the distribution of c-
axis directions for an apatite from the Sudbury intrusion in 
Canada is shown in Figure 2.  These apatites have a high 
proportion of euhedral grains that are lying with their c-axes 
close to horizontal in the mount as is often the case for 
apatites from igneous rocks.  In other cases, however, 
especially for abraded apatite grains from sedimentary rocks, 
a more random distribution is found. 
 

 
Figure 2: Stereographic Projection of c-axis directions for 
151 apatite grains from the Sudbury Intrusion, Ontario, 
Canada.  The apatite grains in this case are mostly euhedral 
prismatic crystals that tend to lie horizontally in the mount, 
hence the high proportion of c-axis directions that are lying 
at a low angle around the equator.  Each c-axis direction is 
spatially linked to a particular apatite grain and can be used 
to identify grains that are in a suitable orientation for fission 
track analysis.  The plot is an equal area, lower hemisphere 
stereographic projection. 

 
The fabric analysis also produces a series of images that 

may be further analysed to clearly identify and resolve 
individual grains from each other. The next stage of the 
analysis involves application of a ‘watershed segmentation’ 
filter (e.g. Russ, 2002) to an image of the grains resulting 
from the microfabric analysis.  The purpose of this filter is to 
separate particles that are touching each other so that discrete 
areas belonging to a single grain may be identified. Further, 
this filter has the effect of breaking up large grains that are 
traversed by visible fractures into separate areas, each of 
which are more likely to be suitable candidates for fission 
track imaging and counting than the whole grain. Figure 3 
shows an example of this area-based selection. 

 

 
Figure 3: Processed image of crushed grains of Durango 
apatite showing the largest clear grain areas in black.  
Combining this kind of area information with the c-axis 
orientations from the fabric analyser produces a ranked list 
of candidate grains for automated fission track imaging and 
counting. 
 

By combining these approaches a ranked list of accurately 
located and oriented candidate grains for fission track 
analysis can be presented to the observer, who is then able to 
rapidly choose, or reject, each one in sequence at high 
magnification under the fission track microscope. The task of 
grain selection is thus greatly facilitated and suitable areas 
quickly tagged for automated image capture and counting as 
described by Gleadow et al. (2007).  In addition, we are now 
developing strategies for automatically locating confined 
fission tracks for length determination, for which knowing 
the precise grain orientation will be an important preliminary 
step.  Through the use of the microfabric analyser, it should 
be possible to relate individual track length measurements to 
the orientation of the host grain with a precision not 
previously possible. At present the microfabric analysis is 
applicable only to optically uniaxial minerals and so will also 
work for zircon, but a biaxial analysis should become 
feasible in future, opening up its application to other minerals 
as well. A number of other image analysis approaches and 
enhancements to the method described here are also possible, 
making this a fertile field for ongoing research. 
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Our present understanding of intracontinental 

deformation is still incomplete. How is the stress, caused by 
collisions at the plate margins, transported through the 
continental crust? How does the crust react to this stress 
propagation? Is there a chronological link with fault 
reactivation? What are the consequences of the reactivations? 
The answers to these questions can be found with the aid of a 
reconstruction of the thermotectonic history, using a 
thermochronological approach. 

The world’s largest and most active intracontinental 
deformation belt is the Central Asian Orogenic System 
(CAOS). It stretches north from the Tibetan Plateau to the 
Baikal rift in Siberia. The basement of this vast fold-and-
thrust belt is the result of a complex accretion history of 
microcontinents, oceanic crust (ophiolites), island arcs, 
accretionary prisms and seamounts to the stable Siberian 
Craton during the Paleozoic (Şengör et al., 1993; Dobretsov 
et al., 1996). The amalgamation of these different tectonic 
units resulted in important suture zones. These are zones of 
crustal weakness, in comparison to the more rigid 
microcontinents in between them, and are therefore preferred 
structures to accommodate stress of subsequent deformation 
events. Located in the southern part of the CAOS, the Tien 
Shan zone (TSZ) (Kyrgyzstan, S. Kazakhstan and W. China) 
is dominated by east-west trending mountain ranges, often 
separated by large intramontane basins. The core of the 
northern Kyrgyz TSZ consists mainly of Ordovician-Silurian 
granitic batholiths, which were emplaced during closure of 
the Paleozoic Turkestan Ocean and the development of the 
ancestral TSZ (Allen et al., 1992; Yin and Harrison, 2000). 

The TSZ was reactivated several times during its Late- 
and post-Paleozoic geological history and its inherited 
structural fabric played a major role in these reactivation 
episodes. A marked Late Triassic / Late-Jurassic reactivation 
of the TSZ is interpreted as a distal effect of the closure of 
the Paleo-Tethys Ocean between the Mesozoic active 
Southern Eurasian margin and several peri-Gondwana 
microcontinental blocks (Pamir, Qaidam, Lhasa, Qiangtang). 
The ensuing Cimmerian orogeny propagated stress far into 
the continental crust along the aforementioned Paleozoic 
structures and reactivated even distant mobile belts such as 
the TSZ. At present, the TSZ is again reactivated. The 
driving force for this Neogene to current deformation is 
thought to be the continuous indentation of the Indian plate 
into Eurasia. This vast collision is responsible for the 
building of the modern TSZ as a mainly transpressive 
intracontinental orogen (De Grave et al., 2007). 

As outlined in De Grave et al. (2008, this volume), the 
lateral variation of our apatite fission track (AFT)-ages in the 
TSZ, can be explained in terms of the large scale structural 
framework: the TSZ was reactivated as a large scale 
transpressive flower structure (Figure 1). In this work, we 

take a closer look to this AFT-dataset and therefore we zoom 
in on three North-South profiles in the central part of the 
Kyrgyz TSZ. We focused on the central part because it 
accommodates most of the strain and deformation and 
therefore it provides us with the most information on the 
amount of differential fault movement and associated 
denudation. The investigated profiles cover a narrow East-
West oriented area between 74° E and 77°30’ E longitude, 
crossing the Djumgal, Moldo and Terskey Range (Figure 1). 
In total, we analysed 15 samples with AFT ages (reported as 
ζ-ages) between 160 Ma and 35 Ma (Late Jurassic to Eocene) 
(Table 1). 

To evaluate the differences in AFT-ages, we plotted our 
sample locations on a simplified geological map, showing the 
structural framework of the study area (Figures 1 and 2). The 
cross-sections under each map are schematic profiles along a 
North-South transect through the area and the core of the 
flower structure. They indicate that the Precambrian 
metamorphic basement was elevated along North-South fan-
shaped thrust faults. For a non-tectonically exhumed igneous 
body, we expect older ages at higher elevations. However, in 
this case, this trend is disturbed by fault movements. 
Specifically, concave reverse faults are responsible for the 
movements of small tectonic blocks.  

In addition, because of the curved fault geometry, these 
small blocks have rotated during thrust movement. As a 
consequence, the AFT-ages are younger than expected at 
higher elevations. In some cases, the age-elevation plot is 
even inverse, with younger ages at higher elevations (Figure 
2). 

On the samples that contained sufficient confined tracks 
(n > 40) for length measurements, we performed a numerical 
thermal history modelling, using the AFTSolve program 
(Ketcham et al., 2000) and the Laslett et al. (1987) annealing-
equations. Most of the models were consistent, suggesting a 
three to four-stage Meso-Cenozoic thermal history for the 
Tien Shan samples (Figure 3). The first observed cooling 
phase was recorded from the Middle/Late Jurassic (~180-140 
Ma) until the Early Cretaceous (140-110 Ma). The exact time 
and duration depend on the specific location and altitude of 
the samples. This was followed by a period of thermal 
stability or slow cooling in the Late Cretaceous / Paleogene. 
A Late Cenozoic phase of rapid cooling from ~10-3 Ma 
brought the rocks to surface temperatures at their present 
outcrop position. Some samples underwent a Late Oligocene 
/ Early Miocene (~25-15 Ma) reheating event, which forced 
the rocks back to APAZ temperatures of 50 °C to 100 °C. In 
some cases, these last features in the modelled tT-paths 
represent a well-known modelling artefact. However, in other 
cases, it can be shown that these Cenozoic tT-paths 
correspond to actual geological events (De Grave et al., 2008, 
this volume). 
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Figure 1: (above) Overview map of the sampled areas and their location on the tectonic flower structure (De Grave et al., 2008). 
(below) Simplified geological map of the easternmost transect, accompanied by a sketch of the depth-profile, based on Geologial 
maps of Kyrgyzstan 1:200.000 (1965); Thompson et al. (2002); Buslov et al. (2003). 
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Profile 1: Dzjumgal/Moldo  Range 

Sample TF-17 TF-18 TF-19 TF-20 TF-21 TF-22 
Altitude 1775 2200 2030 1760 2010 2490 

AFT-age (±1σ) 33.8 (2.1) 104.5 (4.9) 97.1 (4.6) 124.7 (7.4) 114.8 (5.5) 125.0 (9.8) 
Profile 2: South Terskey Range 

Sample IK-05 IK-06 IK-07 
Altitude 2845 2740 2450 

AFT-age (±1σ) 125.0 (6.5) 157.9 (8.0) 75.2 (11.0) 
Profile 3: North Terskey Range 

Sample TS-22 TS-23 TS-24 TS-26 TS-20 TS-19 
Altitude 3500 3310 3080 2700 2150 2020 

AFT-age (± 1σ) 69.3 (7.2) 72.0 (5.0) 102.6 (8.6) 78.4 (6.6) 61.9 (3.9) 107.5 (16.5) 
 
Table 1: AFT ζ-ages, arranged from South to North for each sampled profile. Altitudes in m, ages in Ma. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Simplified geological map of the innermost transect (left) and westernmost transect (right), accompanied by a sketch of the 
depth-profiles. Legend and references as in Figure 1.  

 
 

  
 

Figure 3: Examples of the four-stage AFT-models. The grey envelope represents the good fits. t and l are the age and mean length of 
the samples, t(m) and l(m) are the modelled age and mean length.  
 

According to our interpretation, Mesozoic cooling 
resulted from denudation and exhumation of the Tien Shan 
basement during a pulse of tectonic reactivation. As 
mentioned higher, this reactivation can be associated with the 
accretion of the Tibetan blocks to the southern Eurasian 
margin during the Cimmerian orogeny (Yin and Harrison, 
2000). The period of Late Cretaceous / Paleogene thermal 
stability, reflects an episode of tectonic quiescence, since the 
structure and position of the isotherms in the crust were not 
significantly affected. The Oligocene / Early Miocene 
reheating event exhibited by some models can be attributed 
to the effect of a thermal anomaly (with mafic magmatism) in 

the upper crust, possibly in combination with an increasing 
sediment loading and its corresponding increase in 
geothermal gradient. The Late Cenozoic phase of rapid 
cooling resulted from a new period of intense mountain 
building and related denudation during the Late-Cenozoic. 
Stratigraphic evidence and structural-geological observations 
indicate that the Tien Shan uplift was accompanied by recent 
regional tilting of crustal blocks along major fanning reverse 
faults (Burbank et al., 1999). Our AFT-age results are in 
good agreement with this pattern: fault-driven exhumation 
and associated denudation. During a fieldtrip in June/July 
2008 we intend to further refine both the profiles, using 
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structural observations and our existing AFT-data-set. Using 
a sampling strategy at a higher spatial resolution, we will 
further enhance this dataset. In this way, we will be able to 
add more information to our model, which will lead to a 
better understanding of the Meso-Cenozoic tectonic 
evolution of the TSZ. 
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Two transects along deep tunnels (Mont Blanc and 
Gotthard) and corresponding surface profiles were sampled 
in the external crystalline massifs (ECM) of the Mont Blanc, 
Gotthard and parts of the Aar massif (Fig. 1). Samples were 
dated with the ZFT, AFT and AHe method. The resulting 
two-dimensional sample transects along the tunnels were 
used to derive lateral and temporal differences in exhumation 
rates. The exhumation histories were compared with 
estimates for adjacent regions and used to investigate the 
impact of climatic and tectonic forcing on the evolution and 
exhumation of the Alpine orogen. 

 
Tunnel and corresponding surface samples form 

horizontal and vertical sample profiles are interpreted by 

means of age-elevation profiles (Fig. 2), replenished by 
thermal modeling suggesting different exhumation histories 
for the two transects: 

 
(1) Exhumation of the central Aar and Gotthard massif was 
fast at ~15 Ma (~1.0 km/Myr) and continuously decreased to 
moderate rates. Since ~9 Ma, the central Aar and Gotthard 
massifs are exhumed at a steady rate ~0.5 km/Myr. 
 
(2) Exhumation of the Mont Blanc massif was episodic, with 
rapid exhumation before ~6.5 Ma (~2.5 km/Myr), followed 
by slow exhumation and again fast exhumation after ~3 Ma 
(>1 km/Myr). 

 
 

 
 
 

 
 
Figure 1: Geological sketch map of the NW Alps and generalized geological profiles of the tunnel transects with sample locations. 
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Figure. 2: AER plots of ZFT, AFT and AHe data from the Gotthard and Mont Blanc transects (Glotzbach et al. 2008a). 
 

Comparing these exhumation rates with those derived 
from other external massifs (Fig. 3) clear differences and 
similarities of their exhumation histories are visible: 
(1) Rapid exhumation around ~6.5 Ma is observed only in the 
Mont Blanc massif, which was probably caused by thrusting.  
(2) All external massifs are characterized by moderate 
exhumation rates (~0.5 km/Myr) between 6 and 4-3 Ma, 
demonstrating that exhumation of the external massifs at that 
time was not accelerated by climate and/or tectonics. 
Therefore, processes such as the Messinian base level drop at 
5.5 Ma (Krijgsman et al., 2002) and the intensification of the 
Atlantic Gulf Stream at 4.6 Ma (Haug et al., 2005), which 
may have led to an increase in precipitation in the Alps, did 
not accelerate exhumation in the external massifs.  
(3) Except the central Aar and Gotthard massifs all other 
massifs show a nearly contemporaneous increase in 
exhumation rates around 3 Ma, which we explain by both 

tectonic and climatic forces. Normal faulting along the 
Rhône-Simplon Fault in the SW Aar massif led to tectonic 
denudation, which may be related to the change from orogen-
parallel to orogen-perpendicular extension of the Alps 
(Reinecker et al., this volume). A change toward cooler and 
more variable climate and initiation of Northern Hemisphere 
glaciation since ~3 Ma may have caused higher rates of 
erosion, exhumation and uplift. We suggest that acceleration 
of exhumation rates in the Mont Blanc massif at ~3 Ma was 
caused by this climate change, whereas the central Aar and 
Gotthard massifs were not significantly influenced by these 
tectonic and climate changes. In addition, we conclude that 
the observed increase in sediment flux to the Alpine 
forelands around 5 Ma cannot be explained by accelerated 
exhumation and erosion of the external massifs (Fig. 3). 
Instead we suggest that the main erosion period of the 
external crystalline massifs started at ~3 Ma. 

 

 
 
Figure 3: Exhumation history of the external massifs for the last 8 Myr and contemporaneous geodynamic events (from Glotzbach et 
al. 2008a). Exhumation histories are deduced from thermochronological data of different authors: Mont Blanc (Glotzbach et al., 
2008a), SW Aar (Reinecker et al., this volume), Gotthard (Glotzbach et al., 2008b), Argentera (Bogdanoff et al., 2000), Pelvoux 
(Seward et al., 1999), Belledone (Lelarge, 1993). Note that the given exhumation history owns an error in age of ±0.5 Ma (average 1σ 
error of used AFT ages). Timing of geodynamic events are: MSC (Messinian salinity crisis) (Krijgsman et al., 2002), Jura folding 
(Becker, 2000), orogen-perpendicular extension and normal faulting (Fügenschuh and Schmid, 2003; Sue et al., 2007), Alpine 
glaciation (e.g., Muttoni et al., 2003), increase in the Atlantic Gulf Stream (Haug et al., 2005), increased sediment flux to forelands 
(Kuhlemann, 2000). 
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Thermochronological data from the Lötschberg tunnel 
and from the Simplon tunnel are presented by Reinecker et al 
(this volume) and Pignalosa et al (this volume), respectively, 
in addition estimations about the shape of palaeo-isotherms 
along these tunnel transects are presented by Spiegel et al. 
(this volume). 
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Significant efforts have been made to reduce the often-
large scatter that occurs in (U-Th)/He age measurements.  
One possibility for poor reproducibility of ages is caused by 
zonation of U and Th within crystals.  Standard α-ejection 
correction (Farley et al., 1996; Farley, 2002; Reiners, 2005) 
assumes homogenous compositions of Th and U within a 
given crystal when accounting for the quantity of 4He lost 
through α-ejection.  Hourigan et al. (2005) used numerical 
modeling to demonstrate that depleted or enriched zones of 
Th and U cause significant variation in He ages, and 
demonstrated the applicability of laser-ablation inductively 
coupled plasma mass-spectrometry (LA-ICP-MS) to measure 
the Th and U concentrations and distributions in zoned 
zircons in order to correct their ages. 

We continue work based upon the model of Hourigan et 
al. (2005) by adapting the technique for electron microprobe 
analysis (EMPA).  Although EMPA has inferior precision 
and detection limits when compared to ICP-MS, EMPA has 
several advantages: LA-ICP-MS instrumentation is expensive 
and often dedicated to specific analytical systems, whereas 
many institutions have the use of EMPA for other geologic 
investigations.  EMPA is non-destructive, whereas LA-ICP-
MS delivers significant damage to the grain.  EMPA can 
analyze a wide variety of secondary elements simultaneously 
if additional geochemical work is desired.   

In this study, the relevant dimensions of studied 
igneous zircons were measured prior to mounting.  After 
polishing, target zircons were imaged using X-ray mapping 
and cathode luminescence (CL).  Both qualitative mapping 
methods provided a guide for directing quantitative line-scan 
assessment of the grains yet some studied zircons had U or 
Th concentrations below EMPA X-ray mapping detection 
limits and/or insufficient contrast between rim and core thus 

CL imaging was primarily used as a guide rather than X-ray 
mapping.  Using quantitative wavelength dispersive 
spectrometry (WDS) U and Th concentration profiles were 
then acquired parallel to the C-axis on the target grains.  
Using the CL maps as a guide, zones of U and Th 
perpendicular to the C-axis were identified and values 
assigned to them based upon the measured zoned values from 
the WDS scan.  Under the assumption of symmetric zonation 
about the C-axis, a rim-to-rim C-axis-perpendicular profile 
was developed for use as a proxy depth profile.  Grains were 
removed from the mounting medium and re-measured to 
allow calculation of the post-polishing surface area to volume 
ratio (β). Each grain was then analyzed with standard (U-
Th)/He degassing and dissolution procedures. Using the new 
β value and synthetic depth profiles of Th and U, the 
Hourigan et al. (2005) model was then employed to apply the 
zoned α-ejection correction to these raw ages. 
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Recently questions concerning the manner of 
morphogenesis of landforms is controlled by the coupling of 
exogenic and endogenic processes and in what way low-
thermochronology can contribute to unravel them has been 
the issue of many research efforts (Beaumont et al. 2000; 
Braun 2002; Burbank and Anderson 2001; Burbank 2002; 
Ehlers and Farley 2003; Ehlers 2005; Braun et al. 2006).  The 
present study aims to quantify the complex post-orogenic 
history of cooling, denudation, and exhumation of a Variscan 
crustal segment, exemplified by the Cantabrian Mountains 
(Fig. 1). 

The substratum of the Cantabrian Mountains (Fig. 2), 
that are located in NW Spain, in the western continuation of 
the Pyrenees, represents the eroded relict of a mountain range 
built during the Variscan orogeny (Perez-Estaun et al. 1991), 
and that had been possibly peneplained by the Permian-
Triassic. In the Mesozoic, this region was modified by rifting 
and opening of the Bay of Biscay, while in Paleogene-
Neogene times it was affected by the convergence of the 

Iberian Plate with the Eurasian Plate. The long-term history 
of formation of the present topography with maximum 
heights of up to 2,648 m is not well established and is the 
subject of current research. 

The study area is characterized by diverse 
morphologies. On the one hand there is a sector with long 
wavelength topography and low amplitudes that is used to 
distinguish the rate of landform evolution, in terms of an 
increase or a decrease in relief. On the other hand, there is 
another sector with short wave length topography and abrupt 
relief, due to deeply incised river valleys, that is used to 
determine exhumation rates. 

Low-temperature thermochronology, i.e. apatite fission-
track (AFT) dating, modelling of time-temperature (t-T) 
paths are used to constrain the post-Variscan exhumation 
history. Furthermore, the thermochronological data will be 
utilised to determine the long-term landscape evolution by 3-
D thermokinematic modelling with Pecube (Braun 2002). 

 

 
 
Figure 1: The study area, NW Spain. 
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Figure 2: Geological map of the area with apatite fission-track ages. (map modified after “Mapa geológico de Espana, 2004”) 
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The study is based on an overview sampling of 21 samples 
taken within specified intervals over the entire area (Fig 2). 
AFT ages range from 247 (±27) Ma (Permian) to 78 (±4) Ma 
(Late Cretaceous). The age-elevation relationships show 
negative slopes that are indicative of a decrease in relief 
(Braun 2002). Mean horizontal confined track lengths vary 
between 10.4 (±1.8) µm and 12.8 (±1.8) µm. C-axis oriented 
etch pit diameters range from 1.3 (±0.2) µm to 1.6 (±0.2) µm. 
The time-temperature (t-T) paths for selected samples were 
modelled by applying the computer code HeFTy with 
independent geological constraints. 
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Abstract 

The South American Platform at the southeastern 
Brazilian coastline suffered different tectonic imprint during 
the Phanerozoic, before, during and after the South-Atlantic 
break-up. Since the Lower Cretaceous different geological 
and geomorphological processes/features were printed: the 
Paraná flood basalts, alkaline intrusions, Cretaceous and 
Eocen sedimentary basins, uplift related to crustal heating 
and tectonic denudation. Between the Lower Paleogene and 
the Miocene a strong NW-SE crustal extension fragmented 
Precambrian terranes 2000 km along the Brazilian coastline, 
between Rio de Janeiro and Porto Alegre forming 
asymmetric horst and graben structures.  

Apatite Fission Track Thermochronology and (U-
Th)/He systematics are presented to model the tectonic 
evolution during the Paleogene. Boths methods shows a 
distribution of values around 65-60 Ma along the 
southeastern Brazilian coastline with a strong relation to the 
Continental Rift of Southeastern Brazil (CRSB). 
 

Introduction 
The Phanerozoic geological and geomorphological 

history of the southern border of the São Francisco Craton 
(SFC) and Ribeira Belt (Almeida et al. 1977) (Fig.1) can be 

associated to: i) subsidence of the Paraná basin with uplift of 
the borders; ii) tectono-magmatic reactivations; iii) opening 
of the South Atlantic; iv) Mesozoic and Cenozoic rifts e; v) 
Quaternary uplift associated the neotectonics reactivations 
(Hackspacher et al. 2007).  

During the Cretaceous and later, the West Gondwana 
Paleocontinent suffered a polycyclic history not well 
understood. Precambrian rocks of these entities are marked 
through reliefs surrounding the southern border of the SFC 
with important brittle tectonic and geomorphological features 
related to different epochs, example of extensive plateau 
uplift in relation to the sea level (Atlantic Plateau).  

Between the Mantiqueira and the Serra do Mar 
Mountain range (Fig. 1) Eocene sediments were deposit 
along NE-SW structures, 2000km along segmented small 
basins, denominated as Continental Rift of Southeastern 
Brazil (CRSB) (Riccomini, 1989), extending until the 
offshore. 

The southeastern Brazilian coastline was studied 
through geological and geomorphological remarks and 
modeled by apatite fission track ages distribution (Fig.2) and 
(U-Th)/He systematic. The relation between geological 
aspects, relief and thermal anomalies permits recognize 
tectonic brittle features associated to the deformations in the 
lithosphere during the Paleogene. 

 

 
 
Figure 1: Regional geologic context of the Continental Rift of Southeastern Brazil (CRSB). 1) Early Cretaceous tholeiitc volcanic 
rocks of the Serra Geral Formation; 2)Paleozoic sedimentary rocks of the Paraná Basin; 3)Precambrian basement rocks;   4) 
Cenozoic basins of the CRSB (1- Itaboraí Basin, 2-Barra de São João Graben, 3-Macacu Basin, 4-Volta Redonda basin, 5- Resende 
Basin, 6-Taubaté Basin, 7-São Paulo Basin, 8-Sete Barras Graben, 9-Pariqüera-Açu Formation, 10-Alexandra Formation and 
Guraqueçaba Graben, 11- Curitiba Basin, 12-Cananéia Graben); 5) Precambrian shear zones; 6) Mesozoic to Cenozoic alkaline 
rocks, Poços de Caldas Massif. After Melo et al. (1985). 
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Methodology 
Apatite Fission-track Analysis  

The apatite grains were concentrated, polished, etched 
to reveal spontaneous fission tracks. The apatite mounts were 
covered with muscovite sheets for fission track 
themochronology using External Detector Method. Fast 
thermal neutron irradiations were performed in IPEN/CNEN 
– Nuclear Reactor – São Paulo, Brazil. Th-films and natural 
U-doped glasses were used, as described in (Iunes et al., 
2002). The muscovite sheets were etched in order to reveal 
the induced fission-tracks. Analysis of spontaneous and 
induced fission tracks were counted thorough out the 
methods outlined in Hadler Neto et al. (2001) and Tello 
(1998). The apatite fission-track ages were calculated using 
the methods proposed by Wagner & Van den Haute (1992). 
The 238U spontaneous fission decay constant ( λf = 
(8,37±0,17)x10-17a-1) used in our equation was carried out by 
Guedes et al. (2003) using neutron dosimetry based on 
natural U thin films (Iunes et al., 2002).  
 The corrected ages were obtained using the two-
parameter equation given by Guedes et al. (2004). 
Throughout this method, a kinetic model is developed to 
describe the relationship between fission-track mean 
diameter shortening and surface fission-track density 
reduction in samples with thermal overprint. 
 The thermal history modelling was performed using the 
software THA (Thermal History Analysis), developed by 

Hadler Neto al. (2001). This software is based on the 
theorical models developed by Green et.al. (1986), Laslett et 
al. (1987) and Duddy et al. (1988), modified by Tello (1994). 
This code generates randomly thermal histories through 
Monte Carlo boxes, whose t-T limits are time-temperature 
intervals previously defined by geological hypothesis. Each 
thermal history has the own theorical fission-track length 
histogram and within the χ2 test  it is compared with the 
experimental histogram. Whenever the χ2 test succeeds the 
thermal history is originated and it is kept by the software in 
a text file (*.dat), plotted in a curve using any statistical 
software (eg. Origin®, Excel®).  This procedure is repeated 
as many as necessary and it is defined by the user. The used 
data are partially found in Hackspacher et al. (2007). 
 
The Apatite Fission Track Ages Distribution Map 

The Apatite Fission Track Ages Distribution Map 
(Fig.2) was calculated up corrected apatite fission track ages. 
The forms of representation and the methodology were based 
on the works on global reference systems of Braghin & Silva 
(1996) and Silva (1999). 

 
The map was obtained using topographical sheets 1:250.000, 
gotten through the ARCVIEW software using a specifically 
projected method of interpolation to create digital land 
models (Hackspacher et al. 2007).  

 
Figure 2:  Map showing the distribution of Apatite Fission Track Ages 
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(U-Th)/He Systematics 
The (U-Th)/He systematics is based on the production of the 

4He during U and Th series decay. Partial diffusive loss of 
helium from apatite occurs over temperatures of ~40-90ºC 
(Wolf et al. 1997). This temperature range, termed the “helium 
partial retention zone” (PRZ) can be used as a base for 
denudation estimation (e.g. House et al. 1998, House et al. 
2000, Stöckli et al. 2000). Thus (U-Th)/He thermochronology 
extends sample cooling histories to lower temperatures than 
fission tracks analysis alone and can provide checks on thermal 
histories derived from fission track-lengths models. For the (U-
Th)/He ages we used the analytical procedures used at the 
Kansas University, Lawrence (USA) and analysis done by Prof. 
Dr. Daniel Stöckli. 

Results 
The fission track ages (Fig.2) are heterogeneous distributed, 

but indicates the existence of NE-SW trend around the Taubaté 
Basin at 65 Ma. The NE-SW alignment between the 
Mantiqueira and the Serra do Mar Mountain range detaches the 
sharp change between ages of 120 (West) and 65 Ma (East), 
correlate to the east side of CRSB (Riccomini 1989), extending 
until the offshore. The relief associated to age distribution, 
shows a morphotectonic control with evidences of active 
elements in the nature that had conditioned the sedimentation 
and relieves associates to the tectonic uplift followed by erosive 
processes during the early Paleogene.  

(U-Th)/He ages on apatite of gneisses and granitic rocks east 
of the Taubaté Basin register values around 60 Ma (Ribeiro, 
2007) and reinforce the trend.  Ages distribution demonstrates 
the thermal instability of the South American Platform in this 
region, reflecting the alternation of blocks with different 
histories (Tello et al. 2003, Hackspacher et al. 2004). 
 
Discussion and Conclusions 

The correlation between the Apatite Fission Track ages map 
(Fig.2) and (U-Th)/He ages shows a distribution of values 
around 65-60 Ma east and west of the CRSB in contrast with 
older values south of the SFC. These younger ages mark a sharp 
limit, interpreted as a thermal marker in all the Southeastern 
Brazil. This epoch is correlated to an extensional tectonic with 
formation of brittle structures as horst and grabens. The 
beginning of the Paleogene was marked by processes of 
breaking of the South American Surface at the eastern part of 
the Mantiqueira Mountain range, with tectonic blocks in NE-
SW direction as in the Serra do Mar Mountain range, among 
others. Chronocorrelates deposits are presented over all region. 
Younger apatite fission track ages can be explained through the 
association uplift/erosion, with values that reach around 3km.  
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The neotectonics of southern and central Alaska are 
characterized by a wide zone of right-transpressional 
deformation across the Alaska Range and in the Cook Inlet 
region. The kinematics of young or active structures are well 
explained by counterclockwise rotation of the crust south of 
the Denali fault and northwest-directed shortening across the 
Denali fault. Further northeast, there is evidence for right-
lateral shear between the Denali and Tintina faults, which 
results from clockwise rotation between northeast-striking 
left-lateral faults. Farther north, seismicity indicates north-
south compression across the Brooks Range. These 
movements on structures south of the Brooks Range were 
accompanied by exhumation and basin subsidence in the last 
10 m.y. The southern Alaska block, and its associated Euler 
pole, appears to be moving northwestward at a slow rate. The 
presence and kinematics of all the young structures can be 
attributed to the flat-slab subduction and collision of the 
buoyant Yakutat microplate.  

Research involving thermochronology has been under-
taken on many mountain ranges in southern Alaska. 
However, the limited spatial distribution of samples and 
variable techniques used, makes it difficult to compare data 
from the different regions, nor does it always provide good 
constraints on the magnitude and mechanisms of exhumation. 
Regardless, a short survey of the results inboard of the 
Yakatat collision zone includes: (1) Denali (Mt. McKinley) 
region – apatite fission track (AFT) data show rapid cooling 
starting around 6 Ma. Recent apatite (U-Th)/He ages from 
north and south of the Denali fault range in age from 1.5 to 4 
Ma. (2) Tordrillo Mountains – AFT data show rapid cooling 
episodes initiated at 35 Ma, 23 Ma, and 6 Ma. (3) Hayes 
range – AFT dates on the north side of the Denali fault 
indicate rapid cooling in the last 3-5 Ma, but one AFT date 
on the south side of the fault is older at 16 Ma. Apatite U-
Th/He dates (AHe) from samples on the north side of the 
Denali fault are as young as 1.4 Ma, indicating continued 
rapid, recent cooling. Argon K-spar multi-diffusional domain 
models (AKMDD) from some samples close to the Denali 
fault provide evidence for 4-6 km of exhumation between 11 
and 5 Ma – in agreement with the AFT data. AKMDD 
models of samples from the higher peaks on the north side of 
the Denali fault show evidence of rapid cooling between 30-
35 Ma. (4) Talkeetna Mountains – AHe dates in the southern 
part of the range are 15-20 Ma, but those to the north are 60-
73 Ma. AFT data show rapid cooling for one sample 35 Ma, 
and numerous samples between 44 to 66 Ma. Kinetic models 
point toward additional cooling starting around 10 Ma. (5) 
Chugach-Kenai Mountains – AHe ages range between 40 and 
12 Ma, with younger ages nearer to the Gulf of Alaska. We 
infer that where there is evidence of rapid cooling, this also 
indicates exhumation and likely surface uplift.  

It is straightforward to attribute exhumation in the last 
10-15 Ma to the collision and subduction of buoyant Yakutat 
terrane crust. However, it is also possible that climate change 
and small plate motion changes may have played important 
roles. The lack of evidence for significant exhumation of the 
Chugach-Kenai Mountains in the last 10 Ma is notable, 
despite these rocks being part of the large accretionary 
complex rimming southern Alaska. Critical-taper Coulomb 
wedge theory would predict adjustment of accretionary prism 
taper associated with subduction of a large buoyant terrane 
beneath the Chugach-Kenai Mountains. The Yakutat 
collision seems not to have affected its exhumation history. 
Even less straightforward is the cause of pre-middle Miocene 
exhumation. The beginning of the Yakutat collision is poorly 
constrained to the interval between about 25 and 13 Ma. 
Thus, exhumation in the Tordrillo Mountains at 23 Ma may 
be related to the beginning of the Yakutat collision, or it may 
not. There are no other known Tertiary collisional events. 
However, a ‘ridge subduction’ episode between 61 and 50 
Ma affected the entire southern Alaska margin. In this time 
period, an oceanic spreading center interacted with the trench 
at a trench-ridge-trench triple junction, which swept from 
west to east. This led to a V-shaped slab-free zone, or ‘slab 
window’, which swept beneath the margin. The effects of the 
slab window are clearest in the near-trench magmatic record 
of the Chugach accretionary complex, but it also seems to 
have resulted in a temporary cessation of arc magmatism. 
Following this event, subduction continued and arc 
magmatism was re-established. The thermochronology data 
show evidence of rapid cooling, and presumably exhumation, 
in a number of areas at this time (between roughly 55 and 30 
Ma).  

We envision the slab window having influenced middle 
Tertiary exhumation in the Hayes range and Talkeetna 
Mountains. Various studies highlight the role of water and 
high temperature in weakening the lower crust. Normal 
subduction processes transport water into the mantle, and 
ultimately to the base of the crust by flow in the mantle 
wedge. However, we suggest the transient high heat flow 
following passage of the slab window may generate a period 
of time in which the lower crust in the region of the 
magmatic arc is particularly weak. The brittle upper crust 
may then be decoupled from the lower lithosphere. Also, 
because young crust is subducted soon after ridge subduction, 
there should be greater coupling between the subducting slab 
and the continental margin. This greater degree of coupling 
may than allow for shortening to propagate inland and initiate 
exhumation 

. 
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Figure 1: Overview of central interior Alaska. Black lines are active faults. Anticlines are dashed lines. Triangles show active 
volcanos. Faults: WDF, western Denali fault; CDF, central Denali fault; EDF, eastern Denali fault; NFB, northern foothills fold and 
thrust belt; TF, Totschunda fault; DRF, Duke River fault; LCF, Lake Clark fault; CMF, Castle Mountain fault; BBF, Bruin Bay fault; 
CSET, Chugach-St. Elias thrust fault; AMT, Aleutian megathrust; TRF, Transition fault. Major roads are shown with thin black lines. 
AH, Alaska highway; PH, Parks highway; DH, Denali highway; RH, Richardson highway; DH, Denali highway; TCH, Tok cut-off 
highway. Abbreviated river names mentioned in text: NR, Nenana River, Delta River (both rivers flow north); BR, Big River; WF, 
Windy Fork; KR, Kuskokwim River; SR, Skwentna River. Glaciers: SG, Straightaway Glacier; FG, Foraker Glacier; PG, Peters 
Glacier; MG, Muldow Glacier. Sedimentary basins: CIB, Cook Inlet basin; SB, Susitna basin; CRB, Copper River basin; NB, Nenana 
basin; TB, Tanana basin; YFB, Yukon Flats basin. 
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Case studies, which take advantages of LA-ICP-MS analyses 
to measure uranium concentration for FT dating, are 
introduced and the main advantages are outlined here: 
 
(1) Detect exotic grains in dating young (<0.5 Ma) 

volcanic zircons 
 

When we date volcanic zircons younger than ~0.5 Ma, 
most zircons with typical uranium concentration yield 
few or no tracks.  We must observe many grains and 
sum these rare spontaneous tracks to obtain a 
statistically meaningful FT age.  In such a case, a 
contamination of old zircon from the basement rocks 
through eruption process cause significant bias on the 
obtained age.  To set a criterion to reject old zircons, 
206Pb concentration, which is roughly measured along 
with the 238U with the LA-ICP-MS, is useful.  
206Pb/238U=0.0002 (206Pb under the detection limit in 
typical zircon) corresponds to the age of 1 Ma under the 
assumption of no initial lead.     
    

(2) Simultaneous determination of U-Pb and FT ages on 
a single grain 

 
There are rich potential in geological discussion based 
on the combination of two dating methodologies. For 
volcanic rocks, a part of magma chamber behavior 
would be inferred from the crystallization age (U-Pb 

age) and eruption age (FT age).  For basin deposits or 
metamorphic rocks, both of material supply and thermal 
history are discussed on the same samples. 
 

(3) Apatite FT dating on thin sections without mineral 
separation 

 
In conventional FT dating, we need to purify samples to 
minimize unnecessary radioactivity from other minerals 
(e.g., Al and Na bearing minerals).   For LA-ICP-MS, 
petrographic thin sections, when they contain rich 
apatites, can be used for dating because apatites are 
easily etched with dilute nitric acid with no significant 
alteration on the thin section itself.  This may help to 
correlate ages to mineral occurrences. 
 

(4) Track length measurement of single age component 
from sedimentary rocks. 

 
A reconstruction of thermal history of partially 
annealed sedimentary rocks was difficult because each 
age component followed particular thermal history prior 
to sedimentation.  When samples are not irradiated for 
age determination, spontaneous track lengths can be 
measured for age known grains and additional etching, 
which may increase the observed number of measurable 
tracks, are also possible. 
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Introduction 

The North Anatolian Fault Zone (NAFZ) is one of the 
most prominent features of Neogene tectonics within the 
Mediterranean region, but until few years ago, only some 
local FT data from adjacent areas had been published 
(ZATTIN et al., 2005; HEJL et al., 1999).  

During the last decades, seismicity and GPS velocity 
fields of the Aegean-Anatolian area have been well 
investigated, and yielded a consistent picture of present-day 
plate motions. The Anatolian microplate of central and 
western Turkey is characterized by a coherent motion with 
counter-clockwise rotation. Its westward displacement along 
the arcuate NAFZ is slightly less than 30 mm/a. The Aegean 
region is subjected to N-S extension in addition to the 
rotation with Anatolia. Compression operates perpendicular 
to the Hellenic arc. 

However, our understanding of the transitional period 
between the Mesohellenic orogeny (Eocene-Oligocene) and 
the establishment of the modern plate-tectonical 
configuration is rather poor. Begin of subduction of the 
Mediterranean slab under the Aegean region, and plate-
tectonical individualization of the Aegean-Anatolian 
microplate, have probably not occurred at the same time. It is 
very likely that the complete mechanical separation of the 
Aegean-Anatolian microplate from main Eurasia occurred 
later, in consequence of a gradual or stepwise development. 

The western prolongation of the NAFZ consists of two 
main branches of transtensional fault zones which delimit the 
Marmara block of northwestern Turkey and the northern 
Aegean Sea. The northern branch comprises the pull-apart 
basins of the Marmara Sea and the North Aegean trough. Our 
new FT investigation has enlarged the data base around the 
western segment of the NAFZ, in order to improve the 
understanding of exhumation histories, vertical kinematics 
and geomorphological developments of the tilted shoulders 
adjacent to these young pull-apart basins. 
 
Neogene plate-tectonics and present-day kinematics 

Holocene seismicity can be deduced from present-day 
observations, historical documents, archaeological findings 
and geomorphological evidence for quasi instantaneous sea 
level changes. The best understanding of focal mechanisms is 
provided by fault-plane solutions of present-day strong 
earthquakes. For eastern Turkey and the Caucasus region, 
such fault plane solutions demonstrate the presence of both 
thrust and conjugate strike-slip faulting (JACKSON, 1992), 
and since the pioneering article of MCKENZIE (1972) it is 
generally accepted that shortening in this region is 
accomplished by both thickening and lateral escape of 
continental crust. Summation of seismic moment tensors 
between 1911 and 1991 has shown that most of the right-
lateral strike-slip motion in eastern Turkey appears to be 
accomodated by faulting in large earthquakes, while as much 
as 80-90 % of the expected Arabia-Eurasia convergence in 

the Caucasus seems to operate aseismically (JACKSON, 
1992). In the Aegean region the seismic deformation is 
dominated by N-S extension (PAPAZACHOS et al., 1993). 

Unfortunately, there are only few reliable fault plane 
solutions for subcrustal deep earthquakes along the 
subduction zone of the Hellenic arc. Scattered intermediate 
depths earthquakes were recorded beneath the southern 
Aegean Sea. Their focal depths increase northwards, i.e. 
towards the inside of the arc. Subcrustal microearthquake 
seismicity beneath the Hellenic arc has been analysed by 
HATZFELD et al. (1993). The focal distribution has shown 
that a slab of lithosphere is being subducted at shallow angle 
(<15°) for 200 km beneath the western end (Peloponnese) but 
steeper beneath the eastern end (Dodecanese) of the arc. 

The present-day velocity field of the Aegean, Minor 
Asia and the Middle East is very well known from many 
high-quality GPS measurements (Fig. 1). LE PICHON et al. 
(1995) have examined plate velocities at seven sites in 
Anatolia and Agea to obtain a better definition of the 
westward escape motion of the Antolian-Aegean micro-plate 
with respect to Europe. They found that central Greece is a 
zone of extension between the Anatolian-Aegean counter-
clockwise rotation to the south and the northern Greece 
clockwise rotation to the north. The Gulf of Corinth belongs 
to this extensional zone. The narrow dextral NAFZ 
progressively gives way to a wider boundary zone towards 
west where extension becomes dominant. Several GPS data 
of crustal motions in Anatolia have been also determined by 
REILINGER et al. (1997). The data show that central and 
western Turkey is characterized by a coherent plate motion 
involving a counter-clockwise rotation of the Anatolian plate. 
The westward displacement velocity along the NAFZ is 
slightly less than 30 mm/yr. The surface trace of the NAFZ 
corresponds well to a small circle about the best fitting Euler 
pole for the Anatolia-Eurasia motion, but the Aegean region 
deviates significantly from coherent plate rotation. This 
region shows approximately N-S extension at a rate about 15 
mm/yr in addition to the rotation with Anatolia. An enlarged 
GPS data set of MCCLUSKY et al. (2000) has mainly 
corroborated the aforegoing statements. The best fitting Euler 
vector for the Anatolia-Eurasia motion yields a slip rate of 24 
± 1 mm/yr for the North Antolian fault. The central and 
southern Aegean moves towards SW at a velocity of 30 ± 1 
mm/yr relative to Eurasia. A GPS-derived strain rate field has 
been presented by KAHLE et al. (2000). They calculated the 
normal and shear strain rate components of the major faults 
and compared them with seismological data. The largest 
compressional strain occurs along the Greater Caucasus. 
Central Anatolia is almost strain free, whereas extension is 
observed in western Anatolia, the eastern Aegean and around 
the Gulf of Corinth (for the latter cf. also BRIOLE et al., 
2000). These extensional regions coincide with graben 
tectonics and extensional earthquakes. Compression is 
observed perpendicular to the Hellenic arc

. 
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Figure 1: Sketch map of present-day plate tectonics in the eastern Mediterranean region (after Reilinger et al., 1997; McClusky et al., 
2000; Kahle et al., 2000). The arrows are GPS velocity vectors relative to a reference frame fixed with Eurasia.  
 
Apatite FT dating results and preliminary interpretation 

Three excursions between September 2005 and October 
2006 were undertaken for sampling of pre-Neogene basement 
areas adjacent to the western segments of the NAFZ, i.e. field 
trips to Chalkidike peninsula (Greece), to the island of 
Samothrake (Greece), and to the Marmara region (Turkey). 
Among 43 collected samples in total, the apatites of 33 
samples yielded satisfying dating results by the grain 
population method. Together with already published apatite 
FT data from the Rila-Rhodope area (HEJL et al., 1998), from 
North Sporades, Pelion and Ossa (HEJL et al., 1999, 2008), as 
well as from the European part of Turkey (ZATTIN et al., 
2005), a large number of apatite FT ages – 63 in total – is 
available for the area under discussion (cf. Fig. 2). With 

regard to the new data the results can be summarized as 
follows:  

Fourteen apatite FT ages from Chalkidike (most of 
them from Sithonia) range between 41.4 ± 2.7 Ma and 25.4 ± 
2 Ma (late Eocene to late Oligocene). They have a distinct 
frequency maximum between 35 and 30 Ma (latest Eocene to 
early Oligocene). We interpret these data as cooling ages 
after the Meso-hellenic orogeny. However, track lengths 
measurements are not yet available. 

The only apatite FT age from the Athos peninsula is 
13.8 ± 1.2 Ma (middle Miocene), and thus clearly younger 
than the other ages from Chalkidike. We suppose that this 
age is due to later cooling in course of horst-graben tectonics, 
with Mt. Athos being individualized as a NW-SE trending 
horst.

 

 
 

Figure 2: Topographic model (Google maps) of the North Aegean region with sampling locations of 30 already published (cf. Hejl et 
al., 1998, 1999, 2008, ; Zattin et al., 2005) and 33 new apatite FT data. 
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The apatite FT ages from Samothrake Island are of 
particular interest because of the islands location at the 
northern shoulder of the 1600 m deep Saros trough, and the 
large spread of the sample altitudes – the uppermost sample 
being from 1000 m elevation and the lowest being from sea 
level. These data can be subdivided in two groups, probably 
representing individual blocks, created by transtensional 
faults adjacent to the Saros pull-apart basin. Four ages are 
between 13.6 ± 0.7 Ma and 13.1 ± 0.7 Ma (middle Miocene); 
six ages range from 12.7 ± 0.8 Ma to 6.4 ± 0.5 Ma (middle to 
late Miocene). The second age group exhibits a clear 
correlation with altitude, which would correspond to a mean 
exhumation rate of about 140 m/Ma. However, the 
assumption of cooling ages is not yet proven by track lengths 
data. 

The new apatite FT ages from the Marmara region were 
obtained for the Marmara Island (28 ± 3.2 to 26.2 ± 2.3 Ma; 
late Oligocene) and for the Kapidag Peninsula (31.6 ± 2 Ma 
to 28.1 ± 1.9 Ma; middle Oligocene). These ages are 
distinctly higher than those reported by ZATTIN et al. (2005) 
for the area to the north of the Ganos fault, on European 
mainland of Turkey. Our data are not in contradiction with 
the interpretation of ZATTIN et al. (2005) that the Ganos 
segment of the NAFZ was a tectonical discontinuity at least 
since the latest Oligocene. Track lengths data will yield more 
precise information soon. 
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Apatite fission-track (AFT) analyses using a LA-ICP-

MS based approach on samples from Finland and Canada 
reveal an inverse correlation between single-grain AFT ages 
and the present-day concentration of alpha-emitter actinides 
(U,Th,Sm) in part of these samples. Because of the single-
grain approach, this inverse correlation cannot be explained 
simple by intra-grain variations in temperature history as a 
function of radio-active heat production. 

We see three possible explanations for this observation: 
1) the observed inverse correlation is related to problems 
observing high track densities, which would explain why old 
samples with high alpha-emitter concentrations are rarely 
encountered, 2) grains with higher concentrations of alpha-
emitters have experienced a high degree of radiation 
enhanced annealing , leading to younger AFT ages, or 3) 
because Rare Earth Elements (REE’s, specifically La and Ce) 
correlate positively with the affected single-grain AFT ages, 
the observed (U,Th,Sm) dependency might be due to a REE 
control upon fission tracks in apatite that so-far has gone 
undetected for these elements in the laboratory setting. 

The first possibility has been eliminated in a first re-
examination of grain mounts where the inverse correlation of 
alpha-emitters with single-grain AFT age was observed. Very 
few uncountable grains were encountered, which implies that 
the presence of uncountable grains (due to high track 
densities) is not the primary explanation. An explanation 
based on radiation enhanced annealing is compatible with 
results on radiation effects in fluorapatite studied in the 
context of nuclear waste sequestration. Experiments 
attempting to quantify the radiation enhanced annealing on 
fission track in apatite are currently underway. A systematic 
control of rare earth elements on fission track annealing 
behavior has not been observed in laboratory studies, but 
may exist when low temperatures (< ~60°C) are maintained 
over very long periods of geological time. 

Neither of the two explanations that seem most likely 
(radiation enhanced annealing and a systematic control by 
rare earth elements) are incorporated in existing annealing 
models. Using such models to model thermal histories on 
samples with pre-Mesozoic AFT ages will likely engender 
incorrect geological conclusions. 
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The timing and mechanisms of surface uplift of the Colorado 
Plateau to its present elevation of nearly 2 km continue to be 
a topic of debate among geologists.  In particular, the 
interplay between surface uplift and late Cenozoic erosion 
remain largely enigmatic.  This study investigates the 
temporal and spatial distribution, magnitude, and rate of 
erosional exhumation and river incision that has carved the 
modern landscape of the Colorado Plateau.  Apatite (U-Th-
Sm)/He thermochronometry is used to establish the thermal 
history of the central Colorado Plateau in east-central Utah, 
between the Colorado and Green Rivers and the Book and 
Roan Cliffs (Figure 1), in response to stream down cutting, 
catchment-wide erosion, and laterally and vertically driven 
cliff retreat.  

The central Colorado Plateau consists of several 
vertically stacked basin sequences (i.e. Pennsylvanian 
Paradox basin, Triassic-Jurassic passive continental margin, 
Cretaceous Western Interior foreland basin, and Laramide 
intramontane basins).  Canyonlands National Park (NP), 
between the Green and Colorado Rivers, is comprised of  
primarily Jurassic eolian sandstone, Triassic fluvial and 

marginal marine sandstone, and Permian shallow marine 
sandstone, shale, and limestone (Barnes, 1993).  These 
sedimentary strata have been carved by erosion and incision 
into the spectacular Neogene landscape seen today.  This 
region of Canyonlands NP is characterized by rounded 
mounds and ledges of the Navajo and Kayenta Sandstones 
and cap the steep, massive red cliffs of the Wingate 
Sandstone.  The slope-forming Chinle and Moenkopi 
Formations overlie the White Rim Sandstone which forms a 
prominent bench throughout the Island in the Sky District of 
Canyonlands NP.  The deep red sandstone of the Cutler 
Group and grey limestone of the Honaker Trail Formation 
can be seen deeper in the canyons along the Colorado and 
Green Rivers.  Between Canyonlands NP and the Book Cliffs 
are low variegated hills of the Jurassic Morrison Formation 
and the Cretaceous Mancos Shale.  Further to the north, the 
Book and Roan Cliffs are composed of deltaic and shallow 
marine sandstone of the Cretaceous Mesaverde Group and 
fluvial sandstone and conglomerate of the Paleocene Wasatch 
Formation.  In the Book Cliffs area, landscape evolution is 
primarily controlled by the erosional retreat of escarpments 
in a stepwise manner to the north. 

 
Figure 1:  DEM showing location of Book Cliffs and Canyonlands study area between the Green and Colorado Rivers in the central 
Colorado Plateau, Utah. Surface samples shown in yellow and core samples shown in red. 
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The timing, spatial distribution, and magnitude of 
erosion and incision, that has carved the modern landscape of 
the Canyonlands to Book and Roan Cliffs region, remains 
poorly understood. Although erosion appears to be 
dominated by stream down cutting and laterally and 
vertically driven cliff retreat, temporal switching of erosion 
mechanisms is largely unknown. Apatite (U-Th-Sm)/He 
thermochronometry is a powerful tool to reconstruct long-
term thermal histories and is ideally suited to constrain the 
magnitude, timing, and spatial patterns of Neogene erosion in 
the Book Cliffs to Canyonlands region of eastern Utah on the 
central Colorado Plateau. (U-Th-Sm)/He thermochronometric 
studies of detrital apatite from sandstone samples and 
subsurface cores are used to quantify the thermal and erosion 
history and reconstruct the geomorphic evolution of this 
spectacular landscape. This thermochronometric data enables 
us not only elucidate the erosional history, but also test recent 
geomorphic and geodynamic model predictions about the 
timing and spatial magnitude of erosional exhumation in the 
center of the Colorado Plateau (e.g., Pederson et al., 2007; 
Callahan et al., 2006).  

A multitude of hypotheses for surface uplift and 
interplay with erosional exhumation of the Colorado Plateau 
exist, each having distinct temporal and spatial 
characteristics.  Recent models include: 1.) Cretaceous to 
early Cenozoic shallow slab subduction (Spencer, 1996); 2.) 
middle to lower crustal flow (McQuarrie and Chase, 2000); 
3.) anomalous composition or temperature of the mantle 
(Humphreys, 1995); and 4.) early Cenozoic (Laramide) 
crustal thickening and isostatic uplift associated with 
exhumation of the plateau (Pederson et al., 2002).  More 
recently, Roy and Jordan (2006) have proposed that 
Paleogene and Neogene uplift of the Colorado Plateau, 
triggered by thermal-driven buoyancy changes in the mantle 
lithosphere, is controlled by the flexural isostatic response to 
erosional unroofing (Roy and Jordan, 2006; Callahan et al., 
2006). Their model predicts that maximum erosion occurs in 
the center of the plateau; a prediction tentatively supported 
by erosional exhumation estimates by Pederson et al. (2002) 
and preliminary (U-Th-Sm)/He ages from surface samples 
(Stockli et al., 2002). These (U-Th-Sm)/He ages constrain a 
thermal history dominated by significant Neogene erosional 
exhumation (>1.5-2 km), obscuring any thermal signal 
associated with Laramide monocline formation. Previous 
low-temperature thermochronological studies on the 
Colorado Plateau have predominately focused on the Grand 
Canyon region to quantify the timing and rate of incision 
along the Colorado River and exhumation of the plateau. 
Apatite fission-track and (U-Th-Sm)/He data from the Grand 
Canyon predominately record Laramide exhumation and 
minor cooling related to Cenozoic river incision since <6 Ma 
(Dumitru et al., 1994; Kelley et al., 2004), but shed little light 
on the Neogene erosional history of the central Colorado 
Plateau.  

Sandstone samples were collected for thermo-
chronometric analyses along vertical surface sample transects 
in the Book and Roan Cliffs and in Canyonlands National 
Park (NP) from the Island in the Sky District to the Colorado 
River.  In addition, samples from the area between 
Canyonlands NP and the Book Cliffs were collected for 
regional erosion studies. Since surface samples only allow 
access to a small window of vertical exposure, thermo-
chronometric analysis of drill cores are also used to more 
comprehensively quantify the erosional exhumation history 
of the region.  

Recent detrital apatite ages from both the Book Cliffs 
and Canyonlands areas are significantly younger than 
depositional ages, suggesting complete or partial thermal 

resetting after sediment transport and burial. In the Book 
Cliffs, core samples with depths ~900-1400 m indicate 
significant late Miocene to Pliocene cooling and exhumation 
~3-7 Ma.  Shallower cores (< 200 m) from the area have a 
broad spread of late Paleogene to Neogene ages from ~4-25 
Ma.  Preliminary surface samples from the central Book 
Cliffs also have a similar age distribution from ~3-27 Ma. 
The wide spread of ages for these shallow and surface 
samples in the Book Cliffs is indicative of an exhumed 
helium partial retention zone (HePRZ), with the onset of 
rapid erosional exhumation occurring ~4-6 Ma.  In 
Canyonlands NP, surface samples collected in a vertical 
transect from the plateau to near the Colorado River also 
display a broad age distribution from ~ 5-30 Ma and are 
interpreted to represent the HePRZ.  We expect deeper core 
samples (~1000 m) near the Canyonlands area to record rapid 
Pliocene erosional exhumation at ~4-6 Ma.  In addition, 
single grain detrital apatite ages generally have a positive 
correlation with effective U concentration (eU), which may 
affect the closure temperature of apatite by as much as 15 °C 
and flatten the shape of the HePRZ (Shuster et al., 2006).   

Evidence of an exhumed HePRZ at the current surface 
of the central Colorado Plateau suggests ~1-3 km of sediment 
erosion since the late Miocene to early Pliocene, assuming 
typical geothermal gradients of ~ 25 °C/km (Stockli et al., 
2000). Our erosional exhumation estimates are consistent 
with other estimatations for this area (e.g. Pederson et al., 
2002) and also tentatively support new isostatic flexural 
uplift models that predict significant erosional exhumation 
within the core of the Colorado Plateau in the late Cenozoic. 
Increased erosion at ~4-6 Ma may be controlled by a 
combination of climatic, tectonic, or drainage integration 
driving forces.  Rapid removal of large quantities of sediment 
by the Colorado River could indicate significantly more 
precipitation and an overall wetter climate in the Pliocene 
(Fleming, 1994).  Drainage integration of the Colorado River 
with other rivers, such as the Green River, may have 
increased erosion in the central Colorado Plateau.  Colorado 
River drainage integration off the southwest Colorado 
Plateau at ~ 6 Ma and the subsequent lowering of base level 
is thought to have caused most of the incision in the Grand 
Canyon region and may be responsible for incision in the 
Canyonlands area as well (Lucchitta, 1972; McKee and 
McKee, 1972).  Regional tectonics such as the opening of the 
Gulf of California ~ 5-6 Ma (Curray and Moore, 1984) in 
combination with Colorado River drainage integration during 
this same time could play a powerful role in increased 
erosion in the late Miocene to early Pliocene.  Future 
systematic integration and numerical modeling of the 
combined surface and core thermochronometric data will 
further quantify the thermal history and erosional exhumation 
of the central Colorado Plateau. 
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Erosion process is one of the controlling factors that 
have great impact on the evolution of mountain building 
belts. To understand the mechanisms and associated 
feedbacks between tectonic and climatic activities, we need 
better understanding of the timing and rates of topography 
changes. Extensive studies of thermochronology will be 
crucial to establish the uplift history of any orogenic belt. In 
the case of Tibetan plateau, different erosion histories may 
not only reflect tectonic structures but also record climatic 
changes such as glaciations and monsoons. By studying the 
detritus and bedrock of a particular drainage, we should get 
more knowledge about the unroofing history of the plateau. 

The Tibetan plateau is one of the most outstanding 
topographic features in the world. Its extraordinary extent 
and elevation not only represent the intense indentation of 
Asia by India but also cause significant effects on climate 
change. The uplift of Tibetan plateau can be roughly 
delineated into three stages (Dewey et al., 1988; Fielding, 
1996): the first stage occurred with north-south shortening 
and thrust fault systems as the front of the Indian Plate 
collided with Lhasa Terrane at 50-55 Ma. The second stage 
involved thinning of the upper lithosphere during the 
Miocene and may have allowed the thick crust to rise close to 
its modern elevation before ~8 Ma. Since then, slow east-
west extension of Tibet has reduced the crustal thickness and 
may have decreased the elevation of the plateau during the 
Cenozoic.  

The scenario of three stages of uplift can be observed 
by the topographic features and mineral cooling histories, but 
the timing of each episode is still in debate. Moreover, the 
denudation pattern of Tibet doesn’t show a uniform trend 
across the entire plateau. Most of the erosion concentrates on 
the edges because of orographic precipitation and efficient 
river networks and the interior is protected from significant 
erosion. Relevant studies have demonstrated that there is a 
discrepancy between erosion rates in north, central and south 
Tibet (Clark et al., 2005; Fielding, 1996; Lal et al., 2004). 

Geomorphologic studies of the middle reaches of the 
Yarlung-Tsangpo have observed spectacular features of 
alternating wide valley sections and narrow gorge sections 
which are apparently associated with knick points along the 
river (Zhang, 1998). These plausible information leads to 
several questions regarding the timing and scenarios of 
uplifting in the south Tibet. 

We have collected detrital samples along the Yarlung-
Tsangpo and its two tributaries, Lhasa River and Nyang 
River. Riverbank sediments were sampled before and after 
the confluences in order to demonstrate possible age 
distributions contributed by assorted provenance. Two 
detrital samples were acquired from the strata of terrace 
deposits along Yarlung-Tsangpo and Nyang River. Separated 
minerals are subjected to apatite, zircon fission track analyses 
and 40Ar/39Ar datings respectively. In conjunction with our 
preliminary data, previous U-Pb, fission track, and Ar ages 
from adjacent basement, we expect to delineate the recent 
exhumation pattern and the erosional process in the southern 
Tibet. 
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The distribution of fission-track (FT) lengths in apatite 
preserves a record of a sample’s integrated thermal history 
and facilitates a qualitative, perhaps quantitative 
interpretation of that sample’s FT age (see e.g. Gleadow et 
al., 1986).  This dual approach of FT age and track length 
analysis has provided the means for predictive thermal 
history numerical modelling and has enabled the application 
of FT chronometry to a very wide range of geological 
problems concerned with defining the rate of crustal and 
surface processes.  This meeting and this abstract volume 
bear testament to the success and versatility of the FT 
method. 

Two decades ago, at Fission-Track Workshop in 
Besançon, a consensus agreement was reached by the 
community to employ a standardised calibration of FT age 
determination by reference to standard minerals of known 
age (Hurford, 1990).  This agreement circumvented problems 
of absolute neutron fluence measurement and the diversity of 
values formerly in use for the 238U spontaneous fission decay 
constant λf (Hurford and Green, 1982).  The approach also 
encompassed the presence of an individual bias in the 
counting of tracks, a critical factor not overtly acknowledged 
or quantified before.  Today, the measurement (hopefully by 
all FT analysts) of age standards and unknown samples using 
identical conditions  compensates for individual biases of 
track recognition and counting technique.  The replicate 
analysis of the same age standards in laboratories worldwide 
has provided a common baseline for all FT age 
measurements and enabled direct comparison of data from 
different analysts.  This comparative zeta approach relies 
upon the independent ages of standards which have been 
determined using other geochronometers (Fleischer and Hart 
1972; Hurford and Green, 1983; Green, 1985).  As such, FT 
chronometry is not an independent technique: a change in a 
calibrating age (e.g. in the 40Ar/39Ar age of sanidine or U/Pb 
age of zircon from the Fish Canyon Tuff) represents a 
systematic shift in all calculated zetas which similarly would 
affect all FT sample ages.  Consideration has been made for 
deconvolution of zeta (Van den haute et al., 1998) using 
much-improved absolute neutron metrology, an agreed value 
for λf (probably around 8.5 x 10-17 yr-1) and individual 
procedural factor Q (Wagner and Van den haute, 1992).  
Although such an absolute approach to FT age calibration is 
intellectually attractive, the effectiveness of the zeta method 
in permitting transparency of FT age data and allowing 
comparison of ages from different workers and different 
laboratories has meant it remains the approach most 
commonly used. 

Although FT length is the prime record of variation of 
temperature over time (see e.g. Laslett et al., 1987), 
surprisingly little attention has been paid to standardisation of 
track-length measurement itself.  Recognition of the 
relationship of apatite chemistry and FT annealing has 
prompted a number of studies of the compositional influence 
on the rate of FT annealing (e.g. Gleadow and Duddy, 1981; 
Green et al., 1985 and 1986; Ravenhurst et al., 1993; Burtner 
et al., 1994; Carlson et al., 1999; Barbarand et al., 2003a).  
Predictive annealing models have also embodied multi-

compositional parameters, or permitted subtle variation of a 
model based on Durango apatite annealing data.  But scant 
attention has been given to fundamental variations which 
might arise from the revelation, observation and actual 
measurement of track length.  There is an a priori assumption 
that track length measurement has high levels of both 
precision and accuracy -  bluntly that we can each measure 
tracks with a high level of reproducibility and that we each 
use the same criteria such that our results are directly 
comparable, be they from Melbourne or Idaho or London.  
Intuitive feeling, experience and limited evidence suggests 
that this may not be so; that analytical variation of an 
individual and that between analysts may be significant – 
conceivably larger than that introduced by small variations of 
apatite composition. 
 
This poses some difficult question for apatite FT 
thermochronometry:  
 

• do calculated uncertainties quoted for track-length data 
represent reasonable estimates of the real variation of the 
analysis process? 

• how confidently can track-length data from one analyst or 
laboratory be compared with that of another analyst or 
laboratory? 

 
And perhaps of most significance:  
• how valid is it for an annealing model formulated in one 

laboratory under specific analytical conditions, to be 
used by different analysts perhaps using differing 
conditions? 

 
A pilot inter-laboratory study presented in 1992 at the 

Philadelphia FT Workshop found variation between analysts 
and laboratories to be significantly greater than estimated 
uncertainties (Miller et al., 1993).  No explanation was 
proffered for the underlying causes of such variation.  
Barbarand et al., (2003a) reported replicate track-length 
analyses for a single observer to be typically within ~3%, but 
that such discrepancies increase inversely with mean track 
length.  Comparison of results from different observers of the 
same samples using the same microscope conditions shows 
significant, generally non-systematic variation with, for a 
complex length distribution, variation of ~12%.  Barbarand et 
al. suggest that for their data, measured in the London 
laboratory, such variation stems from personal differences 
and consistency of technique.  Variation may also arise from 
differences in equipment, magnification, graticule 
calibration, etching, choice of TINT vs. TINCLE, use of 252Cf 
irradiation to produce additional etching channels, selection 
of non prismatic sections… the list is long.  Although recent 
work has suggested that normalizing lengths for track angle 
to the c-axis may improve some aspects of reproducibility 
between analysts, laboratories, and etch methods (Ketcham et 
al., 2007), the concept has only been tested on a small scale, 
and it is unlikely to be a panacea for all possible divergences. 

The hypothesis that unquantified variation in track-
length measurement exists requires testing.  To this end, a 
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limited number of aliquots of apatite with different track-
length distributions were prepared, partially mirroring a 
limited exercise adopted previously in Melbourne and known 
as the Loaded Dog Experiment.  Three lemon-yellow crystals 
of Durango apatite (~ 20 mm long), supplied by Mark Cloos, 
were sliced parallel to the c-axis using a fine diamond 
annular saw.  The resulting apatite plates were totally 
annealed by heating at 500°C for 24h to remove all 
spontaneous tracks; an aliquot of each crystal was then 
mounted, polished and etched to confirm total track erasure.  
The crystals were then irradiated separately in the HIFAR 
reactor, Lucas Heights, NSW, Australia in April 2004 using 
neutron fluences of ~2 x 1016 n cm-2 to induce sufficiently 
high track densities to facilitate analysis of adequate numbers 
of confined track lengths.  Activity from irradiated apatites 
was allowed to decay before further partial annealing of the 
induced 235U tracks in a Carbolite CSG1100 muffle furnace 
using similar techniques to Barbarand et al., (2003b). 

The three separate crystals were subjected to different 
annealing conditions to produce track-length distributions 
which resemble those typically found in natural samples 
having undergone different thermal histories.  Part of one 
crystal was not annealed a second time, the preserved 
induced track lengths providing a “known” reference line 
against which the annealed data could be compared and 
normalised.   

Identical aliquots of these apatite, each containing the 
four different track-length distributions, were distributed in 
June 2008 to 45 FT laboratories known to be analytically 
active, with the request that data be reported by 31st August 
2008.  Aliquots were identified only by a code and the 
assurance given that all returned data would be treated in 
confidence, with only one person (TH) knowing the 
relationship of code to laboratory.  A brief questionnaire was 
circulated with the samples requesting procedural details as 
well as analytical data, in particular etching, microscope 
conditions and whether TINTs and/or TINCLEs were 
measured. 

Data received before the meeting will be presented 
(without attribution to its source) together with a first 
estimate of variation and any indication of the source of 
variation.  Depending on the outcome of this study it is hoped 
that consideration might be given during the Anchorage 
meeting to possible future measures for standardization of 
track-length measurement. 
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The Mackenzie Valley of Canada’s Northwest 
Territories is a lightly explored, northern extension of the 
heavily developed, petroleum-rich Western Canada 
Sedimentary Basin. Exploration costs are high in this remote 
area because of the lack of infrastructure, short drilling 
season, and land accessibility issues. Petroleum has been 
encountered in Paleozoic and Mesozoic reservoirs but, in 
general, results have been disappointing, in part due to the 
complicated and poorly understood thermal history of the 
area. This region has experienced multiple phases of burial, 
exhumation, and deformation (further complicated by salt 
mobilization) during the Phanerozoic that resulted in the 
development of multiple and widespread unconformities and 
substantial loss of the stratigraphic record. Recent 
exploration successes (2005 Summit Creek B-44 Devonian 
gas/condensate and 2006 Stewart D-57 Cretaceous gas 
discoveries) and subsequent failures have underscored the 
need to constrain aspects critical to a functioning petroleum 
system such as the timing of petroleum generation relative to 
trap formation. As part of this process, Issler et al. (2005) 
undertook an integrated thermal history study of the East 
MacKay I-77 well located approximately 80 km southeast of 
the Norman Wells oil field (one of Canada’s largest and 
longest producing fields and the only producing pool in the 
area). 

East MacKay I-77 is located in the Keele Tectonic 
Zone (KTZ), a north-trending zone that experienced four 
major phases of subsidence and erosion (> 1 km) throughout 
the Phanerozoic that were amplified with respect to sections 

preserved in the bounding Mackenzie Mountains to the west, 
and the Franklin Mountains to the east (MacLean and Cook, 
1999). The well penetrated 2400 m of Tertiary through Upper 
Cambrian section and crossed two major unconformities 
(Cambrian-Lower Devonian; Upper Devonian-Upper 
Cretaceous), with the uppermost unconformity marked by a 
significant increase in vitrinite reflectance with depth (0.58 to 
0.76%Ro). East MacKay is drilled on a complicated structure 
involving pre-Cretaceous thrusting of the Cambrian through 
Devonian section. Seismic data indicate that the localization 
of these structures may be related to Early Cambrian normal 
faults disrupting Neoproterozoic rocks that underlie the KTZ.  

The high cost of field work, limited number of well 
penetrations, and sample size requirements for apatite fission 
track (AFT) analysis have limited the pace at which regional 
thermal history studies can proceed in this area. Where 
possible, samples are being obtained directly from companies 
currently engaged in field and drilling operations. Drill cores 
are rarely available, requiring reliance on well cuttings 
samples, supplemented by outcrop samples where possible. 
The use of drill cuttings leaves open the possibility of sample 
contamination. The Issler et al. (2005) study used state-of-
the-art knowledge of the AFT system to define two kinetic 
populations of apatite within a Devonian sandstone sample 
(Imperial Formation) from the East MacKay I-77 well on the 
basis of Cl content (see Figure 1a) and achieved a thermal 
history that is consistent with available geological 
constraints. 
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Other kinetic parameters such as rmro and Dpar appeared to 
yield poor results, with substantial overlap of younger and 
older single grain ages with respect to each parameter. Given 
that Carlson et al. (1999) had serious doubts concerning the 
general application of their empirically calibrated rmro 
equation, and that variable factors can influence AFT etching 
characteristics, it appeared that the widely used Cl parameter 
was successful at defining the two kinetic populations. 
However, subsequent analysis of a large suite of probe data 
for AFT core and outcrop samples from western 
Newfoundland, the Beaufort-Mackenzie Basin and the 
Western Canada Sedimentary Basin (unpublished data) 
suggests that the rmro parameter (as defined by Carlson et al., 
1999) is the best and most consistent method for defining 
AFT kinetic populations compared with using only Cl 
content or Dpar. Such kinetic populations commonly show a 
good correspondence to age populations defined using the 
binomial-peak fitting program, Binomfit (Brandon, 2002). 

Given that rmro works so well for apatite with a broad 
range of compositions from different basins (including 
compositions similar to those of the East MacKay sample), 
the alternative interpretation is that the East MacKay sample 
set is severely contaminated (70% AFT age grains from 
Cretaceous sediments). In hindsight, some level of 
contamination is consistent with the sample processing 
history and was expected: initial processing yielded a coarser 
apatite fraction with dominantly Late Cretaceous AFT ages 
(now interpreted to be from Cretaceous cuttings) whereas 
subsequent sample re-crushing produced abundant silt-sized 
grains with Jurassic to late Paleozoic AFT ages (now 
interpreted to be in situ from siltstones and fine-grained 
sandstones from the Devonian Imperial Formation). 
Furthermore, Rock-Eval parameters indicate severe 
contamination of the upper part of the Imperial Formation by 
organic-rich shale of the overlying Cretaceous Slater River 
Formation, with substantially decreased contamination 
toward the base of the unit where the AFT sample was 
collected. Finally, discussions with persons involved with the 
drilling indicate that contamination was more serious than if 
it was just the result of borehole caving. Cretaceous drill 

cuttings were actually recirculated back into the mud system 
due to problems with the mud filters (A. Stirrett, pers. 
comm., 2006) and used to increase mud density, resulting in 
extensive sample contamination over the Imperial Formation 
interval that is not evident in the well history report. In order 
to confirm the degree of sample contamination and attempt to 
ameliorate its consequences, cuttings samples were collected 
for AFT analysis from the overlying Upper Cretaceous Little 
Bear and Slater River formations, and the upper part of the 
Imperial Formation. AFT results for these samples confirm 
the interpretation that Cretaceous apatite grains are 
contaminating the Imperial Formation AFT sample and 
support the interpretation of Figure 1b. In Figure 1b, rmro is 
recalculated in terms of effective Cl content and it is apparent 
that many of the Cretaceous apatite grains have similar 
annealing kinetics to those of the higher Cl Devonian grains 
due to increased amounts of other cations (mainly Fe, Na and 
Mg). 

Figure 2 shows the distribution of AFT grain ages with 
respect to the effective Cl content for the Little Bear 
(approximately 990 m depth) and Slater River 
(approximately 1290 m depth) formations. The Campanian 
(~83 Ma) Little Bear sample shows two AFT populations 
based on Binomfit analysis: a minor population of older 
grains interpreted as detrital (derived from Albian or older 
units) and a younger dominant population interpreted to be of 
volcanic-type (rapidly exhumed or contemporaneous 
volcanism). The Turonian (~90 Ma) Slater River sample 
shows a single AFT population interpreted to be of volcanic-
type that is slightly younger than the Little Bear sample due 
to increased AFT annealing. Both samples are slightly 
younger than their stratigraphic ages and successful models 
that are compatible with thermal maturity and kinetic 
parameter values require initial AFT ages for the volcanic-
type populations to be zero at the time of deposition. 
Comparison of Figure 2 with Figure 1b shows that the 
suspected contaminant Cretaceous apatite grains in the 
Imperial sample are very similar to those in the overlying 
Cretaceous stratigraphic units. 
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As further evidence of contamination, another sample 
collected in the upper part of the Imperial Formation 
(approximately 1615 m depth) yielded 13 out of 14 grains 
with AFT ages and effective Cl values very similar to those 
of the Slater River sample, implying more than 90% 
contamination. Fortunately, the effects of contamination can 
be minimized by removing the lower Cl content Cretaceous 
grains from the analysis and modelling the remaining 
population of high Cl, silt-sized Devonian apatite grains. A 
plot of AFT grain ages versus Dpar for the Imperial 
Formation sample is similar to Figure 1b with both 
Cretaceous and Devonian apatite grains having similar Dpar 
values. Without probe data, a single parameter such as Dpar 
cannot be used to try and remove the effects of contamination 
if different age populations overlap in Dpar space. 
 
The following conclusions can be derived from this study: 
1. It can be misleading to rely on Cl content alone as a 

parameter for characterizing different kinetic 
populations for AFT annealing, even if seems to 
produce good results. Apparently good model results 
may yield incorrect thermal histories because the effect 
of cation substitutions in apatite has been ignored. For 
the case of samples from western and northern 
Canadian sedimentary basins, cation substitutions are 
common and can cause track retentivity to be higher 
than that inferred from Cl content alone and this 
supports the use of the rmro parameter. 

2. With full suite probe data, it may be possible to correct 
for the effects of sample contamination and extract 
useful information from samples where no other 
material is available. Such is the case for the Imperial 
Formation sample where in situ grains have a higher Cl 
content than caved Cretaceous grains. 

3. Cretaceous sediments of the central Mackenzie Valley 
appear to be dominated by volcanic-type apatite that 
does not carry a record of the pre-depositional thermal 
history. Such samples may give improved thermal 
history resolution because they were deposited as a 
uniform age population and any subsequent deviations 
from uniformity during burial heating may be attributed 
to variation in annealing kinetics. 
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Wide-spread tephra distributed by an explosive eruption 
is an important time marker to correlate the geology of 
different regions. Volcanic glass included in tephra shows 
distinctive form, color and refractive index, corresponding to 
type of eruption and magma chemical compositions, useful 
for tephra identification (Machida and Arai, 1992). Glass is 
expected to be an essential material because it is easily 
weathered so that rarely reworked, and has a potential to 
provide the age of eruption. 

The fission track (FT) method has been applied to 
determine ages of volcanic glass (e.g., Westgate, 1989; 
Walter, 1989). However, FT in volcanic glass became 
reduced in size at ambient temperatures. As a result, the 
number of tracks that intersect with the observed surface, 
therefore the calculated FT age is reduced. To avoid the 
underestimation of ages, several correction procedures were 
proposed (Gentner et al., 1969; Westgate, 1989). One of the 
representative methods is the isothermal plateau (ITP) - FT 
method, which needs treatment of radioactive materials and 
time-consuming experiments. 

We propose a new protocol for FT dating, which 
estimates track density per unit volume by stepwise etching 
(Ito and Hasebe, 2006), potentially eliminating the influence 
of track size reduction. To count significant number of tracks 
in glass that contain less 238U compared to apatite or zircon, 
the previous authors had observed many screens (1 screen = 
100µm2, e.g. more than 3,000 screens, Kitada et al., 1994). 
When we estimate the track density per unit volume by the 
step-etch procedure, number of observed screens may 
increase by the factor of 10 or more, making the track 
counting process more time- consuming. 

To overcome this problem, this study develops counting 
strategies by image processing. 
 
Experiments 

The obsidians shards were mounted in epoxy resin, and 
polished with 15µm (polish times is about 5 minutes), 3µm 
(about 10 minutes) and 1µm (about 30 minutes) diamond 
paste. The obsidian mount was etched in 24% HF (hydrogen 
fluoride) at 30oCfor 60s or 120s, repeated stepwisely to 
obtain track density per unit volume. 

To determine the best condition to capture an image for 
the following image proceeding, we considered following 
four elements: (A) magnification of objective lens (x40 or 
x100), (B) brightness (three levels for the magnification 
x100, two for x40 under the fixed microscope condition of 
aperture stop (0.5) and field stop (maximum)), (C) focus (on 
the surface, above the surface or on the internal surface) and 
(D) light source (transmitted light or reflected light (x40 
only)). 

Three image processing procedures with Photoshop 
CSTM (Adobe) were examined to determine the best denoise 
procedure. Firstly FT photos were converted from color 
image into 256 tones gray-scale image. Secondly, brightness 
and a contrast of track photos were adjusted by “auto level 
correction”. Afterwards, three types of process were tried. In 
the procedure 1, without any additional process, the image 
was binarized and was saved as TIFF. In the procedure 2 and 
3, the command to remove a smaller noise was added. First, 
the size of tracks was reduced by three pixels from the outer 

rim. Smaller noises than 3 pixels were deleted by this 
process. Afterwards, survived black spots were expanded by 
three pixels, resulting in the re-shaping of large black spots. 
This reducing–expanding procedure is repeated 2 times for 
procedure 2 and 5 times for procedure 3 and images were 
saved as TIFF. 

After image processing, number of FTs were counted 
by the image processing soft “ImageJ”, a product of National 
Institute of Health (NIH). Two parameters (area and 
circularity) were changed to determine the most suitable 
condition for FTs detection. Based on the observation that 
average area of spontaneous track is 3.27±1.5µm2 on the 
image taken after the etching of 60s, three values of track 
area (3.27±1.5µm2, 6.54±3.1µm2 or 9.81±4.5µm2) were 
tested to detect tracks. The circularity of spontaneous track is 
also measured as 0.86±0.14 (2 sigma). Therefore, three 
values of circularity (0.50-1.00, 0.75-1.00 and 0.85-1.00) 
were tested to identify tracks. 

To detect tracks per unit volume, tracks were observed 
after each stepwise etching (60s, 60s, 60s, 60s 120s and 
120s), and images were captured and processed under the 
condition determined from the above experiments. The bulk-
etching rate was estimated from the diameter of the track. 
 
Results and discussion 
(1) Image-capturing condition 
(A) Magnification of objective lens: The number of tracks 

was overestimated at the magnification of x40 (Table 
1). The given circularity was not appropriate for images 
captured with x40 objective. The track and noise size 
(pixel size) observed at x40 becomes small compared 
with those observed at x100. Therefore the tracks could 
not be distinguished from the noise. Thus, objective 
lens x100 was used in the following experiments. 

(B) Brightness: Because brightness 3 was too strong, tracks 
become invisible by halation. On the other hand, there 
was little difference in brightness 1 and 2 therefore 
applied in the following experiments. (Table 1). 

(C) Focus: The measured number of tracks was different 
from observed number of tracks only when the focus 
shifts from the surface (focused above the surface or 
focused on the internal surface, Table 1). 

(D) Light source: The reflected light source overestimated 
number of tracks (Table 1). However, accurate number 
of tracks was estimated using the transmitted light. The 
many spots were seen on the surface in the photo by 
reflected light. Because those spots were misidentified 
as tracks, the number of tracks using the reflected light 
was overestimated. Thus, the transmitted light was 
better than the reflected light. 

(2) Image processing and track counting condition 
Image processing results showed that there was not 

much difference between image processing procedures. This 
might mean that there were not many small noises. 
Therefore, the procedure 1, which does not need any 
additional process, is good enough in the image processing 
by Photoshop CSTM. 

The detected number of tracks is greatly different 
according to the choice of area values. With the areal 
condition of 3.27±1.5µm2, though there were screens where 
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the measured number of tracks was different from human 
observation, the total number of tracks is comparatively 
accurate. When 0.85-1.00 is given for the circularity, the 
measured number of tracks greatly decreased from 
observation under the area condition of 3.27±1.5µm2. When 
either 0.50-1.00 or 0.75-1.00 is given for the circularity, the 
measured number of tracks is comparatively accurate. 
 
Stepwise etching experiment 

Based on above consideration, track size of 
3.27±1.5µm2 and circularity of 0.50-1.00 or 0.75-1.00 are 
applied to photos taken during the stepwise etching 
experiment. An increase in the number of tracks was hardly 
observed probably because the observed number of screens 
was too few for samples with this low track density 

(1356t/cm2, Kitada et al., 1994). The obtained mean bulk-
etching rate is about 0.35 times of induced tracks (Ito and 
Hasebe, 2006). The difference in bulk etching rate may be 
caused by the radiation damage by neutron irradiation. The 
number of detected tracks at image processing after first 60s 
etching shows little difference in the choice of circularity of 
0.50-1.00 or 0.75-1.00. However, after repeated etching, 
number of detected tracks (included many noises) was 
increased when the circularity 0.50-1.00 was chosen. 
Therefore, circularity 0.75-1.00, that is representative of the 
measured value of 0.86±0.14, should be chosen as circularity. 
Though this track counting is not perfect yet, the result 
indicates that the track could be automatically detected by 
using an existing a personal computer and software. 

 

 
 
Table 1: The total of measured number of tracks using different image-capturing conditions. Frames where measured number of 
tracks were more than observed number of tracks by five or more were painted out with black and frames where measured number of 
tracks were less than observed number of tracks by five or more were painted out with gray. 
 

 
 

Table 2: The number of tracks with different circularity. The value in parentheses is the number of overlapped tracks with the 
previous screen. 
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1. Introduction 

Apatite fission-track modeling is an empirical method 
that makes precise numerical "predictions" referring to an 
otherwise ill-constrained distant geological past. Herein lays 
its usefulness but also its weakness, because it is next to 
impossible to either confirm or disconfirm these predictions. 
The absence of a model of track formation, structure or 
annealing compounds the problem. It would however be a 
dramatic miscalculation to abandon such attempts because 
scientific theories that are neither verifiable nor falsifiable 
must be considered with suspicion. There are however some 
isolated elements that are open to direct or indirect 
verification. One such implicit assumption is that a track 
corresponds to a line segment of fixed etchable length and 
random orientation; this etchable length is the result of the 
T,t-conditions experienced by the track. A somewhat 
different track model is proposed. This "other track" is 
inspired by observations but otherwise ad hoc; no claim is 
made that the model is "right". The aim is instead to see 
whether it is the same, better or worse than the line segment 
model at explaining certain experiments and geological data 
relevant to the "truth" or otherwise of the standard fission-
track paradigm.  
 
2. Track profile 

The definition of the other track is based on the "track 
profile" that represents the variation of the etch rate vt along 
the track (Figure 1a). This makes it possible to distinguish 

two annealing processes according to their dominant effect 
on the track profile. "Hot" annealing is a tip-driven process 
reducing the etchable length of the track, without major effect 
on vt along the remaining etchable section (Figure 1b). "Cold" 
annealing is a distributed process, reducing vt along the entire 
track without affecting its overall etchable length, given un-
limited te (Figure 1c). For a track to be etched over a length lt 
from a given starting point, it is required that there exists a 
defect excess along this length and that the defect structure is 
"continuous" over lt. It is therefore possible to conceive of cold 
annealing as an overall reduction of the defect density along the 
track, and of "hot" annealing as a constriction of the track at its 
extremities. Hot and cold annealing are hereafter nevertheless 
distinguished on the basis of their effects on the vt-profile 
alone. 

Short duration, high-temperature lab-annealing is 
considered to be dominated by hot annealing; geological 
annealing of fossil tracks is assumed to involve a variable 
extent of hot and cold annealing depending on the temperature. 
The etched length of induced tracks partially annealed under 
lab conditions is: lt(te) = lh (Figure 1e); the etched length of 
fossil tracks annealed in the geological environment is: lt(te) 
< lh (Figure 1f). Thus fossil tracks are in general underetched 
relative to induced tracks etched for the same time te. 

 

 
 

Figure 1:  (a) track (vt) profile; (b) result of hot annealing; (c) result of cold annealing; (d) geological annealing; (e) etched length (lt 
= lh) of a partially annealed induced track; (f) etched length (lt < lh) of a partially annealed fossil track. 
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3. Observations 
3.1. Step-etch experiments on fossil and induced tracks in 
Durango apatite (Jonckheere et al., 2007) show that the mean 
length of the fossil confined tracks increases with etching time 
te, while that of the induced confined tracks remains almost 
constant, within the same etch-time window. This is direct 
evidence of a vt-effect (Figure 2). 

3.2. The mean of >250 mean confined track lengths in recent 
studies (12.8 µm) is closer to the shortest possible mean track 
length (~10 µm) than to that of induced tracks (>16 µm). This 
is difficult to achieve with a simple transit through the partial 
annealing zone but requires prolonged residence. It is 
improbable that transits through the partial annealing zone are 
so much less common than partial annealing zone surfing 
(Figure 3). 

 

  
Figure 2: Length increase of fossil and induced confined tracks 
in apatite as a function of etching time (4N HNO3). 

Figure 3: Spectrum and cumulative distribution of >250 mean 
confined track lengths published in recent geological studies. 

  

Figure 4: Non-length-corrected fission-track ages (φ-ages) and 
U/Th-He ages of the Durango and Fish Canyon tuff standards, 
compared with their reference ages (KU: Kansas University 
data). 

Figure 5: The mean-confined-track-length reduction of fossil and 
induced tracks in the course of 1h isochronal annealing 
experiments on Durango apatite. 

 
3.3. The apatite standards are from sub-volcanic rocks; with 
little difference in terms of chemical composition or of the 
maximum temperatures. They nevertheless have different mean 
confined track lengths that are almost all shorter than predicted 
by non-curvilinear models and that correlate with their 
independent ages. 

Some extent of cold annealing resulting in a lowering of vt and 
underetching of the fossil tracks could cause their etched 
lengths at standard etching conditions to be shorter than 
expected for hot annealing. Perhaps the better performance of 
curvilinear models lies in the fact that they connect hot and 
cold annealing. 
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3.4. The independent fission track ages (φ-ages) of age 
standards and of volcano-type apatites agree with their known 
or reference ages on condition that no correction for their 
reduced mean track length is applied. This fact (Enkelmann et 
al., 2005) received further confirmation from recent apatite 
U/Th-He dating (Figure 4). 
 
For suitable track profiles, it is possible that a lowering of vt 
due to cold annealing decreases the apparent etchable lengths 
of surface-intersecting fossil tracks without equivalent 
reduction of their number per unit area ρ, thus allowing 
deviations from the 1:1-relationship between lt and ρ. This 
does not account for the underestimation of the mean etched 
confined track length, which is ascribed to a lag time before the 
onset of etching.  
 
3.5. Equivalent time: hot and cold annealing can lead to the 
same etched length lt; assuming that the further behavior is 
determined by either, or both, lh or vt, is not to be expected that 
this behavior is the same for hot and cold annealed tracks 
reduced to the same apparent length lt. This exception to the 
principle of equivalent time is confirmed by experiment 
(Figure 5). The above precludes that the principle of equivalent 
time is valid across the divide between hot and cold annealing 
but not that it could be valid within each domain. 
 
3.6. The mean confined track lengths for the upper section of 
the Kontinentale Tiefbohrung obtained with different etching 
conditions are all shorter than predicted; each set is offset 

relative to the others but none shows variation with depth. In 
the context of the model, the fact that all tracks lengths are too 
short and dependent on the etching conditions suggests that 
they result from cold annealing, i.e. are underetched due to the 
lowering of vt. The extent of hot annealing cannot be 
determined but it is conceivable that it is close to zero. 
 
3.7. The measured mean track lengths for the lower section of 
the Kontinentale Tiefbohrung tend to be longer than predicted 
but no dependence on the etching conditions is discernable. 
The fission-track ages in this section exhibit a clear deviation 
from the predicted trend that begins at the point where the 
apparent ages begin to show an accelerated decrease due to 
increased (>1:1) bias, associated with anisotropic annealing 
and the formation of unetchable gaps. Extending the 
assumption that the annealing process proceeds in a different 
manner depending on the imposed rate of change allows to also 
distinguish hot annealing in lab experiments from hot 
annealing in the lower partial annealing zone. Assuming that 
the latter more gradual process is not accompanied to the same 
extent by anisotropic or segmentation effects could to some 
extent explain the longer than predicted confined track lengths 
and higher than predicted fission-track ages. 
 

These observations and the results of new experiments to 
confirm or disconfirm the model will be presented at the 
conference. The implications for current applications and new 
research avenues will be discussed. 
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We are currently developing an innovative laser system 
and UHV-purification line, named HELIOS, with the aim to 
increase the analytical accuracy of the (U-Th-Sm)/He dating 
technique. The Helios system is designed to allow the 
extraction and analysis of helium from single grains by laser 
induced step-heating. The first prototype has been 
constructed and successfully tested on apatites and zircons. 
Currently, the largest uncertainty in any (U-Th-Sm)/He 
dating comes from the unknown distribution of helium in the 
host mineral. Recent developments on this dating technique 
show that the determination of the 3He/4He ratio from 
samples with proton-induced 3He provides a tool to detect 
and quantify the existence of zonation (Shuster and Farley, 
2004). This requires the step-heating/degassing of one single 
mineral grain, and the analysis of the small amounts of 
helium released for each step. Laser induced heating is the 
most widely used system for the extraction of gasses from 
minerals today, since it allows the fast and localized heating 
of a target sample. Yet, this system provides little control on 
the temperature at which the sample is being 
heated/degassed. Moreover, the small size, and the bad 
coupling with the laser beam, of some mineral grains make 
necessary to wrap them up in a thin metal foil. The 
uniqueness of the Helios laser system is that a mineral grain 
is placed inside a minuscule capsule (grains can be easily 
inserted and retreated using a pipette). The capsule is then 
step-heated at increasing temperatures under UHV 
conditions, and the helium released analyzed. The 
temperature of the capsule is controlled by calibrating the 
laser output power with readings from a type-C thermocouple 
and infrared diode. The step-analysis of the 4He and 3He/4He 
ratio using the Helios system, together with modeling 
programs available today (e.g., Bikker et al., 2002; Ketcham, 
2005), will allow a significant reduction of the current He-
age uncertainty and improvement in the reconstruction of 
rock cooling paths. Moreover, degassing of grains without 
the use of metal packages will improve blank levels of U-Th-
Sm analysis. Leaching of trace elements from metal packages 
can take place during the dissolution of the mineral grain. 
Our Helios laser system will be attached to a new and very 
compact UHV-purification line currently under construction. 
The completion of the Helios line will allow us to test and 
perform accurate (U-Th-Sm)/He dating of zoned mineral, 
mineral grains with a very young Helium-age (<1Myr) and/or 
with very low He-U-Th-Sm contents. 

The Helios laser system consists of (Fig. 1): A) one 
Nd:YAG laser (Delta electronika DC power supply 
75V/60A, water-cooled, 200W maximum power and 1064µm 
wavelength); B) two 3-mm diaphragms placed on each side 
of the laser lasing medium (garnet crystal); C) two mirrors 

(c1 (output coupler) & c2 (high reflector)); D) one 
electrically controlled emergency beam shutter; E) one focus 
lens; F) one high reflector mirror mounted in a adjustable 
holder; G) one stainless steel laser pan (Ø 113.5 mm x 61.6 
mm height) with two CF sapphire port windows (Ø 16 mm) 
(top (g1) and bottom (g2)). The laser pan can be removed for 
reloading and accurately repositioned by means of three 
static-legs (g3). Inside the laser pan several molybdenum 
capsules (Ø 4mm x 9mm long) (g4) can be inserted hanging 
from a horizontal stainless steel plate (g5). Each capsule is 
thermally isolated from the plate and surroundings by a 
triple-layered concentric radiation shield (Fig. 2a-d). All 
radiation shields are open at the bottom (Ø 4 mm opening). 
Two lids thermally shield the capsule from the top, yet they 
have an Ø 1mm centered opening. H) one type-C (W-Re) 
thermocouple (operating UHV-temperature range 0° to 
2320°C) (h1); I) Two infrared diodes with a double 
mirror/filter system positioned above the top port window 
(i1: λ detection range ~950nm) and behind the laser beam (i2: 
λ detection range ~1064nm)); J) Web cam (Fig.1). The laser 
pan is attached to the UHV-line/Hal#51 quadrupole mass 
spectrometer via a flexi-tube (h2). The laser system is inside 
a light-sealed aluminum box equipped with various safety-
interlocks. Helios is being designed and manufactured in 
house at the Faculty of Earth and Life Science at the Vrije 
University Amsterdam. The Helios laser system and UHV-
line is being automated by custom software using LabVIEW. 

Our Nd:YAG laser produces a continuous Ø 2mm laser 
beam. The horizontal laser beam is vertically deflected, by a 
highly reflector mirror, through the lower port window 
(Fig.1F), reaching the unshielded bottom of the central 
capsule. A type-C thermocouple can be inserted through the 
top lid opening (Fig.2e) into any chosen capsule (Fig.1-g4). 
This allows the continuous measurement of temperature for 
different laser power outputs. Temperature readings can be 
compared with readings from the infrared diode placed on the 
top port window (i1) (reading infrared spectra from the 
capsule) and the infrared diode placed behind the high 
reflector (i2) (reading laser performance) (Fig.1). With laser 
powers of 5, 12, 20, 28 & 36 watts the temperature of the 
capsule is raised to a steady state value of 696±34ºC, 
950±31ºC, 1109±41ºC, 1207±41ºC and 1307±43ºC, 
respectively, in less than 90 seconds (Fig. 3). First radiation 
shield test results show they can efficiently retain the heat 
within the capsule being heated and prevent adjacent 
capsules from reaching temperatures higher than 70°C for 
periods of time between 10 to 20 minutes. 

 
For further details related to the Helios project see: 
http://www.geo.vu.nl/~noblegaslab 

 
 
 
 



 
In Garver, J.I., and Montario, M.J. (eds.), Proceedings from the 11th International Conference on thermochronometry, Anchorage 
Alaska, Sept. 2008. 
 139 

OBSERVATIONS ON THE REPRODUCIBILITY OF FISSION-TRACK LENGTH DATA 
AND ITS EFFECTS, AND RUMINATIONS ON A CALIBRATION 

 
Ketcham, R.A.1, Donelick, R.A.2, Balestrieri, M-L.3 & Zattin, M.4 
 
1 Jackson School of Geosciences, University of Texas at Austin, Austin, TX 78712-0254, USA. ketcham@mail.utexas.edu  
2Apatite to Zircon, Inc., Viola, ID, USA 
3CNR, Istituto di Geoscienze e Georisorse, Via Moruzzi 1, 56124 Pisa, Italy 
4Dipartimento di Scienze della Terra e Geologico-Ambientali, University of Bologna, Via Zamboni 67, 40127, Bologna, Italy 
 
 
Introduction 

The ability to derive detailed thermal history 
information from apatite fission-track length data is one of 
the unique strengths of the method.  Despite this, remarkably 
little attention has been paid to whether and how track length 
measurements should be standardized.  An inter-laboratory 
experiment by Miller et al. (1993) demonstrated that 
variability among analysts significantly exceeded statistical 
expectation, even with samples having relatively low 
amounts of annealing.  The problem was studied in detail by 
Barbarand et al. (2003), with the finding that variation within 
a single lab group, and even for a single analyst over time, 
was significantly greater than predicted from standard 
statistics.  Moreover, reproducibility fell as extent of 
annealing increased, with the implication that the more 
“interesting” and potentially information-rich a track length 
distribution is, the less reliable the measurements become. 

Barbarand et al. (2003) reported that many of the 
divergences they documented correlated with track angle, 
and as a result suggested that measuring and utilizing track 
angle may be an effective means of reducing variation.  This 
idea was put to the test by Ketcham et al. (2007), who found 
that projecting track lengths to a c-axis parallel orientation 
indeed increased reproducibility in a number of 
circumstances, including for one analyst over time, between 
analysts measuring the same mount, for measurements on 
mounts prepared with and without Cf irradiation, and 
between laboratory groups utilizing different etch methods 
(i.e. Carlson et al. 1999).  However, this was essentially a 
single experiment, albeit with a vast number of 
measurements, spanning only two lab groups, and the 
improvements were in some cases only partial.  It remains to 
be seen whether the salutary effects of c-axis projection 
persist if applied more widely, and which aspects of variation 
remain insensitive to its application and thus need further 
remedy. 
 
The Pisa length measurement experiment 

In an effort to further study the extent of variability 
among analysts and the utility of c-axis projection in 
addressing it, an “experiment of opportunity” was undertaken 
at the 2007 IGCP workshop on fission-track 
thermochronology in Pisa.  Eleven participants volunteered 
for an experiment in which they measured approximately 50 
track lengths on one or both of two grain mounts provided 
and previously measured by RAD, one with unannealed 
induced tracks and one with spontaneous tracks showing a 
very broad length distribution.  Independent evidence 
indicates that the latter sample underwent a reheating episode 
that resulted in partial annealing.  In addition, participants 

were asked to measure etch figure dimensions (Dpar and 
Dper).  It was hoped that this experiment would allow 
variation to be studied without complications induced by 
changes in etch method, measurement equipment, and sample 
inhomogeneity.   

We stress that some circumstances of the experiment 
were far from ideal.  While volunteers were measuring tracks 
they were missing workshop presentations, which was for 
many a distraction and may have induced some to rush.  The 
microscopes were set up on tables that were not entirely 
sturdy, and were prone to jostling.  Some participants were 
unfamiliar with the microscopes and/or measurement 
software (FT STAge), and yet were asked to almost 
immediately produce data.  There was insufficient time to do 
a full calibration of the measurement systems for their new 
environs, which as discussed below may have led to some 
systematic discrepancies.  The number of tracks to measure 
was kept low to maximize the number of people who could 
participate over the course of the two-day workshop.  
Nevertheless, the results were interesting, and showed 
evidence of systematic variation among analysts that can 
probably not be attributed to these mostly transitory factors. 

Each grain mount was set up on its own microscope and 
stage system, and all measurements of each mount were 
made on their respective instrumentation.  RAD had 
previously measured respectively 200 and 210 track lengths 
for the spontaneous and induced mounts.  The induced mount 
was also measured by Paul O’Sullivan at AtoZ, with similar 
results (16.37±0.06 µm mean length for RAD, 16.30±0.06 
µm for POS). 
 
Measurement results 

Mean lengths and standard errors for each mount are 
shown in Figure 1.  The degree of variation among results on 
the induced mount is unexpected, and suggests systematic 
differences in how the analysts measured tracks.  However, it 
is not immediately clear what these differences are.  After the 
meeting, questionnaires were sent to all volunteers requesting 
information on their level of experience in measuring tracks 
and utilizing the particular instrumentation employed for this 
experiment, and specifics about their technique for measuring 
in terms of how they place the drawing tube LED over the 
track end.  Three different techniques were cited, but there 
was no correlation between method and mean length; the 
highest and lowest values were measured using the same 
technique (placing the LED squarely over the end of each 
track), and the techniques that were in the minority plot in the 
middle of the pack.  Similarly, there was no obvious angular 
effect: divergences tend to persist over all track angles. 
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Figure 1: Mean track lengths from measurements of spontaneous and induced mount by participants at the IGC workshop 
in Pisa.  Rightmost analyst (number 13) is RAD using different equipment. Track lengths in microns. 

 
The right-most point on each graph in Figure 1 shows 

the RAD measurement results.  On the induced mount the 
difference between the RAD measurement and the mean of 
the Pisa participants is ~1.25 µm.  The RAD value is close to 
expectation for an induced mount with its etch figure size, 
and so it is more likely that there is the systematic problem 
with the Pisa value.  We believe this to have been caused by 
a temporary calibration problem with the microscope 
systems. 

Measurements on the spontaneous sample showed even 
more variation, but such would be expected due to the range 
of track lengths present and the limited number of 
measurements.  Still, the >3 µm range of mean values might 
be cause for concern, as it could lead to very different 
interpretations and modeling results.  Unprocessed track 
length distributions for this sample show a variety of forms, 
from weakly negatively skewed to strongly skewed to 
bimodal.  However, all c-axis projected length distributions 
are distinctly bimodal, as would be expected given the 
geological history of a single reheating episode, though the 
positions and relative magnitudes of the two modes vary. 

Results for etch figures showed even greater percent 
variation, which is probably diagnostic of relatively few 
people having experience measuring them.  We thus decided 
not to analyze these data, although as mentioned below we 
encourage analysts to calibrate for and utilize this parameter. 
  
Effects on inverse modeling 

Two scenarios were posed for inverse modeling: a 
cooling-only history and a reheating history that conforms to 
expectations for the actual history of the sample.  The two 
scenarios were chosen in part to test different aspects of 
inversion and in part to demonstrate the non-uniqueness of 
thermal histories from apatite fission-track data, and by 
extension the importance of posing geologically sensible 
fitting criteria.  The cooling-only histories tested the 
reproducibility of the timing and general form of the cooling 
event, while the reheating history tested the precision and 
reproducibility of estimates of the peak reheating 
temperature.  For both scenarios, age data measured by RAD 
were used in combination with each analyst’s length data.  
Our preliminary expectation was that in each case the 
“correct” answer would be close to the model obtained using 
data measured by RAD, if only because those data had 210 
tracks and was thus far less prone to excursions from uneven 
sampling of the underlying true length distribution. 
Constant-Lo results 

The first iteration of modeling used the commonly 
employed initial track length (L0) of 16.30 µm, the mean of 
all values for Durango apatite reported by Green et al. 

(1986).  For this iteration, the cooling histories showed a 
wide range of behaviors, from continuous to very rapid 
followed by an interval at near-surface temperatures.  The 
timing of the onset of rapid cooling varied considerably as 
well, from 60-70 Ma for some analysts to 30-40 Ma for 
others.  C-axis projection altered some inversions to a limited 
extent but had no discernable effect on improving 
congruence among solutions.  The model for the RAD data 
also differed from all of the others in that it required lower 
present-day temperatures (0-10°C, as opposed to ~20°C) to 
achieve good fits, although this is reasonable given the actual 
sample elevation. 

The reheating models likewise showed a significant 
amount of variation in peak reheating temperatures and 
rapidity of subsequent cooling.  Mean peak reheating 
temperatures for time-temperature paths with statistically 
good fits scattered across a broad range from 85 to 127°C 
when non-projected lengths were used.  C-axis projection 
tamed the data somewhat, organizing results into two groups, 
eight individuals with mean reheating temperatures from 105 
to 118°C, and two in the 85-90°C range. 
Customized-Lo results 

The next step of modeling examined the effect of initial 
track length.  To compensate for both the variability and the 
systematic low values of the Pisa data, we used their 
respective induced-mount measurements as an ad hoc 
calibration, setting L0 to this value plus a factor to account for 
the larger etch figures of the spontaneous sample.  One data 
set had to be dropped because the volunteer had not 
measured the induced mount. 

The L0 adjustment significantly improved the 
congruence of the cooling-only models. Almost all results 
showed a quick initial cooling path followed by a quiescent 
period afterwards.  The timing at which cooling began still 
showed some excess variation in the non-projected length 
models.  However, in this case c-axis projection noticeably 
improved both the timing of the cooling initiation and the 
overall congruence of the inversion results.  One exception 
was analyst 2, for whom no good-fit models could be found 
in either attempt.  This analyst measured the fewest tracks in 
the highly-annealed population.  Differential sampling of 
high- and low-annealing populations also led to one 
persistent difference among the analysts, which was the 
amount of time spent high in the partial-annealing zone, as 
this was the time interval responsible for creating the highly 
annealed tracks. 

In the inversions incorporating reheating, the L0 
adjustment also reduced variation, though it must be admitted 
that this was partially due to the failure of the inversion to 
find any good-fitting paths for analyst 2.  In addition, when 
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non-projected lengths were used no good fits could be found 
for analyst 6, who measured the second-fewest highly-
annealed tracks.  Analysts 2 and 6 also comprised the low-
reheating-temperature subset of analysts in the first modeling 
round.  When c-axis projection was employed, however, not 
only did the majority of analysts fall into a tighter range 
(109-119°C , within 10°C of each other, as opposed to 13° 
previously), but analyst 6 rose from 85°C in the first round of 
modeling to 127°C in the second, above the norm but 
significantly closer to it. 

Finally, to test the effect of the relatively low number of 
track lengths, we ran a set of 20 inversions using 50 track 
lengths randomly selected from the 210 measured by RAD 
for the spontaneous sample.  The cooling-only inversions 
generally mimic the variability observed for the renormalized 
Pisa inversions, indicating that the small number of tracks 
was a significant factor limiting reproducibility for this type 
of history.  The inversions with reheating showed somewhat 
less variability than the Pisa results when non-projected track 
lengths were used, but when projected track were used a 
10°C range of peak reheating temperatures was once again 
observed.  Another interesting result was that c-axis 
projection uniformly reduced the uncertainty of the peak 
reheating temperature.  This reduction was observed for only 
slightly over half of the Pisa volunteers (5 of 9 in the first 
round of models, 4 of 7 in the second), though in all cases in 
which the standard deviation increased the mean improved 
substantially in terms of overall congruence among the 
volunteers. 
 
Discussion and Conclusions 

The results shown here strongly indicate that a length 
calibration scheme is desirable, and help to assess the 
essential features that should be incorporated into it.   Up to 
three types of variability can be discerned.  First, there was 
significant variation in L0 indicated by measurements on the 
unannealed induced mount.  Second, there was variability in 
sampling between highly-annealed and lightly-annealed 
populations, which probably exceeded the amount expected 
even given the small number of tracks measured.  Third, 
there is a possibility of variability in the “ellipse breakdown” 
phase of c-axis projection used to characterize the final stages 
of annealing.  

The high degree of variability in initial track length 
measurements may come as a surprise, as the repeatability of 
such a measurement seems to be largely taken for granted by 
the fission-track community, judging by the relatively small 
number of workers who have actually measured an induced-
track mount.  Furthermore, measurements of Durango apatite 
(spontaneous or induced) may be contaminated if the analyst 
“knows” what the “correct” answer is, and if the 
measurement software provides a running tally that may 
provide a temptation, subtle or overt, to adjust one’s 
measurements on the fly.  This study suggests that a blind L0 
calibration should be performed by any analyst wanting to 
interrogate their data using inversion.  Furthermore, insofar 
as L0 is known to vary as a function of etch figure length, a 
more robust calibration utilizing multiple apatites and Dpar 
measurements would be preferable. 

Variability in sampling between short and long track 
populations is a more challenging problem to calibrate for.  
There is an assumption embedded in the fission-track 
vernacular that this variability is caused by “length biasing,” 
and can be remedied mathematically.  These data and 
previous work (Ketcham, 2003) indicate that this is not so.  
The general falloff in observability with increasing annealing 
is a complex function of angular anisotropy and the full 
annealing of high-angle tracks while low-angle tracks persist.  
In the particular, however, lies the ability of an analyst using 
certain equipment and certain etching to find and identify 
various types of tracks (long, short, high-angle, low-angle), 
and probably more importantly the analyst’s judgment in 
deciding what constitutes a measurable track.  That this 
varies is unquestionable; that this variation has an effect on 
inversion is now demonstrated. 

Although it has been shown that different analysts using 
the same etching procedure may be better characterized by 
subtly different c-axis projection parameters (Ketcham et al., 
2007), it is not clear how important such refinement is in 
practice.  This aspect of variation may explain the limited 
success of c-axis projection in reducing the uncertainty in the 
peak reheating temperature in the inversions with reheating, 
especially insofar as projection is a noise-reducing operation.   
However, because c-axis projection also improved the 
uniformity of the estimated mean reheating temperature 
among all analysts, it is possible that adjusting the mean in 
effect took precedence over noise reduction in these cases.  
We thus do not advocate refining the projection model as the 
most fruitful direction for improvement at this time. 

In sum, although the Pisa experiment revealed in some 
cases alarming discrepancies among analysts, our study 
shows that accounting for initial length (through calibration) 
and angle (through c-axis projection) leads to increasingly 
congruent inversion results in diverse scenarios.  This is very 
encouraging.  At the same time, these results also 
demonstrate that analyst variation in observing long- and 
short-length populations is more severe than we had 
(optimistically) hoped, and that the reliability of inverse 
modeling would be improved if this variability can be 
characterized and calibrated for. 
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Reconstructed thermal histories based on patterns of 
relatively young apatite fission track (AFT) ages (mostly 
<450 Ma) suggest that many cratons have undergone discrete 
episodes of regional-scale Phanerozoic cooling from 
modestly elevated palaeotemperatures (in some places 
>110°C) (Brown et al. 1994; Harman et al. 1998). This 
cooling has commonly been attributed to transient or episodic 
burial and denudation of extensive, relatively thin, though in 
places up to km-scale, low conductivity platform sediments, 
rather than to the erosion of large sections of crystalline 
shield (eg Cederbom et al. 2000, Kohn et al. 2002, 2005, 
Belton et al. 2004, Murrell & Andriessen, 2004, Danisík et 
al. 2008). 

The advent of modern apatite (U-Th-Sm)/He (AHe) 
thermochronometry has extended the sensitivity of low 
temperature thermochronometers to significantly lower 
temperatures than those accessible to the AFT system. Ideally 
therefore, in cratonic environments, information provided by 
the AHe system should be strongly complementary to AFT 
data, potentially constraining very low magnitudes of heating 
and cooling, thereby contributing further to resolving the low 
temperature history of cratonic lithosphere (eg Lorencak et 
al. 2004, Söderlund et al. 2005, Flowers et al. 2006).  

A significant problem has emerged however, in that the 
predicted sequence of AFT>AHe age, based on their relative 
decay product retention properties, is frequently reversed in 
old, slowly-cooled cratonic terranes. Speculation initially 
centred on the possibility that this might reveal a cross-over 
of the closure temperatures of the two systems at very low 
cooling rates, but it has become apparent that many of the 
results may be due to problems with one or other of the two 
dating systems (eg Hendriks & Redfield 2005, Green et al. 
2006, Hansen & Reiners 2006, Kohn et al. 2008). Many AHe 
analyses reported from cratonic areas give erratic and 
unreproducible results, frequently older than the 
corresponding consistent and reproducible AFT data. Several 
different reasons for the anomalous AHe ages are now 
apparent (see Farley, 2002 and Fitzgerald et al. 2006). 
Further, Shuster et al. (2006) reported that accumulating 
radiation damage progressively increases the 4He retentivity 
of apatites (the trapping model), thereby increasing the 
effective closure temperature and apparent ages obtained in 
slowly cooled rocks. This phenomenon should result in a 
range of apparent ages correlating with both 4He 
concentration and effective U concentration [eU] expressed 
as U ppm + 0.235 Th ppm (see also Flowers et al. 2007) and 
an increasing disparity with their coexisting AFT ages. The 
finding of enhanced 4He retention is also consistent with the 
empirical observations of Green et al. (2006). 

Others have expressed a different view, regarding the 
AFT ages as “too young”, and preferring to accept at face 
value, apparently “too old” coexisting AHe ages that 
replicate well (Hendricks and Redfield, 2005, Söderlund et 
al. 2005). Hendricks and Redfield suggested that an inverse 
correlation between AFT age, or mean track length, and 
uranium content in the eastern Fennoscandian Shield 
indicates �-radiation-enhanced annealing (REA) of fission 
tracks at low temperatures. The effect of this postulated REA, 
as a previously unaccounted factor in addition to temperature 

sensitivity, implies that modelled AFT data in cratonic 
settings (and U and Th-rich apatites in general) using 
conventional thermal annealing models only, may lead to an 
overestimation of palaeotemperatures. Hendriks and Redfield 
suggested that where there is a clear departure from the 
predicted AFT>AHe age relationship accompanied by 
reproducible AHe ages, then it is those ages rather than the 
AFT data that provide information on the true cratonic 
cooling history, i.e. the AFT system fails “to properly record 
long-term stability”. On the basis of this conclusion and other 
geological evidence Hendricks and Redfield (2005, 2006) 
discarded the notion of burial of the Fennoscandian Shield 
under a regionally extensive, deep Caledonian foreland basin, 
as previously proposed by several workers (e.g. Larson & 
Tullborg. 1998, Cederbom et al. 2000, Murrell & Andriessen 
2004). The papers by Hendriks and Redfield and Söderlund 
et al. have caused considerable controversy and debate (e.g. 
Green & Duddy, 2006, Larson et al. 2006). An evaluation of 
REA is therefore of utmost importance for fission track 
interpretation because it questions one of the fundamental 
premises on which AFT thermochronology is based. 

New AHe results from the eastern domain of the 
Fennoscandian shield in southern Finland, from some of the 
same aliquots previously studied by Hendriks and Redfield 
(2005), as well as additional samples, show variable 
dispersion of single-grain ages and appear to be biased by 
different factors operating within grains, which tend to give a 
greater weighting towards older age outliers. AHe ages from 
mafic rocks show the least dispersion and tend to be 
consistently lower than their coexisting AFT ages. In general, 
it is at the younger end of the single-grain variation range 
from such lithologies where meaningful AHe ages can be 
found. AHe data from multi-grain aliquots are therefore of 
limited value for evaluating thermal histories in the southern 
Finland shield, and need to be treated with caution when used 
as a yardstick for comparison with coexisting AFT data in 
support of arguments for REA. 

New, large datasets from the classic Western Australia 
[Yilgarn and Pilbara] and southern Canada [Trans Hudson-
Superior]) shields, using the same criteria for sample 
selection as Hendriks & Redfield (2005), show the 
relationship between AFT age, single grain age or mean track 
length as a function of U content (determined by the external 
detector method). These do not display the moderately strong 
inverse correlations previously reported from southern 
Finland in support of REA. Rather, the trends are inconsistent 
and generally exhibit weak positive or negative correlations. 
This is also the case for plots from both shields, as well as 
those from southern Finland, where AFT parameters are 
plotted against effective U concentration [eU] (based on U 
and Th content determined by ICP-MS) which weights decay 
of the parent isotopes more accurately in terms of their α 
productivity. 

AFT ages in the eastern Fennoscandia shield, are 
typically >450 Ma and generally exceed ages found on most 
other cratons. The oldest ages, >1 Ga (some of the oldest 
reported from anywhere), are found in gabbros which also 
show the highest Cl content of all samples studied. We 
suggest, that it is Cl content rather than REA that has 
influenced the annealing history of these apatites in a region 
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where samples have experienced an exceptionally lengthy 
residence in the partial annealing zone. 
In the eastern Fennoscandia shield and elsewhere in cratonic 
environments, the study of apatite from low U and Th rocks, 
with relatively low levels of α-radiation damage, currently 
provides the most practical approach for producing reliable 
results for both AFT and AHe thermochronometry. 

Although we find no strong evidence for systematic 
REA in the cratons investigated, our data do not conclusively 
preclude such an effect, particularly in cratonic environments 
with long, slow cooling histories or in high U and Th-bearing 
apatites from different geological environments. 
Accordingly, we also report detailed AFT determinations of 
single grains from crystalline samples in the northeastern 
Brazil and eastern Fennoscandia shields as determined by 
ICP-MS. These include apatites with a wide range of intra-
crystal U, Th and Sm content and also samples with 
contrasting bulk chemical and apatite composition located 
within close geographical proximity and sharing a common 
thermal history. In grains with high spontaneous fission track 
densities it is possible to employ automated fission track 
counting in combination with metallic coating of mounts 
(Gleadow et al. 2008), to acquire accurate data from track 
densities appreciably higher than possible by a human 
operator, thereby significantly extending the range of U 
content from which AFT data can be acquired.  
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A recurring problem often encountered in apatite (U-Th-
Sm)/He (AHe) thermochronometry is poor intra-sample 
replication resulting in wide AHe age dispersion. This issue 
appears to be more prevalent in older, more slowly-cooled 
samples and several possible explanations have been 
proposed (e.g. Farley, 2002, Fitzgerald et al. 2006, Green et 
al. 2006, Shuster et al. 2006). One such complication arises 
from the energetic emission of α-particles from decay of U, 
Th and Sm, which may be ejected from the crystal/s being 
dated or injected into them from decay in closely juxtaposed 
grains. For suitable mineral phases the ejection loss is 
commonly corrected for by using a well-established protocol 
(eg Farley, 2002). An alternative method is to remove the 
outermost portions of crystal grain surfaces (in the case of 
apatite ~20-30 µm) to eliminate the effects of ejection and 
also implantation. Recently this approach has been utilized 
using a mechanical air abrasion procedure originally 
developed by Krogh (1982) (for U-Pb zircon dating) and 
applied successfully to He dating of quickly cooled Late 
Tertiary to Quaternary volcanic samples (Min et al, 2006, 
Blackburn et al. 2007). In crystals from such samples, this 
success can be attributed to the fact that α-ejection effects are 
developed on a far shorter length-scale than diffusion 
gradients. Where grains have cooled more slowly however, 
and a strong diffusion gradient has developed such an 
approach will lead to ‘too old’ ages (Farley, 2002). Apart 
from volcanic rocks no abrasion results have been reported 
from other geological settings that would allow for further 
evaluation of whether removal of the outer portion of grains 
also removes information relevant to interpretation of the 
thermal history.  

We report the results of abrasion experiments carried out 
on relatively rapidly cooled rocks from crystalline rocks in 
Tertiary extensional tectonic settings in the North American 
Cordilleran Orogen and the Gulf of California Extensional 
Province where conventional AHe analyses show varying 
degrees of dispersion and ages, often substantially greater 
than their co-existing apatite fission track (AFT) ages and 
independent age constraints on their time of cooling. All 
grains were abraded in silicon carbide grit (300-425 µm) in a 
Krogh-type cell for 3-5 hours, removing at least 30 µm of 
grain surface. Abrasion was stopped periodically and grain 
sizes and shapes were monitored using digital image capture. 
In all cases abraded grains were only analysed after ensuring 
that all crystal dimensions had been reduced and that once 
euhedral forms were nearly spherical in shape. In most cases 
abraded AHe grains reduced dispersion markedly and ages 
clustered tightly within the predicted range. We also tested 
the age of mid Tertiary volcaniclastic rocks taken from seven 
different stratigraphic levels in a deep sea core from the 
Bermuda Rise where AFT ages are concordant with 
depositional constraints (Spiegel et al. 2006), but corrected 
AHe ages are generally older. The raw AHe ages and those 
from abraded grains were concordant with coexisting AFT 
ages and consistent with their age of deposition.  

In all samples studied α-correction of AHe ages 
introduces a discrepancy between AHe and AFT ages. We 
consider that in many, but not all cases, the apparent 
overcorrection can be explained by the effects of α-
implantation due to residence of apatites in a "bad 
neighbourhood". In some of the samples from extensional 

tectonic settings this can be seen by increased proximity of 
apatite to high actinide-bearing minerals, whereas in the 
Bermuda Rise samples this is attributed to the implantation of 
4He from surrounding grains (pyroxene, volcanic glass; U-
content up to 75 ppm) into apatite (average U-content = 1.6 
ppm).  

The potential for implantation of α-particles into grains, 
from primary or secondary actinide minerals, has received 
only limited attention. Evidence for significant natural α-
fluxes in the near-surface environment is provided by surface 
feature and He abundance studies on diamond. Intense α-
damage induces a green color center in diamond, enabling 
visual assessment of natural α-implantation doses. Diamonds 
with transparent green coats and/or green spots occur in most 
primary and detrital diamond deposits worldwide, indicating 
that α-implantation rates into upper crustal minerals may be 
more significant than previously envisaged. Experiments on 
transparent green-coated natural diamonds reveal implanted 
4He concentrations up to 0.015 cm3g-1, attributed to 
secondary uranium phases deposited by circulating 
groundwater (Shelkov et al. 1998). Implantation of similar α-
dosages into apatite grains would increase (U-Th)/He ages by 
up to several hundred percent, dependent on α-dose rate, 
grain dimensions and actinide content (Phillips et al. 2007). 

The usefulness of AHe abrasion in reducing age 
dispersion depends on several factors, including the nature of 
the cooling history through the He partial retention zone. As 
a general rule of thumb, our findings so far suggest that 
where abrasion substantially reduces AHe age dispersion, 
then coexisting AFT data show a mean track length of 
≥~13.3 µm (and unimodal track length distribution) or mean 
track lengths ≤~10.75 µm (accompanied by a broad track 
length distribution) where samples have cooled from within 
the higher temperature part of the apatite partial track 
annealing zone. 
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As part of a joint research and development project, the 
various components of a traditional “Autoscan” dating 
system were modified. A set of external measuring scales 
(BL 55 RE) supplied by the company “SONY” was attached 
to each of the 3 axes of a partly reconstructed 3-axis 
Autoscan stage. Prior to the modification, the positional 
reproducibility was in the range of 2 to 5 µm. With the 
“SONY” external measuring scales (BL 55 RE), a 
reproducibility of about 50 nm can be achieved. In routine 
fission-track dating, the required reproducibility is about 200 
nm. A suitable controller box was also developed to carry out 
the fast processing of the data generated by the “SONY” 
sensors. The TrakscanTM software was partly redesigned to 
handle the high data rate associated with the sensors, and to 
integrate the high-resolution Peltier-cooled colour CCD 

camera (ColorView III) made by the company “Soft 
Imaging”. The change in the software, in combination with 
the camera, allows the use of two 24 inch (60 cm) flat 
screens: one for the display of the etch pit counting area of 
the apatite, and one for the corresponding area on the detector 
mica. Our presentation will provide information about the 
reliability of measuring the length of confined spontaneous 
and induced fission-tracks in selected apatite grains from the 
Cerra de Mercado Mine, Mexico, by using the 
“EasylengthTM” software. Standardization of the system was 
done by using the certified length standard (1 MRS-4XYZ 
without conductive coating) of the US company Geller 
MicroAnalytical Laboratory, Inc.  We will also discuss the 
resolution and precision of such length measurements, in 
general. 
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Crustal-scale extensional fault systems grow through 
the linkage and/or interaction of neighboring normal faults 
and normal fault arrays. This mechanism of fault growth 
results in spatial and temporal variations in fault 
displacement and displacement rate. In this study, we use 
apatite (AFT) and zircon (ZFT) fission track 
thermochronology to reveal the range-scale patterns of 
denudation associated with the growth of normal fault arrays 
during horst evolution. We present new data obtained along 
the Starr Valley, Ruby Valley, and Clover Valley normal 
faults arrays that define the horst structure of the Ruby 
Mountains/East Humboldt Range of east-central Nevada 
(Figure 1). Cooling ages and track length models, associated 
with recent activity along these normal fault arrays, constrain 
a pattern of footwall denudation that reflects the relative 
influence of each fault array. Low-temperature 
thermochronologic results along the Starr Valley fault array, 
located on the northwestern flank of the range, reveal a 

period of fault driven denudation ~12 Ma. Relatively uniform 
cooling ages from the Ruby Valley and Clover Valley fault 
arrays, along the eastern flanks of the Ruby Mountains and 
East Humboldt Range respectively, reveal a period of 
denudational cooling ~ 14 Ma. AFT cooling ages of ~ 9 Ma, 
obtained along the northern tip of the Ruby Valley fault 
array, suggests interaction with the Starr Valley fault array. 
The relative importance of the Starr Valley fault array on the 
range-scale pattern of footwall denudation is also inferred 
from fault parallel variations in footwall catchment 
morphology. Normalized channel steepness values are 
relatively uniform along the Starr Valley fault array, while 
values from the Ruby Valley and Clover Valley fault arrays 
are highest where catchments share the drainage divide with 
those of the Starr Valley fault array. These relationships 
suggest that denudation of the Ruby Mountains/East 
Humboldt Range is currently being driven by growth along 
the Starr Valley fault array. 
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While the Caledonian history of western Norway has been 
studied in detail, knowledge of the post-Caledonian 
development from a continent-continent collision orogen to a 
passive continental margin remains rather fragmentary. The 
contractional phase of the Caledonian Orogeny terminated 
shortly before 400 Ma and was directly succeeded by a 
period of regional extension (Fossen, 2000). While cooling 
through the ductile-brittle transition temperature, the western 
Norwegian margin experienced multi-stage extensional 
tectonics resulting in several sets of ductile and brittle 
extensional deformation structures. An initial reactivation of 

the basal décollement zone as a low-angle extensional shear 
zone was followed by crustal collapse and extension along 
hinterland-dipping ductile shear zones and semiductile to 
brittle faults. In northern and central Norway, extension 
finally resulted in continental break-up and the opening of the 
North Atlantic in early Cenozoic time. However, rifting in 
the North Sea failed and the coastline of southwestern 
Norway is therefore not a continental margin as such but the 
northeastern margin of the North Sea Basin. Nonetheless, the 
area is well suited to study post-Caledonian deformation and 
basin margin development. 

 

 
Figure 1: Geologic map of the Bergen area showing a fault-dissected basin margin. The location of the profile is indicated by the 
dashed line. From Fossen (1998). 
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In the Bergen area, a number of major fault zones dissect the 
basin margin (Fig. 1) and many of them show evidence of a 
complex history with repeated reactivation. Although multi-
stage Devonian to post-Jurassic movement along them has 
been documented (e.g. Fossen, 1998; Larsen et al., 2003), the 
exact timing of deformation is poorly constrained. Similarly, 
the general sense of offset is known or can be inferred for 
most faults, but the amount of displacement is uncertain. 
Although low temperature thermochronological techniques 
are ideally suited to resolve differential uplift along faults and 
the exhumation history of the Norwegian margin, only a 
limited number of fission-track ages and even less (U-Th)/He 
data have been published from southwestern Norway 
(Andriessen & Bos, 1986; Rohrman et al., 1995; Leighton, 
2007; all summarised in Hendriks et al., 2007). The available 
fission-track ages range from ca. 230 to 100 Ma and record 
rapid Triassic-Jurassic and slow or no Cretaceous-Palaeogene 
exhumation, followed by Neogene domal uplift of southern 
Scandinavia. The latter created a pattern of fission-track ages 
with the youngest ages at sea level in the innermost parts of 
the fjords and older ages at higher altitudes and towards the 
coast (Rohrman et al., 1995). However, all previous studies 
were either local studies concentrated in very small areas, or 
regional studies covering large areas with widely spaced 
sampling sites. The present project aims to fill the gap 
between these two approaches and investigate detailed 
profiles over the basin margin from the coast to about 100 km 
inland. 
 
Results and discussion 

While Rohrman et al. (1995) assumed that the whole of 
southern Scandinavia has behaved as a single block since 
Permian times, preliminary results from a detailed study in 
the Bergen area (Fig. 1) reveal a more complicated picture. In 
accordance with previous data, apatite fission-track ages 
range from 220 Ma to 140 Ma. However, the ages are not 
simply correlated with altitude but seem to be controlled by 
tectonic structures in the area. Old ages are found just to the 
east of major NNW-SSE trending faults and are juxtaposed 
against younger ages to the west. This suggests  that 
differential exhumation along these faults might have played 
an important role in the development of the basin margin, 
which is in agreement with Redfield et al. (2004; 2005), who 
documented individual and distinct uplift histories of fault-
bound blocks in the Møre-Trøndelag Fault Complex further 
to the north. A structural control on the distribution of 
fission-track ages was also indicated for the area around the 
Sognefjord by Leighton (2007). 

Thermal history modelling of the samples from the 
Bergen area suggests an episode of rapid Triassic-Jurassic 
cooling, which was also documented in earlier studies (e.g. 
Rohrman et al., 1995). Interestingly, some samples also show 
an earlier episode of Permian cooling. The fission-track ages 
within individual fault-bound blocks appear to become older 
towards the west (basinwards), with the oldest ages just east 
of the respective western boundary fault of the block. 
However, to confirm this observation, more data and closer 
spaced sampling sites are needed. Fission-track ages that are 
becoming older in the direction of the margin would be 
incompatible with the scarp retreat or pinned divide models 
by Gallagher et al. (1998). Rohrman et al. (1995) interpreted 
old ages along the coast and young ages further inland as the 
result of regional updoming of southern Scandinavia in the 
Neogene, but an alternative explanation could be 

downwarping of the basin margin, which would result in a 
similar age pattern (Gallagher et al., 1998). 

In addition to fission-track studies, faults from the same 
area have been dated directly by K/Ar analysis of illite from 
the fault gouge. The new data indicate that these faults have 
last been active in late Triassic/early Jurassic and early 
Permian times respectively. This is in good agreement with 
the periods of rapid exhumation documented in the fission-
track data, further supporting the notion that differential 
exhumation along faults might have been an important 
mechanism for the development of the Norwegian margin. 
 
Summary 

Detailed fission-track studies in the Bergen area 
reconfirm and refine earlier findings from overview studies 
in southwestern Norway. The samples experienced periods of 
rapid cooling in Permian and Triassic-Jurassic times. These 
cooling events can probably be correlated with fault activity 
recorded by illite growth in fault gouge from faults dissecting 
the area. This indicates that differential uplift along faults 
might have played an important role in the development of 
the Norwegian North Sea margin, an interpretation which 
might be further supported by an offset of fission-track ages 
across these faults. Fission-track data appear to be increasing 
in age towards the margin which could possibly indicate 
downwarping of the margin. Even though more data and 
even denser sample coverage are required to test this 
hypothesis, the first results promise new insights into the 
development of the basin margin. 
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Most research indicates that the Taiwan Orogeny is the 
result of an oblique arc-continental collision between the 
Philippine Sea and the Eurasia plates. According to kinematic 
modeling, the orogen has been built from the north and 
progressively propagated southward at a rate of 60-90 
km/Myr. Because of the oblique nature of the collision, the 
southern part of the Hsuehshan Range experienced orogenic 
processes more recently compared to areas farther to the 
north. In order to test this model, we studied the Hsuehshan 
Range along strike of reset boundary area using zircon and 

apatite fission-track dating. Along the reset boundary of the 
Hsuehshan Range, cooling ages of zircon fission track are 
4~5 Ma and there is no different from south to north. These 
results indicate the Hseuhshan Range was exhumed at about 
the same time and we cannot resolve a southward 
propagation or cooling ages. However the He-Zircon and 
apatite fission track ages shows variation from north to south 
that indicates a different exhumation history after 4-5 Ma. 
The difference in exhumation history could result from 
tectonic setting from north to south of the Hseuhshan Range.
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Using a new experimental approach, fission-track 
formation has been simulated, for the first time, under crustal 
conditions by exposing natural zircon, at a pressure of 7.5 
kbar and a temperature of 250° C, to a beam of relativistic 
heavy ions. Earlier studies on the effects of pressure on 
fission tracks were focused on annealing of pre-existing 
(natural) tracks (e.g. Fleischer et al., 1965; Brix et al., 2002; 
Wendt et al., 2002; Kohn et al., 2003; Yamada et al., 2003). 
The combination of relativistic ion beams with high-pressure 
diamond anvil cell experiments allows one to investigate the 
combined influence of pressure and temperature on the actual 
formation of tracks in different minerals, rather than track 
annealing. Measurements on simulated zircon fission track 
cross-sections by high-resolution transmission electron 
microscopy indicate that 7.5 kbar of pressure most likely is 
insufficient to significantly affect the size and geometry of 
etched tracks created in zircon. The effect of crustal pressure 
on track formation was studied by comparison to a similar 
radiation damage process at ambient conditions. 

Nuclear fragments from fission events have a mass 
number distribution between 90 to 130 and a kinetic energy 
of around 1 MeV per nucleon (Wagner and Van den Haute, 
1992). Along the major part of their trajectory, fission 

fragments lose their kinetic energy by electronic excitation 
and ionization processes. The energy deposition results in 
tracks of amorphized or otherwise damaged material (Yada et 
al., 1987). The track-formation process can be simulated by 
performing irradiation experiments at large accelerator 
facilities that produce energetic heavy ions (Villa et al., 2000; 
Miro et al., 2005). Until now, ion-track studies investigated 
the effects of pressure (Glasmacher et al., 2006) or 
temperature (Lian et al., 2003) separately, but they did not 
address the combined effects of temperature and pressure. 
The direct influence of both parameters applied 
simultaneously has not been investigated, because of the 
experimental challenge of combining the irradiation 
simultaneously with high-pressure and high-temperature 
conditions. Because the track-size distribution is the most 
crucial parameter used to constrain the thermal history of a 
rock, any pressure effect on the fission track-formation 
process has major implications for the determination of the 
age or thermal history.  

For natural zircon irradiated at 7.5 ± 0.5 kbar and 250 ± 
5° C, there is only a very minor effect on the shape and size 
of the artificially produced fission tracks. Similar 
experiments remain to be performed on other minerals. 
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40Ar/39Ar laser step-heating of single mineral crystals of 
hornblende, biotite and potassium feldspar (K-spar) has 
proven useful in determining detailed thermal histories of 
igneous and metamorphic terranes. When combined with 
bulk resistance-furnace K-spar multi-diffusional domain 
modeling (MDD; Lovera et al., 1989) it is possible to gain 
insight into an orogenic belts thermal evolution. Because the 
minerals have mid-crust closure temperatures, they can 
provide insights into faulting and exhumation that are not 
seen by lower temperature thermochronometers.  

Individual crystals of the same mineral within a single 
sample can record different perspectives of that history and 
can record different ‘events’ (either thermal or chemical) that 
might otherwise go undetected or be blurred by ‘bulk’ step-
heating methods.  For K-spar, individual crystals can show 
variations in their complex, multi-domain age spectra due to 
variations in composition (as seen by Ca/K ratios and 
densities), grain size, and/or crystal structure. When 
combined with more ‘traditional’ furnace runs different 
portions of the cooling history of a sample can be identified 
which may also lead to insights into fundamental domain size 
processes. By employing a heavy liquid of varying density 
with the addition of using XRF to check the Ca/K ratio of 
each aliquots we have been able to separate grains with older 
domains from grains with younger domains from the same 
sample. 

We have employed a multi-mineral 40Ar/39Ar 
thermochronologic approach to vertical sampling studies of 
granitic plutons throughout the Central and Eastern segments 
of the Alaska Range. The purpose of this research is to gain 
insight into the exhumation history, structure, and fault 
history of this tectonically active and complex region. The 
large number of samples planned will also allow an 
opportunity to examine intra-rock K-spar thermal history 
variations and thus provide some insight into what is a 
“domain.” This project is collaboration with Paul Fitzgerald 
and Stephanie Perry (Syracuse University). They will be 
performing fission track, zircon fission track, and (U-Th)/He 
analysis, on the same sample set, to provide a “complete” 
thermochronological history of the area.  
 
Geological Background 

All the high peaks of the eastern Alaska Range (EAK) 
are located north of the Denali Fault (DF). This is in stark 

contrast to the rest of the Alaska Range where all regions of 
high topography (e.g. Mt. McKinley in the central Alaska 
Range) are south of the DF.  Though past research has 
viewed the Alaska Range as a singular orogenic feature with 
a similar exhumation history across the range, this difference 
in location of topography questions this synchronous 
concept. 

The high peaks of the EAK are sandwiched between the 
active McKinley strand of the DF and the Hines Creek 
strand. The Hines Creek strand has been inactive since 95 Ma 
based on K-Ar dating of the non-displaced Buchanan Pluton 
(Wahrhaftig, 1975). In the EAK region the Hines Creek Fault 
is a major tectonostratigraphic boundary representing the 
transition from thick to thin crust (Veenstra et al., 2006).   
There are also numerous identified reverse and normal faults 
in the eastern Alaska Range region including the Susitna 
Glacier thrust fault (Crone et al., 2004), the McCallum-Slate 
Creek fault (Weber and Turner, 1977), and the McGinnis 
Glacier fault (Brogan et al., 1975). 

The EAK is also directly correlated with Usibelli group 
of the Tanana Basin which contains a long-term record of a 
northward-propagating, transpressional foreland-basin 
system related to regional shortening of the Alaska Range 
and strike-slip displacement along the DFS (Ridgway et al., 
2007).    
 
Results 

We have dated biotite, hornblende and K-feldspar from 
several plutons in the EAK using laser single-grain step-
heating and K-spar by furnace ‘bulk’ (~5 grain) isothermal 
step-heating. K-Ar biotite ages (Nokleberg et al., 1992a,b) 
and 40Ar/39Ar step-heat ages show evidence of full and partial 
resetting. in samples from plutons on both sides of the DF. A 
biotite age spectrum for 05JB01Bal (Mt. Balchan) reflects 
resetting by later thermal events (Fig. 1). A whole rock age 
spectrum from a mafic dike 1.5 km from 05JB01Bal also 
shows a complex and protracted thermal history. Hornblende 
step-heating ages from the region also show evidence of 
argon loss. Biotite sample 07JB30 Nen (Nenana Mt., ~60 km 
west of Mt. Balchan) differs significantly (Fig. 1) and 
indicates that in this sample, the same thermal events are not 
present or not as strong in the Nenana Mt. region.  

 

 

 
 
Figure 1: 40Ar/39Ar age spectra for biotite from 05JB01Bal and a whole rock from mafic dike 1.5 km from sample 05JB02Bal. The 
biotite age spectrum shows a complete reset at 29.1 Ma and later gas release associated with a thermal event. The whole rock age 
spectrum shows a partial reset at 27.8 with a minimum emplacement age of 43 Ma. The whole rock sample also shows young thermal 
events. The biotite age spectrum from 07JB30Nen shows a plateau age of 35.5 with a younger thermal event. 
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MDD monotonic (allowing only cooling) and free 
modeling (allowing reheating) of sample 05JB01Bal (Fig. 2) 
and sample 07JB29Nen (0.5 km from 07JB30 Nen) (Fig.3) 
confirms along strike variations in thermal events. Monotonic 
modeling of sample 05JB01Bal show a very different thermal 
history with period of long slow thermal cooling after 60 Ma 
followed by fast exhumation cooling at ~14. Of note is that 
the higher temperature K-spar ages exceed the biotite age.  
Free modeling of 05JB01Bal shows evidence of reheating at 

36 Ma followed by fast cooling starting at ~30 Ma. Sample 
29Nen under both monotonic and free runs shows post 35 Ma 
emplacement cooling followed by a period of slow cooling 
before fast exhumation begins at ~11 Ma. Single-grain K-
spar laser step-heating ages from Nenana Mt. and Mt. 
Deborah (25 km east of Nenana Mt.) document the presence 
of two major faults. MDD furnace derived thermal histories 
from these samples corroborate the single-grain results. 

 

 
Figure 2:  K-spar age spectrum and unconstrained and monotonic bulk K-spar MDD models for 05JB01Bal represents a long history 
with a reheating event at ~36 Ma followed by cooling starting at ~30 Ma. Between 27 Ma and 14 Ma the sample experienced little 
thermal activity. At ~14 Ma fast exhumation began. The biotite and whole rock dike data point away from the monotonic model. 

 
Figure 3: K-spar age spectrum and unconstrained and monotonic bulk K-spar MDD models for 0729Nen.  Note that the two models 
are very similar, showing post emplacement cooling, a long period of little thermal activity and then fast cooling due to exhumation at 
~11 Ma. 
 

 
 

Figure 4:  Age spectra from furnace runs of heavy and light K-spar fractions (2 runs each) from Nenana Mt. sample 07JB37 showing 
the between-fraction variation in the age spectra and hence, the inferred thermal history. 
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To further investigate variations in thermal histories, K-
spar from sample 07JB37 from Nenana Mt. were separated 
using heavy liquids into ‘heavy’ and ‘light’ fractions with 
different Ca/K ratios (07JB37NenH = 0.065; 07JB37NenL = 
0.047) and apparently have (or at least, record) different 
thermal histories (Fig. 2). These runs point to pitfalls and 
possible insights in K-spar thermochronology (Fig. 4). 
Sample preparation can lead to the “missing” of part of a 
region’s thermal history. It also may be possible to 
“concentrate” a section of a sample’s thermal history to 
obtain better resolution. Further work is needed and planned 
to before any solid conclusions are drawn about the 
relationship between Ca/K ratios/density and domain 
structure, but our experiments do provide interesting results.   
 
Discussion 

Despite these complications, K-spar MDD 
unconstrained runs and biotite ages from 05JB01Bal (Fig. 3) 
and the age of the mafic dike (Fig. 2) in the region all point to 
a long history of thermal perturbations and partial and full 
resetting in the area. A U-Pb zircon age of 70 Ma with a 
discordant biotite K-Ar age of 27 Ma on a metaquartz diorite 
(Nokleberg et al., 1992a,b) north of the Black Rapids Glacier 
adds credence to this hypothesis. Also of note, there is no 
evidence of widespread plutonism in the EAK during this 
time period. Overthrusting is one of the likely causes of 
resetting in the Balchan area, but more sampling is planned to 
expand on the results. 

The overall results also point to large variations in 
exhumation along the strike of the range and an appearing 
pattern of younger ages towards the DF. This trend in 
younging towards the DF is seen in AFT and U-Th/He ages 
(Armstrong et al., 2007). If this trend is do to stronger 
erosional forcing on the “wet” side of the mountain range or 
proximity to a major structural will be examined as this 
project continues. 

There is evidence of active thrust faults in the northern-
foothills of the eastern Alaska Range (Bemis and Wallace, 
2007; Lesh and Ridgway, 2007). The Susitna Thrust Fault is 
also an active structure in the center of the EAK. The data 
from the Mount Deborah, with large thermal variations over 
short vertical distances supports a long history of thrust 
faulting in the region, which is as least partially responsible 
for the shortening in the area.  

The average elevation of the EAK is 1317 m (base line 
797 m, highest peak 4214 m). The preliminary data from 
EAK points to a prolonged and episodic period of Miocene 
exhumation driven by strain transfer along the DF from the 
collision/subduction of the Yakutat Microplate along 
Alaska’s southern margin. The older thermal events (~36 
Ma) are also seen in the Mount Logan region (O’Sullivan and 
Currie, 1996) and in the Tordrillo Mountains (Haeussler, 
2006). This large regional evidence of deformation may be 
related to plate reorganization that resulted in the fusion of 
the Kula plate to the Pacific plate (Madsen et al., 2006). 

The EAK (and the Alaska Range in general) is an 
orogenic belt of high relief (6,000 m), but low average 
elevation (1353 m). It is very plausible that the modern 
geomorphic signature of the range is related more to 
erosional forcing during the late Pleistocene (Molnar and 
England, 1990; Beget and Keskinen, 2003) than to a recent 
increase in strain transfer from Alaska’s southern margin. 

Further 40Ar/39Ar thermochronology is planned to better 
map: 1) The structures (both active and inactive) of the EAK 
region, and 2) The complex exhumation patterns in the 
region across and along the strike of the range. Combined 
with low-temperature thermochronology from the region, we 
will examine how the transfer of stress 500 km inboard is 
translated to varying shortening patterns in the EAK and 

examine what is driving the “steep-young” topographic 
signature of this Miocene age mountain range. 
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The landscape of the Sri Lanka is characterized by a 
unique relief that can be divided into three distinctive 
physiographic provinces: lowlands, uplands and highlands 
(Fig. 1). The lowlands have elevations ranging from 0 to 270 
m a.s.l. They comprise isolated ridges with gentle slopes (0-
10°) in a large coastal area. The uplands lie at elevations of 
270 to 1060 m a.s.l. and show a ridge and valley topography 
including highly dissected plateaux. Their slopes range from 
10 to 35° along the ridges and are controlled generally by 
lithology and structure. The highlands are typified by a series 
of well-defined plateaux that rise to elevations of 910 – 2420 
m a.s.l. from the north and are bound by a steep southern 
escarpment. 

Early geomorphological studies derive the island’s 
topography from repeated tectonic and erosional episodes 
(e.g., Adams, 1929). In contrast, most recent workers agree 
that Sri Lanka has not been subject to any major tectonic 
event and instead represents one of the highest stable shield 
regions in the world. Bremer et al. (1981) interpret the high 
relief in Sri Lanka as the remnant of a geomorphic block that 
was uplifted during rifting at 130 Ma or even earlier, and that 
was reduced to the interior of the island by rapid receding of 
escarpments after continental breakup. Measurement of 
cosmogenic nuclides revealed some of the lowest weathering 
and erosion rates in any mountain range in the world (2–11 
mm/kyr) for the steep, humid, tropical central highlands of 
Sri Lanka (e.g., Hewawasam et al., 2003, von Blanckenburg 
et al., 2004).  

A current research project carried out at the universities 
of Bremen (Germany), Bergen (Norway) and Buttala (Sri 
Lanka) applies low-temperature thermochronological 
methods (fission track/ FT and (U-Th)/He analysis), remote 
sensing and structural research, and clay-mineral analyses to 
allowing a detailed quantification and genetic interpretation 
of the regional Phanerozoic geological history and long-term 
landscape evolution. The main topics of the project include 
the long-term evolution of the Sri Lankan topography (with 
particular emphasize on relief formation) and the course of 
the Gondwana breakup between East Africa, Madagascar, 
India, Sri Lanka and East Antarctica including passive 
margin development. 
 
Geological setting 

The geology of Sri Lanka is dominated by high-grade 
metamorphic rocks of Precambrian age. These rocks form 
three distinct NNE-SSW striking tectonic provinces called 
the Highland, Wanni and Vijayan Complexes (Fig. 1). Of 
these, the central Highland Complex is the largest unit and 
forms the backbone of the Precambrian rocks of Sri Lanka. It 
consists of a Paleoproterozoic supracrustal assemblage and 
granitoid rocks that underwent granulite grade 
metamorphism and intense charnockitization during late 
Neoproterozoic/ early Cambrian orogeny (540–550 Ma). The 
Wanni Complex NW of the Highland Complex comprises a 
suite of granitoid gneisses, charnockitic gneisses, and 
granites, along with a variety of amphibolite- to granulite-
facies rocks. The Vijayan Complex, lying to the east of the 
central Highland Complex, mostly consists of amphibolite-
facies rocks: biotite-hornblende gneisses and scattered bands 

of metasediments and charnockitic gneisses. It underwent 
upper amphibolite-facies metamorphism during the 465–558 
Ma interval. Geochronological data indicate that the 
Highland and Wanni Complexes underwent a common late 
Neoproterozoic–Cambrian tectonic history. The marked 
difference in rock types, metamorphic grade, timing of 
deformation and nature of the tectonic contact between the 
Highland Complex and Vijayan Complex suggest that they 
were juxtaposed during final assembly of Gondwana.  

 

 
Figure 1: (left): Geological sketch of Sri Lanka including 
locations of the apatite fission track samples. The stippled 
contours refer to geomorphological provinces: highlands 
(bold), uplands and surrounding lowlands. 

 
Between the latest Proterozoic and the early Mesozoic, 

Sri Lanka occupied an internal position within the 
supercontinent of Gondwana. The geological evolution of Sri 
Lanka during this period is poorly constrained because - no 
tectonic, orogenic and/or igneous processes are recorded so 
far. Only two minor, predominantly clastic sedimentary 
remnants of Jurassic to Early Cretaceous age are preserved 
on the Wanni Complex of northern Sri Lanka near Tabbowa 
and Andigama (Fig. 1). The continental margin along the 
northwestern section of the island is overlain by Miocene 
carbonates, and Quaternary clastic sediments.  
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Apatite fission track analysis and preliminary thermal 
history interpretation 

The apatite FT ages of five sedimentary and 17 
basement samples (Wanni and Highland Complexes) from 
western Sri Lanka range between ca. 120 and 350 Ma (Fig. 
2), and hence are substantially younger than the Pan African 
regional thermal overprint. The majority of the sample ages 
passes the χ2 test with high probabilities, and the mean track 
lengths from six of the samples are shortened to ~11-12.5 
µm. However, distinctive differences within the age record 
can be recognized in the geological and geomorphological 
context.  

 

 
 
Figure 2: (above): Elevation plot of the apatite fission track 
ages from Sri Lanka. 
 

Both the sediments and the basement rocks of the 
Wanni Complex were sampled from the western lowlands at 
altitudes below ~150 m a.s.l. The Apatite FT ages of the five 
arkosic sandstone samples from the Jurassic-Early 
Cretaceous Tabbowa beds near the coast range from ca. 220 
to 350 Ma. All ages are older than depositional age, and 
therefore are unlikely to have any significant thermal 
overprint. Nine FT ages of the predominantly gneissic 
samples from the Wanni Complex are considerably younger 
(ca. 120 – 230 Ma), and are similar to the stratigraphic age of 
the imbedded Tabbowa deposits. The eight samples from the 
central highlands (Highland Complex: charnockites and 
gneisses) were collected from altitudes between ~200 and 
~1560 m, and show intermediate apatite FT ages between ca. 
160 and 240 Ma. 
 
Structural analysis 

In general, there is no correlation between the pre-
existing ductile pattern of western Sri Lanka and the regional 
brittle overprint. Moreover, a set of ~100 kinematic 
indications also shows considerable variation within the 
brittle structural inventory. The fault pattern preserved within 
the Highland Complex of the SW and S Sri Lanka is 
dominated by steeply dipping E-W trending extensional 
faults across the fold belts, whereas the Wanni basement of 
western central Sri Lanka is much more complex, and 
contains distinctive E-dipping and NE- and NW-trending 
transtensional components.  

Remote sensing with ENVI and FABRICS software 
was applied to verify these field observations in SW Sri 
Lanka. The overall distribution of >300 brittle structures can 
be divided into three domains that coarsely correlate with the 
geomorphological provinces. The fault pattern of the central 
plateau in the north is controlled by a distinct SE-NE trend 
that turns towards SSW-NNE and W-E directions within the 
uplands, while the brittle structures of SW coastal Sri Lanka 
predominantly trend E-W. 

 
Clay mineral analysis 

X-ray diffraction (XRD) and infrared spectrometry 
were performed on four sandstone and two claystone samples 
from the Jurassic Tabbowa beds. The analyses gave no 
evidence of progressive illitization processes according to an 
increasing smectite to illite reaction during burial diagenesis. 
The clay mineral assemblage of the < 2 µm fractions of the 
claystones is dominated by kaolinite and contains small 
amounts of semctite and traces of illitic material. In addition, 
the pore spaces of the sandstones are only partly filled with 
authigenic kaolinite and/or illite-like minerals. Therefore, it is 
unlikely that the sedimentary rocks underwent any substantial 
post-depositional burial. 
 
Discussion 

Qualitative thermal history interpretation indicates that 
cooling of the now exposed rocks of western Sri Lanka 
below temperatures of ~110°C commenced in the late 
Paleozoic/ early Mesozoic. This signature is well preserved 
in the dedrital ages of the Tabbowa deposits and also 
contained within the apatite FT pattern of the basement 
samples from the central highland. In contrast, the FT ages of 
the lowland samples from the Wanni Complex are in close 
agreement with contemporaneous sedimentation within small 
basins or a more extended basin that potentially continued 
deep into southern India. Both thermochronological and 
sedimentological data refer to a distinctive denudation pulse 
likely triggered by rifting due to Gondwana breakup during 
Jurassic times. Despite of their different apatite FT ages, 
samples of the Highland and Wanni Complexes likely 
experienced similar amounts of rock uplift. Rock uplift of the 
Wanni basement consists of denudation while it is partially 
substituted in the highlands by surface uplift. 

In the context of low denudation rates, uplift and relief 
development, Gunnell & Louchet (2000) emphasize the 
effect of the enormous weathering contrast between the hard 
and resistant charnockitic and granitic rocks and considerably 
softer (meta-) sedimentary rocks for the formation of the 
highlands of Sri Lanka and southern India. However, this 
difference can count only partially for the slope pattern of the 
central highland. The new structural data indicate that at least 
the formation of the southern escarpment is tectonically 
determined. Moreover, a remarkable increase of precipitation 
towards SW Sri Lanka suggests that regional denudation of 
may be superimposed by climatic effects. However, this 
aspect has to be considered with caution since the present-
day climate established after initial relief formation and may 
not represent paleo climate conditions. 
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We present 43 new apatite fission track (AFT) ages and 
62 new apatite (U-Th)/He (AHe) grain ages collected along 
three transects that cross the Taiwan Western Foothills fold-
and-thrust belt and the eastern Hsüehshan Range (Figure 1). 
This new AFT and AHe data document the cooling and 
structural development of the rapidly deforming Taiwan 
Western Foothills fold-and-thrust belt. AFT ages range from 
> 60 Ma to 0.5 Ma and AHe ages range from 7 to 0.34 Ma. 
The data presented here provides the previously lacking long-
term record of uplift and erosion in the thrust belt and greatly 
expands the northern and western spatial extent of 
thermochronometric ages in Taiwan. 

Along the length of western Taiwan, 
thermochronometric ages are partially-reset and unreset 
toward the west, and reset toward the east. Thrust-related 
cooling ages are older in the west and younger toward the 
east in the Hsüehshan Range. This thermochronometric age 
pattern records deeper and more recent exhumation in the 
Hsüehshan Range and the rear of the thrust belt, and older 
shallower exhumation is recorded toward the front of the 
thrust belt. The high number of samples yielding partially 
and unreset ages documents the shallow exhumation across 
most of the thrust belt. 

The stratigraphic units containing reset, partially reset, 
and unreset apatite fission track samples record that the 
décollement in the Pliocene and Miocene strata into which 
western foothills thrust faults sole lies above the apatite 
fission track closure temperature. Thus, the cooling ages in 
the western foothills do not record slip along the thrust ramps 
that reach the surface in the western foothills. Instead the 
AFT cooling ages record uplift and erosion above a thrust 
ramp that is currently located beneath the the Hsüehshan 
Range (Figure 1). This deeper thrust ramp beneath the 
Hsüehshan Range links the décollement above the AFT 
closure temperature in the upper Miocene - Pliocene strata of 
the Western foothills to the main Taiwan décollement in 
Eocene-Oligocene formations which crop out in the 
Hsüehshan Range. Erosion driven by motion along this thrust 
ramp rapidly exhumes material in the thrust hangingwall 
through the AFT and AHe closure temperatures. 
Subsequently, material is transported horizontally along the 
décollement in upper Miocene-Pliocene stratigraphic units 
that links to the thrust faults at the deformation front. This 
deformation results in ages that are younger to the rear of the 
thrust belt, and older to toward the front. The age distribution 
does not, however, mean that faults toward the front of the 
thrust belt are older than those to the rear because, although 
erosion associated with the uplift above frontal thrust ramps 
exhumes material to the surface, this exhumation is not 
recorded by the AFT and AHe cooling ages. 

Rather than a single ramp that is stationary with respect 
to the undeforming foreland, the thrust ramp beneath the 
Hsüehshan Range migrates with time. With a single fault 
scenario, the inverse of the rate that the ages change with 
distance is the velocity of material in the hanging wall 
(Bollinger et al., 2004; 2006; Huerta and Rodgers, 2006). The 
velocity calculated using the observed age gradient is more 

than half the geodetically and geomorphically recorded rates 
of shortening, and is inconsistent with the fast exhumation 
rates recorded by the young AFT ages in the Hsüehshan 
Range and the hinterland of the western foothills (~0.5 Ma), 
and the approximately equal AFT and AHe ages (Figure 1). 
Additionally. a single ramp with the geometry described does 
not exhume material from depths great enough to expose 
reset ZFT ages, at odds with the reset ZFT ages observed 
(Liu et al., 2001; Fuller et al. 2006). The migrating thrust 
ramp which is active at depth is seen today as the west-
verging thrust faults exhumed in the hanging wall of younger 
faults, for example, the Kueipu and Kuoshing faults in the 
Shuantung thrust sheet (Figure 1B) document the existence 
of older faults exhumed by the Shuantung thrust. As the 
thrust ramp migrates, slivers of the Eocene- Miocene passive 
margin stratigraphy are accreted from the footwall into the 
hangingwall and the old thrust ramp is exhumed with the 
newly accreted material. Thus, the east-dipping west-verging 
thrust fault structures in the Hsüehshan Range are exhumed 
sections of the décollement ramp and are not out-of-sequence 
surface breaking faults. 

To quantify this pattern of deformation and 
exhumation, and investigate the different cooling histories 
across the thrust belt, we use a linked thermal-kinematic-
thermochronologic model of thrust faulting and fault-bend 
folding. The numerical model couples a 2-dimensional 
kinematic-structural to a 2-dimensional advection-diffusion 
thermal model, and models fission track annealing and 
helium retention to predict low-T thermochronometric ages. 
We use the deformation kinematic model 2DMove to 
generate Suppe-style fault-bend-folds (Suppe, 1983). The 
velocities from the kinematic model provide the advection 
term in finite-element, advection diffusion thermal model 
thus tracking the thermal response to the faulting and fault 
related folding and producing material cooling histories that 
we use to calculate thermochronometric age. Our model 
assumes that erosion is totally efficient and uplift equals 
erosion and exhumation.  

We use the thermal-kinematic-thermochronologic 
model to generate AFT and AHe ages produced by a 
migrating thrust ramp with the thrust fault geometry 
described above (Figure 2). Slip along the deep buried ramp 
and the upper décollement is passed to thrust ramps at the 
deformation front along the western edge of the thrust belt. In 
our model, the basal décollement (in Eocene-Oligocene 
strata) is at 10 km and the upper décollement (in the Miocene 
and Pliocene units) is at 5 km (Figure 2). The thrust ramp 
between these décollement dips at 20ºC to approximately fit 
the youngest cooling ages (0.5 - 0.7 Ma) recorded in the 
Hsüehshan Range for the 30 mm/yr fault slip rate used. In 
our model, the faults are spaced at 20 km and are activated 
sequentially from the hinterland to the foreland. The 
structure, stratigraphy and fault geometry of the frontal 
thrusts is taken from the balanced cross-sections of Yue et 
al., 2005, which are located around the central sampling 
transect (Figure 1). 
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Figure 1: Geologic maps and sample 
locations of the three sample transects. A) 
Northern B) Central C) Southern transects. 
Location of transects shown in D. Structure 
and stratigraphy from Chinese Petroleum 
corporation 1:100000 sheets. Sample 
locations and thermochronometric age. 
Fission track ages given as pooled ages (PA) 
± 2 s and young peak age (YPA) with 
asymmetric 95% confidence intervals. (U-
Th)/He in apatite grain ages He ages: ± 95% 
confidence intervals. Labels are fault names 
from Chinese Petroleum corporation map. 
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The thermochronometric and structural pattern generated by 
the numerical model of a migrating thrust ramp located 
beneath the Hsüehshan Range generates a good match to the 
gross structure and the thermochronometric cooling ages 
observed along all three sampling transects. The geometry of 
faults in the numerical model most closely matches the fault 
geometry in central Taiwan and the thermochronometric ages 
generated by the model match the observed ages from the 
central transect (Figure 2). Example cooling histories that 
produce the age pattern are shown in Figure 2. Material at the 
front of the thrust belt records initial thrust motion above the 
thrust ramp (Points A & B, Figure 2). These modeled cooling 
histories show that rather than older ages recording a slower 
exhumation rate, the older ages in the west of the foothills 
thrust belt record earlier cooling above the thrust ramp, but at 
the same rapid rate as the youngest sample ages from central 
Taiwan. Material recording the most recent exhumation 
above the thrust ramp is located at the rear of the thrust belt 
(Point D, Figure 2). Our model of deformation and 
exhumation is consistent not only with the distribution of 
cooling ages, but also consistent with the structure, 
stratigraphy, and the patterns of geodetic shortening across 
western Taiwan.  
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Tectonics driving the stages of exhumation of 
orogenic belts is difficult to resolve, especially in 
complex polyphase metamorphic areas where the lack of 
stratigraphic record precludes deformation dating. In 
these cases low-temperature metamorphism dating 
supplies fundamental data to unravel the cooling history 
experienced by rocks in the upper crustal levels. (U-
Th)/He thermochronometry represents a major tool to 
supply these informations. 

 

The Ligurian Alps form the southwestern-most 
segment of the Alpine collisional belt (Figure 1). The 
structure is represented by several tectonic units belonging 
to the Briançonnais, Pre-Piedmont and Piedmont-Ligurian 
domains of the Penninic realm. The Brianconnais units 
show the entire stratigraphic sequence, which is composed 
of a pre-Variscan basement, a Permian volcanic 
succession and a Mesozoic cover. The Pre-Piedmont and 
Piedmont-Ligurian units are represented by detached 
cover or basement only.  

 

 
Figure 1: a) Location of the study area within Western Alps (modified from Agard et al 2002); b) Tectonic map of the central 
sector of the Ligurian Alps (modified from Bonini 2008). 
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Figure 2: Cross-sections of the present-day structure (modified from Bonini 2008)., nearly parallel to the transport direction 
(from NNE to SSW). Location of section line in Fig. 1. 
 

Units were displaced and thrusted toward the 
foreland (SSW) during the main (Eocene) Alpine tectonic 
event. The Briançonnais units formed the base of the 
Penninic nappe pile, in turn thrusted onto the Dauphinois 
domain. Following the Eocene stacking toward the SSW 
(D1 phase), the whole pile experienced a backfolding 
event (D2 phase) (Figure 2). Mineral assemblage show 
that D1 was related to an early metamorphic event that 
was characterised by high P-T conditions in the internal 
unit (up to 1.3 GPa, 400 °C) decreasing towards the outer 
sectors (0.3 GPa, < 200 °C). New structural investigations 
integrated with the existing dataset, show that the intensity 
of the D2 backfolding event also increases towards the 
inner parts of the chain, where the associated metamorphic 
paragenesis indicate decompression (0,5 GPa) 
accompanied by a slight temperature increase.The timing 
of the high temperature (> 300°C) metamorphic events of 
the internal units are relatively well constrained, between 
50-34 Ma (Federico et al 2005, Ford et al 2006 and 
references within).. The low temperature 
metamorphic/deformation event and the cooling history is 
poorly constrained: a few zircon and apatite fission-track 
(ZFT and AFT) ages range between 35 and 20 Ma 
(Barbieri et al 2003, Vance 1999).  

In order to identify the timing and the areal 
distribution of the low T metamorphism we carried out 
zircon (U-Th)/He analyses.  The low closure temperature 
of He in zircon (c. 180°C; Reiners 2005) makes it a 
powerful tool for determining the timing of low 
temperature (< 250°C) metamorphic events. Samples from 
volcanic formations preserved in all of the outer, 
intermediate and inner Alpine tectonic units belonging to 
the Briançonnais domain were analysed. These 
determinations, coupled with geological mapping and 
structural investigations, provide new insights for the 
interpretation of the tectonic events that controlled the 
exhumation of the whole domain. 

Zircon (U-Th)/He ages were determined on the 
following lithologies: calc-alkaline granodioritic bodies 
(SHRIMP U-Pb age: 300-294 Ma,), rhyolitic pyroclastites 
(U-Pb age by LA ICP MS: 285.6±2.6 Ma), 
rhyodacites/rhyolites (U-Pb age by LA ICP MS: 
272.7±2.2 Ma), and K-alkaline rhyolites (U-Pb age by LA 
ICP MS: 258.5±2.8 Ma, Dallagiovanna et al, accepted). 
Crystals were selected on the basis of size, morphology, 
abundance of inclusions and colour and He age 
determinations were performed at the Scottish Universities 
Environmental Research Centre. Two to three crystals 
were selected for each aliquot. Helium measurement 
protocols followed those of Foeken et al (2006) and U and 
Th concentrations were obtained using the procedure 
described by Dobson (2006). 

The internal structure of the zircons was investigated 
using back-scattered electron (BSE) microscopy and 

cathodoluminescence (CL) (Figure 3). The U and Th 
concentrations variability across a single crystal 
determined using back-scattered electron (BSE) 
microscopy and cathodoluminescence (CL) was used to 
improve the accuracy of the measured (U-Th)/He ages. 

Zircon (U-Th)/He ages from 9 samples vary from 
33.7±2.2 Ma to 25.8±1.5. Ages decrease from the 
southwest (external units) to the northeast (internal units) 
suggesting a diachronous cooling history from external to 
internal sectors. The units closer to the oceanic domain 
reveal progressively younger ages than the outer ones 
suggesting a strong influence of the D2 backfolding. 
Moreover it seem that the outermost units of Briançonnais 
domain were not affected by Alpine metamorphism as the 
units of the neighbouring Dauphinois domain. This study 
highlights the potential of zircon (U-Th)/He dating as an 
important tool for understanding complex polyphase 
metamorphic terrains.   
 

 
 
Figure 3: Cathodoluminescence image of representative 
zircon. Th and U concentrations vary in each zircon 
domain. Numbers indicate concentration in ppm 
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The Hellenic forearc ridge represents a structural high 
between the trench and the Cyclades magmatic arc in the 
eastern Mediterranean subduction zone. Rollback and slab 
retreat of the subducting African plate during the early-mid 
Neogene accompanied rapid tectonic exhumation of the high 
pressure/low temperature rocks (Phyllite-Quartzite Unit - 
PQU) now exposed in the forearc ridge (Thomson et al., 
1998). In Crete these rocks experienced a high pressure/low 
temperature metamorphism under conditions up to 400 ± 50o 

C and 10 kbar between 24 and 19 Ma. During Middle to Late 
Miocene exhumation, a series of detachment faults 
developed, and these now separate the PQU and the 
Plattenkalk metamorphic rocks from their non-metamorphic 
cover (Brix et al, 2002; Fassoulas et al., 1994, Jolivet et al., 
1996; Kilias et al., 1994;  Marsellos, 2006; Thomson, et al., 
1999). This presentation documents structural and 
thermochronological features relating to the exhumation of 
the PQU metamorphic rocks of the Hellenic Arc from 
western Crete into the Peloponnese. 
 

 
 

Fig. 1 . Simplified map of the Peloponnese-Cretan ridge 
showing the exposed PQU rocks by grey shaded areas. 
Stretching lineation directions are shown by doubled arrows; 
where very strongly developed they are shown in bold. 
Zircon FT cooling age ranges (in Ma) are shown in the 
boxes. 
 
Structural Data 
Stretching lineations (Fig. 1) associated with the detachment 
fault that cuts and overlies the PQU unit on Kythera 
(Marsellos & Kidd, in press) show a dominant orientation 
resulting from a prominent component of extension parallel 
to the arc. In adjacent areas of the forearc ridge (Peloponnese 
and western Crete) new structural data show that along-arc 
stretching continues into the south Peloponnese, where a very 
strong stretching lineation with arc-parallel orientation is 
observed in PQU rocks. This feature becomes less prominent 
and is replaced by arc-perpendicular lineation farther to the 
northwest in the Peloponnese. In western Crete, along-arc 
lineations occur in a few places but are not strongly 

developed, and the stretching lineation is mostly oblique to or 
perpendicular to the arc. 
 
Zircon Fission Track Data 
Fission track analyses of zircons from PQU rocks along the 
forearc ridge reveal the timing of exhumation that shows 
distinctive spatial variations. In Kythera, zircon FT ages 
range from 9.1 ± 0.7 Ma to 12.9 ± 1.2 Ma (pooled ages). In 
Western Crete, PQU zircons are older with ZFT ages 
between 13.6 to 18 Ma, which are similar to the ages of Brix 
et al. (2002). Towards central Crete, published data show a 
significant increase to 20 Ma, and then in eastern Crete the 
ages are essentially unreset with ages in excess of hundreds 
of Ma (Brix et al., 2002; Thomson et al. 1998). In the south 
and central Peloponnese, zircon FT ages from near Neapolis, 
in the southeast Peloponnese and closest to Kythera, are 
similar to those obtained from Kythera. Older ages are close 
to 23 Ma farther northwest in south central Peloponnese. 
There is a strong contrast in age dispersion, which is low for 
ZFT ages from Kythera zircons, but high in most of those for 
the ZFT ages from  W.Crete and Peloponnese.  
 
Discussion 

Zircon FT ages from Kythera are consistently <13 Ma. In 
contrast, Western Crete has ZFT ages (15-18 Ma) older than 
those on Kythera, and ZFT ages increase eastwards into 
Central Crete to around 20 Ma. The southeast Peloponnese 
we have found young ZFT ages similar to nearby Kythera, 
while ages increase up to 23 Ma to the northwest. This age 
pattern shows that Kythera Strait hosts the youngest exhumed 
part of the HP/LT metamorphic rocks of the Hellenic fore-arc 
ridge. 

 
Our structural data (Fig.1) from the PQU of the forearc ridge 
show a systematic pattern from the intense arc-parallel 
extension localized on and near Kythera to the dominant arc-
perpendicular lineation directions in the south-central 
Peloponnese and in western Crete. This pattern interestingly 
has a spatial correspondence with the zircon FT exhumation 
ages where very strongly developed NW-SE arc-parallel 
stretching lineation occurs where we find the youngest (10-
13Ma) zircon FT cooling ages (Kythera, Neapolis). The 
youngest W. Crete samples have zircon FT ages of 15-16 
Ma, and host a weak E-W arc-parallel stretching lineation. 
The older W. Crete samples have zircon FT ages that range 
from 16-18 Ma, and host an arc-perpendicular, approximately 
N-S lineation. A similar pattern exists, with ages increasing 
to 23 Ma, and the dominant stretching lineation becoming 
arc-perpendicular, northwest into the Peloponnese. 
 
All the Kythera FT zircon ages have very low age dispersion 
and are fully reset (that is they show evidence of a single and 
rapid cooling event, unlike the FT zircon ages from most 
sites in Crete or Peloponnese). These fully reset Kythera 
PQU zircons have probably experienced a very rapid 
exhumation in the interval of the zircon FT closure 
temperature (about 240ºC; Brandon et al., 1998).  This 
temperature falls slightly below the 300ºC ductile-brittle 
transition for quartz-bearing rocks, and therefore these ages 
(for rapid exhumation) will be only slightly younger than the 
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passage from ductile to brittle-ductile transition conditions 
for which structural evidence is seen in Kythera and 
elsewhere in PQU rocks near the extensional detachment 
faults (Marsellos & Kidd, in press). 
 
Conclusions 

An event of along-arc extension (in ductile to brittle-
ductile transition conditions) identified in the Kythera PQU 
fades out and is replaced by the normal to the arc extension 
in the adjacent areas of western Crete and the southern 
Peloponnese. Zircon FT ages derived from the PQU along 
the Hellenic fore-arc ridge show a progressively younger 
exhumation towards the segment of the arc centered on 
Kythera and the Kythera strait where the evidence for along-
arc stretching is found. The fully reset and low age dispersion 
character of Kythera PQU zircons are evidence of 
particularly rapid cooling and exhumation, unlike zircons 
from the adjacent areas of Crete and Peloponnese. We 
suggest that this young and delayed exhumation of the 
Kythera PQU marks an episode between 14-10 Ma ago of 
rapid expansion of the Aegean arc over the African oceanic 
subducted plate, requiring rapid slab rollback during this 
time. 
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Many experiments have investigated self-induced radiation 
damage of zircon resulting from the radioactive decay of U 
and Th. The crystallinity of zircons can be measured by 
Raman spectroscopy, where the radiation damage has been 
identified through shifts in the wavenumber of the Raman 
spectral peaks. Systematic changes in wavenumbers and half-
widths of the Raman bands have been reported, caused by the 
development of increasing irregularities of bond-lengths and 
bond-angles during the metamictization processes (e.g., 
Nasdala, 1995). This technique has been applied by using the 
width of the v3(SiO4) anti-symmetrical stretching mode, and 
it is becoming an important tool for characterizing and 
quantifying radiation-damage and annealing in natural zircon 
(e.g. Garver et al., 2002; Balan et al., 2001; Geisler et al., 
2001, 2003a,b; Geisler, 2002; Hogdahl et al., 2001; Nasdala 
et al., 1995, 1998, 2001, 2003; Palenik et al., 2003; Wopenka 
et al., 1996; Zhang et al., 2000a, b). In the experimental 
studies presented here we investigated Raman wavenumber 
shifts in the wavenumber as a function of U concentration in 
single zircon grains. We also investigated the effect on the 
Raman spectra of an annealing experiment for a subset of 
these samples. 
 
Methods 

In the course of fission track (FT) dating of 34 samples 
from quartzites of the Phyllite-Quartzite Unit in the Hellenic 
fore-arc ridge, the uranium concentration of 334 zircons was 
determined by the standard induced fission external detector 
technique. Zircons were mounted in Teflon and polished. 
Zircons that were cut parallel to the c-axis were chosen for 
FT dating, as well as for subsequent Raman spectroscopy 
measurement. The FT countable areas of all the zircon 
crystals and their mica counterparts were photomicrographed 
and the images filed to a database.  

 
Micro-Raman laser spectroscopy measurements were 
conducted with a high-resolution Raman system (Jobin Yvon 
LabRam 300) using a solid-state laser (632.817 nm) with 20 
mW power at the sample surface. The scattered Raman light 
was collected in 180 backscattering geometry and dispersed 
by a grating of 1800 grooves/mm after having passed a 400 
µm entrance slit, resulting in a spectral resolution of 0.3cm-1. 
A 100x objective and a confocal hole of 400 µm was used for 
all measurements, yielding an axial (depth) resolution of 4µm 
or higher, using the "separation between spectra" criterion as 
defined by Tabaksblat et al.(1992). The beam diameter was 
about 2 µm. The backscattered Raman signal was collected 
one to five times over an interval of 10 or 20 seconds, or 
occasionally longer, depending on the signal to noise ratio 
measurement. 
 
The frequency was calibrated using the first-order Si line at 
520.7 cm-1. As a second calibration, a measurement on one 
specific spot on one specific zircon was made frequently, 
generally after every 1 to 3 grains. An average of all the 
measurements from this second "calibration" was calculated 
and used as a reference datum for all the measurements to 

decrease errors from temporal calibration offsets of the 
Raman spectra results. 
 
Prior to the Raman spectroscopy measurement, Raman 
measurements from the Teflon mounts show that this 
material does not interfere with the maximum peak shift or 
the FWHM results. A subtraction for the background noise 
was made. 
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Fig. 1: Raman spectra measurements of the v3 [SiO4] peak 
wavenumber from the 436 unannealed natural and synthetic 
zircons versus the zircon uranium concentration. Coefficient 
of determination (R2) is ca 0.77. 
 
 

 
 

Fig. 2: White diamonds and triangles correspond to the 
Raman spectra peak wavenumber results for zircons prior 
their annealing. Black diamonds and triangles correspond to 
the Raman results on the same zircons after annealing. Grey 
area is the area that contains all unannealed zircons of Fig. 
1.  
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Fig. 3: (a) Grain map of Raman analysis locations for a zoned zircon grain, (b) figure 3d flipped horizontal (c) photomicrograph of the 
zircon under plane transmitted light (50x objective), (d) mica print of the zircon after irradiation showing the induced fission tracks in 
the mica. 
 
 
This background was defined by the noise level between 950-
960 cm-1 and 1020-1030cm-1. In order to keep the raw data 
otherwise intact, no other baseline correction was made. 
Filtering of first degree was done for the results from a few 
of the zircons, only where there was a high-frequency noise 
in the curve. 
 
A suite of nine zircons of a substantial range of uranium 
concentrations were annealed at 1000°C in pyrophyllite 
capsules for four days. Most zircons, prior to annealing were 
a white color while two out of nine were cream-white to light 
pinkish color. These zircon grains were examined and 
measured using Raman spectroscopy both prior to and after 
the annealing. The zircon grains were photographed prior to 
and after the annealing using a digital camera to map the 
Raman measurement areas with an accuracy of ±1µm. Each 
spot on each grain was measured by Raman spectroscopy 
five times, and an average of the results for each spot was 
calculated.  
 

A suite of 97 synthetic zircons containing no uranium and 
therefore no radiation damage were examined by Raman 
Spectroscopy. Thirty-five out of those 97 synthetic zircons 
were doped with 0.8-3.6%wt Hf. 
Raman spectroscopy results determined on all the zircons 
were filed in a large database and combined with FT-
determined uranium concentration data for statistical 
analysis. We investigated correlations between the Raman 
spectra line broadening (FWHM), the maximum peak 
wavenumbers (v1SiO4 and v3SiO4), and the intensities from 
v3(SiO4) and v4(SiO4), and the uranium concentrations 
derived by the fission track dating method.  
 
Results - Discussion 

Uranium concentration has major direct effect on the 
Raman spectral data of the v3 and v1 [SiO4] bands from the 
zircons. The variation of the Raman wavenumber in the 
zircons and the Uranium concentration of the zircons are 
highly correlated. The quantification of radiation damage can 
be detected from zircons of the same or very similar uranium 
concentration, but zircons of substantially different uranium 

a b 

d c 
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concentration provide different Raman spectral wavenumbers 
that do not correlate directly to radiation damage. 

 
On individual zircon grains that show distinct zoning, 

Raman spectroscopy reveals that the dark, more optically 
absorptive areas in the generally white color zircons show an 
increased intensity of v1(Si04) symmetric stretching relative 
to v3(SiO4) antisymmetric stretching. The ratio of v3/v1 
(SiO4) Raman intensities decreases, and the intensity of the 
v1(Si04) symmetric stretching relative to v3(SiO4) 
antisymmetric stretching increases towards the bright areas, 
while the opposite effects occur towards the dark areas. The 

uranium concentrations determined by neutron irradiation 
(Fig. 3d), show that the lower uranium concentrations 
correspond to the bright areas, while the higher uranium 
concentrations correspond to the dark areas in those zircons. 
Raman wavenumber ratio of v3/v1 [SiO4] intensities changes 
significantly for different specific uranium concentrations, 
even within single zircon grains. Raman measurements made 
on the same grains prior to and after annealing indicate that, 
after annealing, grains (or zones if present) with higher 
uranium concentrations show a greater shift to higher Raman 
wavenumbers than zircons of lower uranium concentration. 

 
Table 1: Raman data of the v3 [SiO4] band from the zircon of Fig. 3 

 

#  v3 [SiO4] (cm-1) # v3 [SiO4] (cm-1) # V3 [SiO4] (cm-1) 

M1 1006.84 N1 1007.12 E1 1006.69 

M2 1006.84 N2 1007.12 E2 1006.97 
M3 1006.84 N3 1007.12 E3 1006.97 

M4 1006.84 N4 1007.12 E4 1006.97 

M5 1006.84 N5 1007.12 E5 1007.26 

M6 1007.12 N6 1007.70     

    N7 1007.26     
 
 
Conclusions 

The Raman spectroscopy wavenumber shift results 
show that their variation primarily depends on the zircon 
uranium concentration and only secondarily on the radiation 
damage levels. Properly calibrated measurements of Raman 
v3[SiO4] peak wavenumber could be used to measure 
quantitatively uranium concentration of low-medium zircons 
(0-800ppm) for zircons with low pre-existing radiation 
damage.  
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Introduction 

With the exception of apatite fission-track length and 
K-feldspar multi-diffusion domain modeling, most 
thermochronometers typically only constrain cooling events. 
This makes the application of thermochronology to 
convergent orogens particularly difficult as thrust faults, in 
general, do not exhume and therefore do not directly cool 
rocks. While hanging wall rocks can experience cooling 
when originally deep rocks come into contact with relatively 
cooler footwall rocks, this requires slip rates to be much 
faster (cm’s per year) than average slip rates in this study 
area (mm’s per year). The topography generated by thrust 
activity can cool rocks in the hanging wall, either by 
enhancing erosion rates or through lateral heat loss on the 
flanks of uplifted topography (“topographic cooling”; ter 
Voorde et al., 2004). In the absence of external constraints 
however, it is difficult to directly tie the timing of thrust fault 
activity to significant cooling events. In most cases, rapid 
erosional exhumation of the hanging wall is at best a 
minimum age constraint on the initiation of thrust fault 
activity. Rocks in the footwall of thrust faults can experience 
heating as they are progressively buried by the hanging-wall. 
As long as thrust activity results in the burial of the footwall 
(i.e. fault slip is not outpaced by erosion), the heating of 
footwall rocks can record the onset of fault activity as well as 
provide a minimum estimate on the depth of burial, and 
therefore the amplitude of topography, during convergence 
(ter Voorde et al., 2004).  This study uses new K-feldspar 
40Ar/39Ar thermochronology and MDD modeling to constrain 
the timing and magnitude of displacement along the Gavarnie 
thrust, one of the major south-vergent Alpine thrusts of the 
west-central Pyrenees. 

 
Geologic Setting 

The Pyrenees are a doubly-vergent collisional orogen 
formed since the Late Cretaceous as a result of convergence 
between the European and Iberian plates. The orogen 
developed in previously thinned continental crust, the 
product of a Triassic to Cretaceous extensional to 
transtensional rift system created during the post-Hercynian 
fragmentation of southern Europe (Roest and Srivastava, 
1992). The Late Cretaceous northward movement of the 
Afro-Iberian plate was coincident with the onset of sea-floor 
spreading in the Bay of Biscay, causing a counter-clockwise 
rotation of Iberia and subsequent oblique collision with 
Europe. The earliest geologic evidence for collision is a 
Santonian (85.8 – 83.5 Ma) unconformity directly underlying 
a succession of Late Cretaceous turbidites (e.g. Garrido and 
Ríos, 1972). Turbidite deposition was contemporaneous with 
the development of anticlines in the hanging wall of active 
thrusts, indicating the relatively early inversion and re-
activation of pre-existing extensional faults (Martín-Chivelet 
et al., 2002). Kinematic models for the relative motions of 
Iberia and Europe suggest two separate periods of 
convergence in the Pyrenees (Rosenbaum et al., 2002). 
Transpression beginning sometime between 120—83 Ma 
changed to convergence at ~83 Ma. Iberia appears to have 
stopped moving relative to Europe from ~70 Ma to ~55 Ma, 

after which convergence began again and continued on 
through the Oligocene. 

The core of the range is the Axial Zone (AZ), an 
antiformal, south-vergent duplex structure composed of 
imbricate thrust sheets of Hercynian basement. At the 
longitude of this study, three major thrust sheets – the Rialp, 
Orri, and Nogueres – comprise the AZ. The ~100 km long 
south-vergent Gavarnie thrust separates the northern 
Nogueres thrust sheet in the hanging-wall from the southern 
Orri thrust sheet in the footwall. The AZ is flanked to the 
north and south by fold-and-thrust belts, which are in turn 
flanked to the north and south by foreland basins. Detailed 
geologic mapping constrains the onset and magnitude of 
deformation in both the southern and northern fold-and-thrust 
belts (e.g. Muñoz 1995). Thrust activity in the interior of the 
Axial Zone is more difficult to constrain, due to the lack of 
syn-deformational sediments. Previous studies that use 
thermochronology to address thrust fault activity provide 
excellent constraints on patterns of exhumation and cooling 
in the Axial Zone, but do not directly date the onset of fault 
activity (e.g. Yelland, 1991; Morris et al., 1998; Fitzgerald et 
al., 1999; Sinclair et al., 2005; Gibson et al., 2007; Jolivet et 
al., 2007). In this study we present new 40Ar/39Ar data from 
the Maladeta and Bielsa plutons that constrains the onset and 
duration of thrust faulting in the west-central Pyrenees. 

 
Figure 1: K-Feldspar 40Ar/39Ar age spectra for 3 samples 
from different elevations in the Maladeta massif. Box height 
represents 1σ uncertainty. Ages have been “Cl corrected” 
for fluid-inclusion hosted excess Ar. 
 
Results 

Three samples at different elevations from the Maladeta 
massif display age gradients that are strongly correlated with 
structural position (Figure 1). The maximum age from the 
highest elevation sample (PY63) is within uncertainty of the 
crystallization age for the Maladeta pluton (~300 Ma), 
suggesting that since initial crystallization and cooling the 
Maladeta has not been reheated above 350 °C. A detailed 
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step-heat experiment on this sample yielded an unrealistic 
activation energy for Ar diffusion in K-Feldspar, and 
therefore could not be thermally modeled. Regardless of the 
low apparent activation energy the data indicates that PY63 
was shallowly emplaced at ~300 Ma and spent most of the 
Mesozoic at or near the surface before experiencing minor 
late reheating. Both of the lower elevation samples (PY55 
and PY56) yielded laboratory diffusion data well suited for 
thermal modeling with well constrained activation energies 
and frequency factors.  

Even though their age-spectra differ, step-heat derived 
diffusion data and best-fit envelopes for the MDD derived 
thermal histories for samples PY55 and PY56 are very 
similar (Figure 2). Both samples indicate significant heating 
beginning at ~60 Ma, eventually reaching maximum 
temperatures of 270-280 °C at 45 Ma, and then cooling 
relatively rapidly (~6 °C/m.y.).  

 

 
 

Figure 2: K-Feldspar multi-diffusion domain modeling 
results for 3 samples that had step-heat results that allowed 
for thermal modeling. Shown are the “best-fit” envelopes. 
PY55 and PY56 are from the Maladeta massif, PY140 is from 
the Bielsa pluton. All three samples are consistent with the 
onset of a heating event beginning at ~60 Ma. 
 

 
Figure 3: K-Feldspar 40Ar/39Ar age spectra for 2 samples 
from different elevations in the Bielsa pluton. Box height 
represents 1σ uncertainty. Ages have been “Cl corrected” 
for fluid-inclusion hosted excess Ar. 
 

K-feldspar 40Ar/39Ar age spectra of two samples from 
the Bielsa granite in the western footwall of the Gavarnie 
thrust are also strongly correlated with elevation (Figure 3). 
Only the lower elevation PY140 yielded step-heating results 
that could be modeled. MDD modeling of PY140 suggests 
that the Bielsa was reheated to relatively low temperatures 
beginning at ~55 Ma. The Bielsa massif reached a maximum 
temperature of ~120 °C at ~40 Ma, and then began cooling 

relatively quickly. Results from the Bielsa granite are 
consistent with the timing of a reheating event determined 
from the Maladeta pluton, and suggest that the western 
portion of the Gavarnie thrust footwall was not buried as 
deeply as rocks farther to the east. 
 
Discussion 

K-Feldspar 40Ar/39Ar thermochronology and multi-
diffusion domain (MDD) thermal modeling from granitic 
plutons in the footwall of the Gavarnie thrust constrains the 
onset, duration, and magnitude of Alpine age thrust faulting 
in the Axial Zone of the Pyrenees. In concert with new and 
previously published apatite fission-track ages and track 
length thermal models, as well as apatite (U-Th)/He ages, the 
MDD results also constrain the timing and rate of rapid 
erosional exhumation. The results of this study suggest that 
patterns of erosion and exhumation determined from apatite 
fission-track and/or (U-Th)/He thermochronology are likely 
to underestimate the timing of the onset thrust fault activity. 
The data from this study indicates that the Gavarnie thrust 
was active for up to 20 m.y. before the onset of rapid cooling 
associated with erosional exhumation.  
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The Himalaya and Tibet are an unrivaled example of 
continent-continent collision.  This extensive orogenic 
system influences regional climate and is characterized by 
rapid erosion and exhumation. The interplay between 
climate-driven erosion and rock uplift is key in understanding 
the geomorphic evolution of the orogen.  Recent studies 
using detrital zircon fission track data, combined with 
geomorphic models informed by Tropical Rainfall 
Measurement Mission (TRMM) [Bookhagen et al. 2005] 
data and thermal-kinematic models [Brewer and Burbank 
2006] show a strong correlation between regions of high 
precipitation rates and rapid erosion in the modern. 
Additional work indicates evidence for a strengthened 
monsoon during the Holocene.  It is believe that in addition 
to an increase of the monsoon’s intensity precipitation 
penetrated farther into the Himalayan valleys [Bookhagen et 
al. 2005; Goodbred and Kuehl, 2000]. This study examines 
this correlation using detrital (U-Th)/He analysis in both 
modern and paleo-fluvial fill terrace sediments. I hypothesize 
that a northward shift in the locus of maximum erosion will 
be coincident with the strengthened monsoon. Detrital zircon 
(U-Th)/He grain-ages from the Sutlej River Valley in NW 
India are used as mineral tracers to image this shift.  The 
nature of this work is interdisciplinary, relying on complex 
models involving 
geomorphology, tectonics 
and climate along with 
thermochronologic analysis. 
This study uses; (i) TRMM 
data in order to construct a 
rainfall distribution map; (ii) 
a geomorphic model that 
incorporates the TRMM data 
and a specific stream-power 
model that estimates the 
spatial distribution of erosion 
rates; (iii) a thermal-
kinematic model that yields 
a predicted detrital zircon 
cooling-age distribution at 
the surface; and (iv) (U-
Th)/He analyses of detrital 
zircons. 

Our synthesis of 
TRMM-imaged precipitation 
and geomorphic and 
thermal-kinetic models using 
a Monte Carlo sampling 
approach [see Brewer et al., 
2003] yields a synthetic, 
“predicted” detrital grain-age 
distribution for bedload 
sediments. In this study, the 

modeled grain-age distributions are compared with detrital 
zircon (U-Th)/He grain-age distributions I produce. This 
approach allows us to (i) further test the thermal-kinematic 
model with a lower closure temperature chronometer and (ii) 
characterize the correlation between the locus of maximum 
rainfall from the TRMM data and the predicted locus of 
maximum erosion.  The bedload sample grain-age PDF 
provides a “baseline” for the modern-day fluvial system.  
Upon comparison with the early Holocene sample PDF, I 
expect to see a shift in grain-age distribution to older ages.  I 
anticipate this shift to reflect change in the spatial distribution 
of erosion between the early Holocene and the present day. 

Ten of seventy (U-Th)/He grain-ages from the modern-
day bedload sample have been analyzed.  The calculated 
grain-ages are young (2-7 Ma) and are consistent with 
higher-temperature thermochronometric studes that suggest 
rapid exhumation near the locus of maximum precipitation.  
These ages are also consistent with the preliminary Sutlej 
cooling age distribution model combined with the specific 
stream power model predictions.  The remaining sixty 
modern-day sample grain-ages and seventy paleo-fluvial fill 
terrace grain-ages will be analyzed over the next two months 
and a refined, higher-resolution version of the thermal-
kinematic model will be presented and discussed. 
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Introduction 

Traditional fission-track dating that uses an optical 
microscope for track identification has limitations that can be 
eliminated using scanning electron microscopy (SEM).  
These limitations stem from the fact that optical microscopes 
have maximum magnifications of ~1500X and have 
difficulty resolving objects that approach the nanometer 
scale.  Latent fission tracks in zircon are typically 8-10 nm 
long and only 2-5 nm wide, but chemical etching enlarges 
their width (Fleischer et al 1975; Tagami & O’Sullivan, 
2005; Wagner & Van Den Haute, 1992).  High-density 
fission-track (HDFT) dating involves etching fission-tracks 
in zircon grains in a way that reveals tracks in extremely high 
track densities (Fig.1).  With this emerging technique, we 
have counted grains with track densities as high as 3 x 108 
tk/cm2, which is about an order of magnitude higher than the 
highest densities counted optically.  Refinement of this 
technique and routine use will facilitate studies of Paleozoic 
and Precambrian terranes.  

 

 
 
Figure 1: This secondary electron (SE) image is of a high 
track density grain from the Cambrian Potsdam Sandstone 
(NY State) that has been chemically etched and imaged on 
the SEM.  Track pits here are typically ~500 to 1000 
nanometers (0.5 to 1 µm) (scale bar present in bottom left 
corner of image).  These pits would be far too small to count 
on an optical scope and would make this sample undateable.  
There are ~600 track pits on this image, a track density of 
5.90 x 107 tracks/cm2. 
 

Imaging 
In developing SEM HDFT dating, we established that 

four images are needed for each dated grain.  To understand 
the difference between these images and the use of each one, 
a short explanation of how SEM images are created is 
helpful.  When an electron beam interacts with a sample 
several different energies are released, including (but not 
limited to) x-rays, visible light and electrons.  A secondary 
electron (SE) image is created from electrons released by the 
sample and collected by a detector.  A backscatter electron 
image (BSE) is created by analyzing electrons from the 
electron beam that are scattered directly back to a different 

detector.  So, if no material is present electrons won’t be 
reflected back to the detector. This makes the BSE image 
excellent for imaging void spaces, such as etched tracks. The 
first image collected is of the etched zone on the zircon grain 
to be counted; this includes a secondary electron and a 
backscatter electron image. Although the backscatter electron 
image (Fig. 1 & 3) is used the most, these two images 
compliment each other when counting tracks (and both are 
sometimes required to aid in track identification). At this 
point all of our imaging is done on a Zeiss EVO 50. 

 

 
 

Figure 2: SE image of tracks in zircon of the Fish Canyon 
Tuff.  This image illustrates typical zircon fission track 
densities.  Track pits, for standards, are typically etched to 
between one and two µm (scale bar in bottom right corner).  
There are ~75 tracks on this image or a track density of 
7.66E+06 tracks/cm2. (Secondary electron image) 
 

 
 
Figure 3: This backscatter electron image is of the same 
grain in Figure 1 that has been chemically etched and 
imaged on the SEM. Tracks are much easier to see and count 
on the backscatter images. 
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The next image taken is of the entire grain and surrounding 
area, this is taken to ensure the grain can be located again 
(Fig. 4).  The fourth and final image is of the uranium map 
created by irradiating the zircons with thermal neutrons (Fig. 
5).  The induced tracks are registered in mica so they have a 
slightly different look than those tracks formed in zircon we 
imaged on the SEM.  The lighter areas and glowing tracks in 
all the images are caused by the electron beam charging 
certain locations on the sample.  To a large extent this 
charging is minimized by coating the samples with a 
conducting material (our preference is now Au-Pd). 
 

 
 
Figure 4: Secondary electron image of a zircon from the 
Potsdam Sandstone.  This is an image that shows the entire 
grain and surrounding area for location. (same grain as Fig. 
1). 
 

 
 
Figure 5:  The final image used for routine dating is of the 
uranium map of the zircon (Fig. 5) from the Potsdam 
Sandstone. 
 

During the imaging process magnifications are set at 
round numbers (2500, 3000, 3500 etc.) to standardize the 
counting area size.  The track pits are counted using ImageJ 
software.  The software allows the pits to be marked and then 
counted by the number of marks placed on the image.  
Unfortunately the program cannot automatically count track 
pits without marking them first, this must be done manually.   
 
Standards & Zeta Calculations 

One of the important experiments we conducted was 
imaging & counting typical fission track standards (Fig. 2).  
The results show (Fig. 6) that dating standards on the SEM 
yields zeta numbers comparable to those determined by 

optical dating, which suggests that the calibration is not 
significantly affected by the magnification process, and 
reflects the systematic attributes of the samples. The standard 
error is slightly higher using the SEM but is within the 
accepted range for zeta calculations.   We are currently 
looking to replace the young standards (all <30 Ma) with a 
well-characterized zircon that is considerably older (c. 500 
Ma).   

 
 
Figure 6: SEM zeta calculations from three standards 
routinely dated in the Union College FT Lab (FCT – Fish 
Canyon Tuff; BLK – Buluk Tuff; PST – Peach Springs Tuff).  
The Buluk Tuff is generally the most difficult to count due to 
low track densities (it has relatively low uranium).  The grey 
line is the weighted zeta used in age calculations.  
 

 
 

Figure 7: Plot of spontaneous track density vs. detrital grain 
age for over 5000 detrital zircon grains (from various studies 
in the Union FT lab).  Dark points are grains dated optically; 
Light points are grains dated using our SEM technique.   
 
Results 

Our studies have thus far focused on understanding the 
thermal evolution of Grenville rocks (~1.1 Ga) of the 
Adirondacks and their Cambrian (c. 500 Ma) cover strata in 
New York State.  Figure 7 shows a clear upper and lower 
boundary of uranium concentrations and track densities that 
can be dated in typical optical fission track dating (this 
represents thousands of detrital grains dated in the lab).  The 
main pattern in this plot is the clear upper boundary, which 
reflects the upper limit of track densities that can be 
confidently counted using a standard optical microscope 
(generally less than 107 tk/cm2). To count the high track 
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densities we have developed a special etching technique 
aimed at retarding the etching process, which provides 
flexibility in the rate of track enlargement. This technique 
creates fully etched tracks that are much narrower than 
normally etched tracks and therefore cannot be counted using 
standard optical microscopy. Etching by standard methods 
(i.e. Garver, 2003), would result is useless over-etched grains 
in almost every case.  This track revelation allows for dated 
grains in the upper boundary that is seen on both the uranium 
concentration & spontaneous track density graphs.   

Using an SEM to image and count grains has allowed 
us to date grains at the extreme end of the current dating 
spectrum and we are confident that the apparent ages 
between 500 and 900 Ma are clearly related the thermal 
evolution of the this Grenville terrane. Our results thus far 
suggest that this Grenville terrane experienced a widespread 
thermal event in the latest Precambrian undoubtedly related 
to a thermal perturbation driven by the opening of the Iapetus 
Ocean. 
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One of the important characteristics of zircon (ZrSiO4) is its 
affinity to incorporate uranium, thorium, and other REE’s 
and HREE’s, into its crystal structure.  The result of having 
the actinide elements in the crystal structure is self-irradiation 
due to the long alpha decay series of both elements.  The self-
irradiation is principally caused by α-damage, and virtually 
all the damage results from α-recoil of the parent nuclide (i.e. 
Fleischer 2003).   Self irradiation in zircon causes disorder 
within the crystal structure which in turn has several effects 
such as: 1) a decrease in density; 2) a decrease in 
birefringence; and 3) a decrease in the elastic moduli 
(Holland & Gottfried, 1955; Chakoumakos et al., 1987; 
Woodhead et al., 1991; Weber et al., 1994).  This damage 
changes the material properties of this mineral, which plays a 
key role in geochronology.  It is clear from studies of natural 
zircon in geologic conditions that α-damaged zircon has a 
lower effective closure temperature and it has much lower 
temperature of track annealing (see Brandon et al., 1998; 
Garver et al., 2005).  So a key point is that this damage 
changes the material properties of this mineral.  For fission-
track (FT) analysis, this means that the amount of radiation 
damage profoundly affects track retention, annealing 
characteristics, and the rate of chemical attack during the etch 
process.  A central issue is how individual grains retain α-
damage after heating episodes, including those heating events 
sufficient to completely anneal all fission tracks.  
 
Radiation damage is important to fission-track dating because 
it decreases the ability of zircon to retain fission tracks.  
Typically fission tracks are retained in zircon below about 
~240oC over geologic time periods (~Myr). Later heating can 
anneal already formed tracks.  Fission tracks in old damaged 
zircons can anneal at lower temperatures, possibly as low as 
~180-200 oC (i.e. Kasuya & Naeser, 1988; Riley & Garver, 
2003; Riley 2004; Garver et al., 2005).  A key issue in terms 
of track retention is the amount of radiation damage a crystal 
has at the time of a later thermal event because this internal 
damage affects track retention. 

Here we consider the case where a rock is initially cooled to 
near ambient temperatures, and then later is buried and 
affected by a later thermal event.  If this secondary heating 
event is well after the initial cooling (100 Myr or more) 
grain-to-grain heterogeneity will result in a significant 
difference in internal radiation damage.  This difference in 
internal radiation damage is inferred to cause differences in 
the effective annealing temperature from grain to grain.  So, 
in a secondary heating event, some grain are annealed, some 
grain are partly annealed, and some grain may be totally 
unaffected if Tmax is close to the lower limits of annealing (c. 
200°C) (Kasuya & Naeser, 1988; Garver & Bartholomew, 
2001; Riley & Garver, 2003; Garver et al., 2005). 
 
In a mixed suite of zircon grains (sandstone), the grain-to-
grain variation in radiation damage may be significant (Riley 
& Garver, 2003).  If a sample is brought to temperatures 
sufficient to anneal fission tracks, one important question is 
how much internal radiation damage (α-damage) remains 
after the fission tracks have been annealed.  One key problem 
is that we don't have a way to directly measure internal 
radiation damage in a crystal. 
 
This project is focused on determining or defining how 
radiation damage affects fission tracks in the context of α-
damage in the crystals. The project involves annealing fission 
tracks and radiation damage out of a sample of known age, in 
this case a Grenville-aged pegmatite from Lewis County NY.  
There are several proxy measurements for radiation damage.  
One is to use Raman laser-light scattering.  Raman scattering 
measures the vibrations of atoms within a material and has 
been found to be a good proxy for internal disorder in the 
crystalline structure (Nasdala et al., 2001; 2002).  The second 
is to determine the effect of radiation damage on the 
chemical susceptibility of zircon (or etchability of fission 
tracks in zircon). 

 

 
 

Figure 1: Image of etch pits of induced fission tracks in annealed zircon from Grenville basement rocks, Lewis County, Adirondacks 
(NY State).  (Left) SEM image of etch pits of induced tracks in grain that has been annealed for 750°C (20 hr) and (right) zircon 
annealed at 1050°C (20 Hr). These grains were etched under identical conditions. The induced track density is about the same in each 
case, but the size of etch pits is considerably smaller in those annealed at higher temperatures.  In this case we suspect that the 
difference in chemical attach by the etchant is affected by radiation damage.  So, the chemical attack rate of the etchant is commonly 
considered a first-order proxy for radiation damage.  Both images are the same scale, although scale bars are different lengths. 
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Large pegmatitic zircons were obtained from rocks in 
Grenville basement rocks in Lewis County in the eastern 
Adirondacks (courtesy of Marian Lupulescu, NY State 
Museum - Fig. 1).  Our analysis indicates that these crystals 
have a zircon fission track age of 513 ± 30 Ma with typical 
uranium concentrations of c. 150-350 ppm.  For annealing 
and Raman studies, the zircons were first heated to determine 
the point of fission track annealing.  Fission tracks were 
annealed by holding the zircons at 750 oC for 1 hour.  Our 
hypothesis is that radiation damage remains in the zircon well 
after fission tracks are annealed and we want to determine 
how much remains after different annealing increments. We 
progressively annealed different aliquots to incremental 
temperatures of 750, 850, 950 and 1050oC for 20 hours (Fig. 
2).  The radiation damage should be progressively removed 
at these higher incremental temperatures (and longer time). 
After this annealing, grains were sent to the OSU nuclear 
reactor and fission tracks were induced by neutron irradiation 
of 235U.  After irradiation, the samples are then polished and 
etched (using the same etching time for all samples).  The 
SEM images are used to measure the pit size (Fig. 1) because 
of the limits on optical microscope magnification and quality. 
The etchability of the track pits is used as a proxy in this 
situation but the results will be compared with Raman 
diffraction as well. 

 
 
Figure 3: This plot shows pit size vs. annealing temperature.  
As expected, samples annealed at lower temperatures have 
larger pit sizes after the same amount of etch time.  Here we 
are essentially using etchability as a proxy for radiation 
damage.  The grains annealed at only 750 °C (far plot), have 
larger etch pits because they retain the most internal 
radiation damage, which facilitates etching and track 
enlargement.  Grains annealed at higher temperatures are 
more crystalline because more radiation damage has been 
annealed and therefore track revelation is slower. Etching 
was done after irradiation in a controlled oven for all 
samples at exactly the same time.   
 
Raman Scattering 

The preliminary Raman scattering results (Fig. 4) 
indicate that heating the samples to different temperatures 
(750, 850, 950, 1050° C) causes a significant change in 
internal ordering to occur within the zircon.  Our initial 
experiments involved progressively annealing fission tracks 
to find the upper limit of track stability.  These annealing 
experiments of radiation damage start at the upper bound of 
full annealing of fission tracks, which is below 750° C.   A 
key implication of these data is that zircon grains likely have 

inherited radiation damage between geologic events, and 
therefore this damage likely affects the systematics of 
geochronology using this mineral.  If the zircon does inherit 
radiation damage, this makes the crystal structure weaker and 
probably makes the fission tracks within the zircon more 
susceptible to annealing (Garver et al., 2005).  This could 
also help explain dispersion in ages commonly seen in zircon 
fission-track dating, and therefore this approach has 
important implications for ZFT dating.    
 

 
 

Figure 4: Plot showing Raman scattering full width half 
maximum (FWHM), which we use as a proxy for damage in 
the crystal structure.  A shift to smaller FWHM values 
reflects greater crystallinity and less internal disorder in the 
zircon. The FWHM value is a measure of the V3 [SiO4] 
wavenumber and it is affected by internal disorder in the 
crystal as well as uranium concentration (see Marsellos et 
al., this volume).  The negative correlation in this plot shows 
that grains are progressively annealed and have greater 
internal crystalline order for the higher annealing 
temperatures.  Each data point represents the average of 
about five individual grains and error bars represent the 
standard deviation of those measurements.  A key finding 
here is that fission tracks are annealed well below the 
temperature required to remove what is probably at least half 
of the internal radiation damage (here crystal disorder). 
Experiments are ongoing to determine the relationship 
between crystallinity and annealing of fission tracks (area 
denoted with “?”).  
 
Implications 
There is little question that significant radiation damage 
exists in samples heated well above temperatures, which are 
sufficient to fully and totally anneal fission tracks.  Because 
this internal radiation damage affects annealing and retention 
of fission tracks, it is likely that there is considerable grain-
to-grain variation in reheated samples (especially 
sedimentary samples), and this might be the primary cause 
for over-dispersion in these types of sample age distributions.  
In these cases, where reheated samples have overdispersion 
of zircon FT ages, the youngest population is likely to have 
the most geological significance as this likely records the 
time of reheating in the lest retentive grains. 
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Abstract 

Annealed fission-track lengths and densities measured 
in random-oriented grains with tracks etched in two different 
standard chemical etchings (with 1.5 M and 5 M HNO3) were 
compared. The etchings caused differences lowers than 1% in 
lengths and 11% in densities. There is no distinction between 
Track-in-Track (TINT) and Track-in-Cleavage (TINCLE). 
 
Introduction 

When a mineral is irradiated with neutrons in a nuclear 
reactor, the induced fission-track density, ρI, can be written 
as (Iunes et al, 2002): 
 

(1)     
MUI
RN!" =          

 
where ε is the ratio between the number of fission–tracks 
observed per unit surface and the number of fission events 
per unit volume that took place inside the mineral during the 
neutron irradiation; NU is the number of uranium atoms per 
unit volume and RM is the fraction of fission events per 
uranium target nucleus, considering the thorium fission that 
occurred during irradiation. 

If ρI measurements are done in the same sample with 
equal irradiation but different standard chemical etchings (1.5 
M and 5 M HNO3), we can obtain from Eq. 1: 
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If Ε was one, it would mean that measuring efficiency is not 
influenced by chemical etching.   
 

It is possible to compare lengths in a similar way considering 
the following relation between track density and length 
(Jonkheere, 2003): 
 

(3)      

! 

" = 1
4
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Where N is the number of fission tracks per unit of volume. 

To do these comparisons, four apatites with a wide 
range of Chlorine and Fluorine contents were chosen and 
heating experiments allowed that possible annealing effects 
could be inferred. 
 
Experiment 

The four apatite specimens selected for this study 
included extreme chemical composition range of chlorine 
content. Chlorine and Flour quantities were determined by 
ACTlabs Laboratory on Canada, using ICPMS (Ion Coupled 
Plasma Mass Spectrometer). In Table 1, there are their labels 
and specifications about their chemical compositions, 
localization and who donated them. The samples were 
grained and annealed totally for at least 24 h at 450º C. Then, 
they were irradiated with 3.0 x 1015

 neutrons/cm2. 
The four apatites were separated in small aluminum 

packs that were heated in furnaces. The temperature was 
monitored using in each furnace with a thermocouple 
coupled a data logger. The accuracy was ±1-2º C. D-optimal 
program based on Aguiar’s design (Aguiar et al, 1995) was 
used to determine the heating experiments that maximize 
annealing information (Moreira et al, 2005). Table 2 shows 
the heating temperature and time. 

 

Table 1: Labels of apatite, their provenance, Cl and F contents and source. 
 

Label From Cl (%) F (%) Donated by/ Institution 
CA Catalão, Brazil 0.01 (1) 4.86 (1) Prof. Dr. Delzio de Lima Machado Junior / IPT, Brazil 

K1 
Craton do São 

Francisco, Rio do Peixe, 
Brazil 

0.09 (1) 5.47 (1) Prof. Dr. Koji Kawashita / IG-USP,Brazil 

B2 Bamble, Norway 2.72 (1) 0.40 (1) 

B3 Bamble, Norway 4.90 (1) 0.14 (1) 

Dr. Jeffrey Post / 
Smithonian Institute, EUA 

 
Table 2: Heating times (h) and temperatures (°C) in gray. 
 

                Temperature (°C) 
Time (h) 140 160 180 200 220 240 260 

10             
100           

1000            
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After annealing, apatite grains were mounted in epoxy, 

polished and etched for 45±1 s in 1.5 M HNO3 solution or for 
20±1 s in 5.0 M HNO3 solution, both at 20±1 °C. 
Measurements were made only on horizontal and confined 
fission tracks. TINTs were measured as well as TINCLEs. 

Despite the fact that the D-optimal program had 
selected a wide range of Temperature-Time experiments; 
some of those experiments were unconsidered, because less 
than 20 track length were measured. This happened in the 
stronger annealing experiments when fission tracks are 
shorter, decreasing the statistics. 
 
Result and Discussion 

The present data set allowed the straight comparisons 
between fission-track lengths and densities which suffer the 
same heating treatment, but they were etched with two 
different chemical concentrations: 1.5 and 5.0 M. 

In Table 2, the length ratio for all heating treatment is 
one approximately. The greatest divergence is only 0.6%. 
However, to apatites K1 and B3 the χ2 probabilities are lower 
than 0.05. To K1, it is caused by one point that diverges of 
4.6% from mean. If this point were excluded, the chi-square 
would be 23.1 and its probability would be 0.01. In B3 case, 
two presented divergences of 4.5 % and 7.0%. The chi-
square was 16.8 and its probability was 0.11, if they were 
excluded. 

To densities, the greatest divergence from unit was 
11%. The chi-square probabilities had worst values than in 
length measurements. In the worst case, B3 sample, three 
measures were responsible for a too high chi-square. Their 
divergences from mean were 28, 16 and 15%. If they were 
excluded, the new probability would be 0.035 to chi-square 
equals to 26.5. To CA apatite, excluding two points with 
diverges of 15 and 11% from mean, the chi-square would be 
18.0 and the probability would become 0.035. One point to 
B3 was the main responsible for the high value of chi-square 
and its divergence was 12% from mean. If this point was 
excluded, the new chi-square would be 20.1 and the 
probability would be 0.065. 

Spite of the possible exclusion of these points, they can 
not be considered as outliers. Observing Fig. 1, the box plots 
do not present any outlier point. Therefore, these points are 
representative in the statistics. Besides this, in all samples, 
length distributions are narrower than density ones. We 
believe that this is due to lower sensitivity of length 
measurement to analyst efficiency. Etching in apatites can 
cause some etch figures mainly in determined 
crystallographic faces and these figures could be confused 
with track pits. On the other hand, confined horizontal fission 
tracks should be more difficult to confuse with etch figures. 

So, the analyst efficiency would be more consistent when he 
measures length than he counts pits. 

 
 
Figure 1: Box plots of density and length distributions. Each 
sample is identified by its label. 
 
Conclusion 

Two standard etching in apatite (1.5 M and 5 M HNO3) 
were compared, using annealing experiments in random-
oriented grains. The measuring efficiencies can be equal in 
both chemical etching inside a maximum divergence of 0.9% 
to length measurements and 11% to density ones. 
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Table 3: Relationship between lengths and density means, chi-square (χ2) and probabilities to each apatite. 
Samples CA K1 B2 B3 

 
Lengths     

L1,5/L5 0,991 (6) 1,002 (11) 1,006 (4) 0,997 (8) 
χ2 21,1 40,6 19,9 43,2 

P(χ2) 0,032 0 0,098 0 
 

Densities     

ρ1,5/ ρ 5 1,11 (3) 1,08 (4) 0,99 (2) 1,06 (2) 
χ2 34,3 122,2 29,0 30,2 

P(χ2) 0 0 0,007 0,004 
     
ν 11 13 13 13 
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The eastern Mediterranean Dinarides-Albanides-
Hellenides orogen (Fig. 1A) formed by subduction of the 
Adriatic continental lithosphere beneath the Eurasian plate 
since Eocene-Oligocene. Neogene extension has been 
extensively studied within this orogen and the Aegean region 
in general (e.g. Gautier and Brun, 1994; Jolivet and Patriat, 
1999), and Neogene extensional basins have been described 
in Macedonia (e.g. Dumurdzanov et al., 2005) and southern 
Albania (e.g. Tagari et al., 1993). Extension has as yet not 
been characterized in detail farther north, in the northern 
Albanides and Dinarides. Even though late orogenic 
extension is a widespread phenomenon in the Mediterranean 
convergence zone (e.g. Jolivet and Faccenna, 2000), the 

underlying processes are discussed controversially in the 
literature, and have been attributed to either extensional 
collapse (e.g. Dewey, 1988), slab roll-back (Royden, 1993; 
Jolivet and Faccenna, 2000) or slab detachment (Wortel and 
Spakman, 2000). Extensional faulting permits rapid tectonic 
exhumation that can be recorded with low-temperature 
thermochronology (e.g. Foster and John, 1999; Brichau et al., 
2006). Here, we document late orogenic exhumation in the 
northern Albanides using (U–Th)/He and fission-track (FT) 
thermochronology, which allows establishing the timing and 
rate of extensional exhumation in the eastern Internal 
Albanides. We also discuss the tectonic implications of 
observed contrasting exhumation histories. 

 

 
 
Figure 1: (A) Geodynamic setting of the Albanides in the Mediterranean context; map shows major tectonic units and present-day 
displacement vectors from Global Positioning System studies. Box indicates location of figure 1B. (B) Schematic geological map of 
the Albanides showing main structural provinces as well as thermochronological results (Muceku et al., 2006; 2008). Pz, Paleozoic; 
Pe, Permian; Mz, Mesozoic; Tr, Triassic; J, Jurassic; Cr, Cretaceous; Pg, Paleocene; Ng, Neocene; Q, Quaternary. 
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Structure and Deformation of the Albanides 
The Albanides form the central part of the Dinarides-

Albanides-Hellenides orogen (Figs. 1 and 2) and are 
characterized by two fundamental components: i) External 
Albanides, a western fold-and-thrust and ii) Internal 
Albanides; a central Belt characterized by the occurrence of 
ophiolitic nappes (Mirdita or Pindos zone), and an eastern 
continental Internal Complex (Korabi, Gashi and Rubiku 
zones) (e.g., Robertson and Shallo, 2000; Cavazza et al., 
2004). The ophiolitic nappes of the Central Belt were 
obducted onto the Internal Complex during the mid-Jurassic 
(Dimo-Lahitte et al., 2001), and the whole structure was 
thrust westwards over the External Albanides during 
Eocene–Oligocene times, when the Adriatic margin began 
subducting below the European margin. The evolution of the 
fold-and-thrust belt in the external Albanides is well known, 
as it has been the target of   extensive   petroleum   
exploration (Robertson and Shallo, 2000; Cavazza et al., 
2004; Roure et al., 2004). In contrast, the recent evolution of 
the Central Belt and the Internal Complex, together known as 
the Internal Albanides, has received much less attention.  

Geological and geophysical data indicate eastward 
thickening of the Albanian crust from about 30 km in western 
Albania to 45–50 km near the Macedonian and Greek 

borders. Fault-kinematic and seismotectonic data suggest the 
existence of a compressional regime in the western belt, 
related to subduction of the Adriatic lithosphere, and a 
tensional regime in the eastern belt. 

 
Thermochronology data 

Zircon and apatite (U-Th)/He (ZHe, AHe) and apatite 
fission-track (AFT) data are shown in Figs 1 and 2. AHe ages 
show a strong eastward decrease, from ~57 Ma in the Mirdita 
zone (sample AM4-02) to ~17 Ma in the Gashi zone (AM15-
00) and ~5 Ma in the eastern Korabi zone (AM26-03, AM20-
00). This eastward decrease also shows up in the ZHe ages, 
which are ~101 Ma in the Gashi zone (AM15-00) and ~50 to 
20 Ma (AM08-00; AM26-03) in the eastern Korabi. These 
new data emphasize the significant differences in cooling 
histories between rocks of the Gashi zone in the north, the 
western part of the Mirdita zone, and the Korabi zone in the 
east of the Internal Albanides, as previously inferred 
(Muceku et al., 2006). In order to quantify the amount of 
exhumation associated with rapid cooling of the eastern 
Korabi zone, we use a transient 1D thermal model (Heat1D; 
Braun et al., 2006) to forward model the cooling paths, based 
on an undisturbed thermal gradient for this region of 
25°C/km (Cermak et al., 1996). 

 

 
 
Figure 2: A) Crustal cross-section of the Albanides (modified after Roure et al., 2004) and general cooling paths inferred from 
thermochronological data. Representative ages and closure temperatures are plotted for the different systems studied and three main 
regions; the Mirdita, Gashi and Korabi zones. Adopted closure temperatures are 240 °C for the ZFT system (Brandon et al., 1998), 
180 °C for ZHe (Reiners et al., 2004), 120 °C for AFT (Gallagher et al., 1998) and 70 °C for AHe (Wolf et al., 1996; Farley, 2000). 
B) Lithosphere-scale cross-section of the Hellenic-Dinaric belt at the latitude of central Albania (modified after Cavazza et al., 2004). 
I, Ionian; KG, Kruja-Gavrovo; KP, Krasta-Pindos; PK, Korabi-Pelagonian; S, Sazani-Preapulian; V, Vardar; W, Mirdita. 
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Four time-temperature histories of samples calculated by 
inversion of AFT, AHe and ZHe data using HeFty (Ketcham, 
2005), suggest slow exhumation rates ~0.1 mm/y for the 
western Internal Albanides, and ~0.16 mm/y for the eastern 
Internal Albanides, with a pulse of 1.2 mm/y between 6-4 Ma 
(Muceku et al., 2008). This pulse results in a transient increase 
in near-surface geothermal gradients of ~10%. Thus, final 
exhumation of the Korabi zone during the 6-4 Ma rapid 
cooling phase amounted to ~2.4 km. 
 
Tectonic implications 

Rapid exhumation in the Korabi zone between 6-4 Ma 
contrasts strongly with continuous slow exhumation farther 
west and north in the internal Albanides (Fig. 2a). Such a 
localized phase of rapid exhumation can be explained by 
erosion, by tectonic exhumation, or by a combination of both. 
Discriminating between the two end-member scenarios 
(erosion vs. tectonic exhumation) requires comparing the 
calculated exhumation rates with sediment volumes derived 
from the internal Albanides (e.g., Kuhlemann et al., 2001). No 
detailed studies on the sediment budgets for these basins are 
currently available. However, the strong lateral gradient in 
rock uplift rates implied by the thermochronologic data 
suggests accommodation of this variation by faulting. The 
present-day structure of the Albanides, with major west-
dipping faults forming the boundary between the Mirdita and 
Korabi zones and occurring within the Korabi zone constrains 
such faulting to be extensional on reactivated NE-SW trending 
former thrust fault systems (Fig. 2).  

We thus suggest that late Oligocene to early Miocene 
crustal thickening and shortening in the Albanides changed to 
an extensional regime in the eastern part of the orogen at ~6 
Ma. This extensional has been linked both to rollback of a 
continuous slab under the Albanides (Royden, 1993; 
Dumurdzanov et al., 2005) and to a southward propagating 
tear in the Adriatic subducting slab (Wortel and Spakman, 
2000), leading to localized uplift and extension in the 
overriding plate (e.g., Buiter et al., 2002). Our thermo-
chronological data do not allow discriminating between these 
competing hypotheses, but they indicate that rocks of the 
Korabi zone where exhumed from 2-3 km depth during this 
late extension phase.  
 
Conclusions 

The application of (U-Th)/He and AFT thermo-
chronology helps elucidates the cooling and exhumation 
history of the Internal Albanides. Slow cooling and 
exhumation (<0.1 mm/y) of the northern and western Internal 
Albanides since Late Eocene-Early Oligocene times is likely a 
response to crustal thickening near the frontal thrust during 
tectonic emplacement of the internal units on top of the 
external fold-and-thrust belt. We propose that the present-day 
symmetric structure of the ophiolite units in the Internal 
Albanides is a result of Miocene-Pliocene extension on 
reactivated former thrust faults, affecting the eastern ophiolites 
and the Korabi zone. (U-Th)/He and AFT data allow 
determining the beginning of this extensional phase at < 20 
Ma. Exhumation of the Korabi zone rocks accelerated at 6-4 
Ma, reaching a rate of about 1.2 mm/y during this time. These 
results are in good agreement with regional structural and 
stratigraphic information.  
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The southern Alaska continental margin represents a 
tectonically complex region where various driving 
mechanisms, such as changes in plate motion and/or 
microplate rotation and/or collision of the Yakutat terrane, 
may have contributed to the uplift and formation of the 
Alaska Range. The Alaska Range is located along a major 
continental strike-slip fault system, the Denali Fault system 
(DFS), and is host to the highest mountain in North America, 
Mt. McKinley (~6194 m). The Alaska Range is located ~500 
km inland of the active plate margin. The high topography of 
the central Alaska Range occurs where the McKinley strand 
of the Denali fault system changes from a mainly east-west 
orientation to a southwest-northeast orientation. Our 
objective in this study is to date apatites using (U-Th)/He 
(AHe) dating from a suite of samples (Fitzgerald et al., 1995) 
previously collected over ~4 km of relief on the western 
flank of Denali (Figure 1). Combining the new AHe ages 
with the previously determined apatite fission-track (AFT) 
data, our goal is to further constrain the patterns and timing 
of denudation within the central Alaska Range. As apatite 
(U-Th)/He dating is a lower temperature technique as 
compared to AFT thermochronology, the new data provide 
information on the more recent exhumation history. 

 
Previous Apatite Fission-track results 

Previous work within the central Alaska Range 
included an age elevation profile (~4 km relief) from the west 
flank of Denali (Mt. McKinley). Thermochronology yielded 
AFT summit ages of ~16 Ma down to ~4 Ma at the lowest 
elevation (Fitzgerald et al., 1995). This AFT age - elevation 
profile shows a significant break in slope (exhumed base of 

the PAZ) at ~6 Ma that indicates the onset of rapid 
denudation at that time, continuing to the present, at an 
average rate of ~1 km/my (Fitzgerald et al., 1995).  
Fitzgerald et al., interpreted the formation of the range 
associated with the significant increase in denudation rate at 
ca. 6 Ma as caused by the change in plate motion of the 
Pacific plate with respect to the North American plate and the 
far-field microplate rotation induced by variations in the 
concentration of partitioned stress along the arc-like Denali 
Fault system. In essence, the Yukon-Tanana terrane, 
separated from the Wrangellia terrane to the south by the 
Denali Fault system, acted as a tectonic backstop along 
which the central Alaska Range has been formed in the arc of 
the Denali fault.  Changing plate motion vectors are likely to 
have contributed to the change in translational motion of the 
Yakutat terrane at ~5-6 Ma from a dominantly strike-slip 
motion to a more oblique-slip motion as the terrane continued 
to subduct with the Pacific plate beneath the southern Alaska 
continental margin (Fitzgerald et al., 1995). Changes in the 
cooling rate through time have been modeled using 
previously determined AFT ages with associated track-length 
distributions, and new Dpar measurements (Figure 2). 
Results from multiple samples show the onset of rapid 
cooling beginning ~6 Ma. The uppermost sample (D39) from 
~5,956 m, indicates rapid cooling through the apatite partial 
annealing zone beginning at  ~10 Ma (Figure 2). If so, this 
suggests an earlier cooling event at ca. 10 Ma, followed by 
relative thermal and tectonic stability and then a more 
significant cooling event at ca. ~6 Ma associated with the 
formation of the modern day Alaska Range. 

 

 
 
Figure 1:  Photograph of the Denali massif with sample locations with AFT ages (Ma) (Fitzgerald et al., 1995). 
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Figure 2:  Modeled Time-temperature histories for samples 
in decreasing elevation (D39, D15, D22) collected from a ~4 
km vertical profile from Mt. McKinley (Fitzgerald et al., 
1995). All samples were modeled using the HeFTy program 
(Ketcham, 2007). Note the onset of rapid cooling at ~6 Ma 
modeled in samples D15 and D22 and onset of rapid cooling 
at ~10 Ma for sample D39. AFT cooling ages are plotted as 
purple circles (Fitzgerald et al., 1995). 
 
 
Apatite (U-Th)/He: Age-Elevation Vertical Profile 

All apatite grains chosen for (U-Th)/He analysis were 
selected based on lack of inclusions and internal fractures, 
morphology, color (colorless), and half-width (>65 µm), 
under an optical microscope following standard procedures 
(Farley, 2002).  AHe results from samples from the ~4 km 
vertical profile of Denali are compatible with previously 
dated AFT ages (i.e. ages are generally younger) (Figure 3).  
Single grain ages range from ~9-2 Ma with the age-elevation 
trends compatible with post ~6 Ma rapid cooling. There is 
some spread of (U-Th)/He single grain ages in each sample 
with some single grain ages older than their corresponding 
AFT ages. Such a variation in single grain ages occurs for a 
number of reasons: 1. The U and Th concentrations within 
the grain may be non-homogeneous possibly resulting in an 
inaccurate α-particle ejection correction, 2. U and Th-rich 
inclusions within the grain exist, 3. Variations in crystal size, 
4. The grain boundary does not represent a zero-

concentration boundary and any factors that may impede He 
diffusion from the crystal are possible, 5. Implantation of He 
from adjacent phases (Farley, 2002; Ehlers and Farley, 2003; 
Fitzgerald et al., 2006). All of these factors could result in a 
significant spread in single grain age variation within a 
particular sample, including single grain ages slightly older 
than corresponding AFT determined ages.  In these situations 
the "correct age will be closer to the minimum (U-Th)/He age 
(Fitzgerald et al., 2006).  An inflexion in the minimum (U-
Th)/He age-elevation profile at 2-3 Ma suggests an increase 
in the rate of denudation at that time. 

 
Apatite (U-Th)/He: Ages Across the Denali Fault System 
at Peter’s Pass 

The relief in the foothills on the north side of Denali 
fault system near Peters Pass is on average ~800 m with an 
average peak elevation of ~1400 m. The relief to the south of 
the pass is even more dramatic with an average of ~2000 m 
and average peak elevation of ~2575 m, from the pass at 
~2439 m to the summit of Denali. Single grain (U-Th)/He 
ages were determined from samples on both the north and 
south sides of the Denali fault near Peter’s Pass (Figure 3).  
These samples have no complimentary AFT determined 
cooling ages.  

 

 
 
Figure 3: Simplified geological map of the southwest portion 
of the central Alaska Range (modified Fitzgerald et al., 
1995).  Apatite (U-Th)/He single grain ages located to the 
north and south of the Denali Fault System are plotted in 
dark blue. Apatite (U-Th)/He single grain ages from the ~4 
km vertical profile from Denali range from ~9 to 2 Ma 
(plotted in light blue).  AFT ages are in black. 
 

 (U-Th)/He ages to the north and south of the Denali 
fault are all <6 Ma suggesting a history similar to that 
determined from the Denali vertical profile, i.e., rapid 
cooling due to rapid denudation was ongoing after ~6 Ma. 
Ages on either side of the fault are within 2σ error of each 
other indicating that denudation is occurring on both sides of 
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the McKinley strand of the Denali Fault system. However, 
single grain (U-Th)/He ages to the south (~1.7-4 Ma) may be 
slightly older than those to the north (ages are ~1.5-2.6 Ma). 
Given the more subdued topography north of the fault, this 
raises the possibility that there is more recent active 
denudation to the north of the fault, perhaps associated with 
the onset of more rapid denudation as suggested by the  ~2-3 
Ma inflexion in the Denali (U-Th)/He age-elevation profile. 
 
References 
Ehlers, T. A., and Farley, K. A., 2003, Apatite (U-Th)/He 

thermochronometry: methods and applications to problems in 
tectonics and surface processes, Earth and Planetary Science 
Letters, v. 206, n.1-2, p. 1-14. 

Farley, K. A., 2000, Helium diffusion from apatite: general behavior 
as illustrated by Durango flourapatite, Journal of Geophysical 
Research, v. 105, p. 2903-2914. 

Farley, K. A., 2002, (U-Th)/He Dating: Techniques, Calibrations, and 
Applications, in Porcelli, D., Ballentine, C. J., and Wieler, R., eds., 
Noble Gases in Geochemistry and Cosmochemistry: Reviews in 
Mineralogy and Petrology: Washington D.C., Mineralogical 
Society of America, p. 819-844. 

Fitzgerald, P. G., Sorkhabi, R. B., Redfield, T. F., and Stump, 
Edmund, 1995, Uplift and denudation of the central Alaska Range: 
A case study in the use of apatite fission track thermochronology 
to determine absolute uplift parameters, Journal of Geophysical 
Research, v. 100, p. 20, 175-20, 191. 

Fitzgerald, P. G., Baldwin, S. L., Webb, L. E., and O’Sullivan, P. B., 
2006, Interpretation of (U-Th)/He single grain ages from slowly 
cooled crustal terranes: A case study from the Transantarctic 
Mountains of southern Victoria Land, Chemical Geology, v. 225, 
pg, 91-120.  

Ketcham, R. A., Carter, A., Donelick, R. A., Barbarand, J., and 
Hurford, A. J., 2007, Improved modeling of fission-track annealing 
in apatite, American Mineralogist, v. 92, p. 799-810. 



 
In Garver, J.I., and Montario, M.J. (eds.), Proceedings from the 11th International Conference on thermochronometry, Anchorage 
Alaska, Sept. 2008. 
 185 
 

REPRODUCIBILITY OF OLD APATITE (U-TH)/HE AGES: AN EXAMPLE FROM 
EAST GREENLAND 

 
Persano, C.1, Swift, D. A.2, Stuart, F. M.3 & Olive, V.2  
 
1Department of Geographical & Earth Sciences, East Quadrangle, University of Glasgow; Glasgow, G12 8QQ, UK 

(Cristina.Persano@ges.gla.ac.uk) 
2Department of Geography, University of Sheffield, Winter Street, Sheffield, S10 2TN (d.a.swift@sheffield.ac.uk) 
3Scottish Universities Environmental Research Centre, Rankine Avenue, East Kilbride; G75 0QF, UK (f.stuart@suerc.gla.ac.uk; 

v.olive@suerc.gla.ac.uk) 
 

In the last decade or so the apatite (U-Th)/He 
thermochronometer has proved increasingly useful as a tool 
for quantifying denudation, in particular providing 
constraints on how the Earth’s surface responds to climatic 
and/or tectonic perturbations1-6.  This has brought advances in 
the analytical procedure, a better understanding of the effects 
of alpha-recoil and parent element distribution on He 
diffusivity gradients7,8, and new software that permits 
forward and inverse modelling that enables users to combine 
apatite fission track and (U-Th)/He data to better constrain 
thermal histories9.  Several recent studies have shown that 
AHe ages in excess of 50-100 Ma are often older than 
expected, based on the fission track ages of apatite from the 
same rock7-9.  Explanations have been proposed4, 9.  Here we 
present analysis of statistically meaningful number of 
replicate apatite (U-Th)/He age measurements (>10) from 
several samples from the East Greenland fjord region in order 
to test the extent to which different grain size and diffusion 
behaviour affects He ages of slowly cooled samples.   

Eighteen samples of Caledonian basement from 4 
topographical profiles, spanning elevations from sea-level to 
~1100 m have been analysed.  Previously published apatite 
(U-Th)/He ages from multi-grain aliquots14 have highlighted 
the difficulties of producing reproducible AHe ages from 
these profiles.  Nonetheless, the quality of the apatite crystals 
is very good, all samples yield transparent, euhedral crystals, 
reducing the possibility that fluid or mineral inclusions went 
undetected during the picking process.  We have explored the 
possible reasons for low reproducibility, using apatite single-
grain (U-Th)/He determinations.  Each sample was analysed 
up to 20 times, a total of 214 (U-Th)/He determinations were 
made.  Crystals were carefully measured before being packed 
in acid-leached Pt-foil capsules and measurements made 
using protocols of10.  Fragments of Durango standard 
analysed during the analytical period yielded an age of 32.4 ± 
1 Ma (1 sigma) (n = 16).   

Only one sample (31 ± 3 Ma; n = 6) reproduces within 
the 10% uncertainty that is the typical reproducibility (1 
sigma) of the laboratory internal standard10. Generally, 
reproducibility decreases with AHe age and samples with 
average ages older than ~50 Ma show a particularly poor 
reproducibility, with standard deviations, calculated over the 
arithmetic mean of the single-crystal corrected AHe ages, of 
up to 40%.  We explore the reasons for such poor 
reproducibility, focusing on the three samples with 20 single-
grain replicates that reproduced least well (1363; 1366; 
1367).  These samples are from the same profile (profile 
1911). This profile is the furthest away from the overlying 
Tertiary volcanic lavas and therefore it should have not been 
affected by any significant re-heating.  As reheating 
(partially) anneal radiation damages that are believed to 
control He diffusion kinetics9, we have focused on samples 
with a simple predicted thermal histories.  Multi-grain 
aliquots of the samples had been previously analysed (1366 

and 1367) yielded AHe ages of 150 ± 17 Ma and 124 ± 9 Ma 
(sample 1366) and of 118 ± 9 Ma and 144 ± 19 Ma (sample 
1367).  Unpublished apatite fission track ages for these 
samples are: 173.2 ± 17 Ma and 173.7 ± 17 Ma, respectively.   

The probability distribution of all the replicates for each 
sample is normal (Figure 1), indicating that the poor 
reproducibility of the AHe ages cannot be ascribed to ‘excess 
He’. If fluid and/or mineral inclusions played a role in 
determining the reproducibility of these samples, the 
probability distribution would be negatively skewed or 
bimodal, with one peak corresponding to the ‘true age’ and 
the other, older, centred around the spuriously old ages.  A 
normal distribution could potentially be the effect of a non-
uniform distribution of U and Th within the single crystal.  
Meesters and Dunai8 have demonstrated that up to 33% 
variability in the AHe ages can be produced by U and Th 
zonation.  The variation in AHe ages measured in the three 
samples is slightly larger than 33% and much could be due to 
the effect of zonation.  We have investigated the distribution 
of U and Th within a crystal observing a randomly chosen 
population of apatites (~100 grains for each sample) using 
cathodoluminescence (CL) microscopy.  CL emission of 
apatite is believed to be largely controlled by Mn and REE 
concentration, which may mirror the U and Th distribution12.  
Preliminary results on some of the samples show that, 
although zoned grains are present, zonation is not a common 
feature in the observed crystals populations. Non-uniform U 
and Th distribution may explain ‘outliers’ but does not 
account for the variability of the AHe ages (Figure 1).   
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Figure 1: Probability density plot of the 20 apatite He ages 
of single-grain aliquots for sample 1363.  Diamonds 
correspond to the single AHe ages, the square represents the 
mean (128.6 ± 22.0 Ma).  The Gaussian distribution 
indicates that the poor reproducibility of the data cannot be 
ascribed to the presence of spuriously old AHe ages due to 
excess He produced by fluid and/or mineral inclusions. 
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Figure 2: uncorrected AHe ages (Ma) versus equivalent radius (microns) for the three samples.  The equivalent radius is the 
radius of a sphere with a Surface to Volume ratio equal to that of the analysed apatite crystal.  Errors on the radius are taken to be 
10%.  Errors on the AHe ages are analytical errors.   
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Figure 3: Uncorrected AHe ages (Ma) versus effective U (eU) (ppm).  Effective U is [U] + 0.235[Th].  U and Th concentration 
were calculated assuming a density of apatite crystals of 3.2 gr/cm3. 
 
 

 
We conclude that crystal size and the influence of 

radiation damage on the 4He kinetics most likely responsible 
for the poor reproducibility. The effect of crystal size on the 
AHe ages has not been widely studied13, and in particular a 
test that verifies the theoretical conclusions is still lacking.  A 
positive correlation between uncorrected AHe ages and grain 
size should be found, as bigger crystals retain a larger portion 
of radiogenic 4He during slow cooling through the He partial 
retention zone.  Figure 2 shows the relationship between 
crystal size and uncorrected AHe ages of the three samples.  
The bulk of the crystals have a radius between ~50 and ~80 
microns and there is broad positive relationship between 
crystal size and AHe age.  It is particularly strong in samples 
1363 and 1367.  In the latter case, the data seem to define two 
trends that diverge from each other for younger ages (and 
smaller radii).  Preliminary forward modelling of the single 
AHe ages of sample 1367 using HeFTy14 suggests that 
neither a thermal history that fits all the crystal size exists nor 
one that fits the two populations of replicates lies on the two 
lines.  So although crystal size may plays an important role in 
determining the AHe age variation in these samples, it does 
not explain satisfactorily the observed variability.   

 
When the concentrations of U and Th (corrected for 

‘effective Uranium concentration’ eU9) are taken in 
consideration, a positive relationship between eU and 
uncorrected AHe ages is clear, especially for samples 1366 
and 1367 (Figure 3).  In particular sample 1363, which shows 

the best correlation between crystal size and AHe ages 
(Figure 2), is the one with the lowest eU, suggesting that U 
and Th concentrations less than ~10 ppm have no effect on 
AHe ages.  We therefore propose that the reproducibility of 
the AHe ages from the Greenland is determined by a 
combination of the effects of crystal size and radiation 
damage, via eU concentration, as suggested by Shuster et al.9. 
 

Recent experiments on natural apatite using proton-
induced 3He to trace the volume of crystal degassed have 
demonstrated that the He concentration in a crystal is 
positively correlated with the closure temperature for 4He 
diffusion9.  Closure temperatures are found to vary from 44 ± 
4°C to 116 ± 18°C, depending on the 4He concentration.  
Shuster et al.9 have proposed that 4He diffusion is impeded 
by radiation damage of the crystal lattice leading to higher 
closure temperatures.  Radiation damage increases with time 
and U-Th concentration. Within a sample, therefore, aliquots 
with the highest U concentration should be the most affected.  
We have compared replicates with the same crystal size, but 
different uncorrected AHe age (Figure 4).  In the case of 
sample 1367 we found that for the same crystal radius 
replicates lying on line 1 (Figure 2) always have a higher 
concentration of U ([U]) than those lying on line 2, 
suggesting that in replicates with a high [U] (> ~20 ppm) the 
He diffusion kinetics is influenced by radiation damage 
(Figure 4).   

 

Line 1 

Line 2 
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Figure 4: Uncorrected AHe ages (Ma) versus equivalent radius (microns).  The different groups 
refer to the different eU.   

 
Replicates with low eU (<10 ppm) show a clear 

correlation between crystal size and AHe ages.  We interpret 
this as indicating that for the time spanned by these AHe 
ages, 10 ppm is not enough to create enough radiation 
damage to affect the He diffusivity, as also suggested by 
sample 1363 (Figure 3).  Increased eU increases the effect of 
radiation damage.  However, not all the replicates 
characterised by high eU consistently yielded old AHe ages 
(Figure 4).  It is possible that other factors, such as a 
complicated thermal history, play a role in determining the 
AHe ages variability of these samples.   

The preliminary results from this study indicate that 
samples with a high [U] concentration and/or an old AHe 
age, He retentivity may be an important factor.  Diffusion 
kinetics is time-dependent and the AHe ages need to be 
modelled and interpreted taking the effect of radiation 
damage into account.  Without correction, the AHe ages 
should be considered as maximum ages, even in the case of 
the youngest replicates.  This study shows that non-
reproducible samples should not be simply discounted on the 
basis of an inferred poor quality of the picking procedure, as 
they many provide fundamental information about 4He 
diffusion and in general how AHe ages should be interpreted 
and used to constrain the rocks thermal histories.   
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Introduction 

Deep-seated tunnels crossing high relief mountain 
ranges offer a great opportunity to constrain in detail the 
cooling history and the tectonics/exhumation relationships. 
The aim of this study is to investigate the thermal evolution 
of a sector of the Central Alps. We focused the attention on 
the mechanisms driving topographic molding and the timing, 
extent, and reasons of Pliocene erosion in the Alps. 
Consequently we provide new data contributing to the 
discussion on control mechanisms for the global increase in 
sediment accumulation and erosion rates during the latest 
Neogene. It is generally accepted that known climatic 
changes over the last 10 Ma had an impact on the erosive 
processes across Europe (e.g. Kuhlemann et al., 2002). The 
increase in Pliocene sedimentation rates has been attributed 
to accelerated erosion of the Alpine hinterland, particularly of 
the Alpine external massifs, and in turn it has been explained 
by climatic reasons. Willett et al. (2006) attributed enhanced 
erosion to a shift towards wetter conditions throughout 
Europe, which terminated the Messinian salinity crisis at 
around 5 Ma. With this study we provide additional 
evidences for a climatic control of erosive and 
morphogenetic processes in more recent times. Here we 
report some apatite fission-track and (U-Th)/He data obtained 
from samples collected along the 20 km long Simplon 
railway tunnel and on surface, along the projection of the 
tunnel path.  
 
Geological setting 

The Simplon Massif is located in the Central Alps, 
close to the westernmost margin of the Lepontine 
Metamorphic Dome, where lower and middle Pennine units 
affected by Tertiary metamorphism are exposed. The 
Lepontine Dome is bordered to the west by Simplon low-
angle detachment which allowed the tectonic exhumation of 
the penninic units during a post nappe-stack orogen-parallel 
extension (Mancktelow, 1985, 1992). During the last twenty 
years, this sector of the alpine chain was extensively studied 
by low-temperature thermochronological methodologies. 
Among them, fission-track analysis (above all on apatite) 
were the most used. In particular, apatite fission-track ages 
range between 10 Ma in the western margin of the Lepontine 
Dome and 3 Ma for the area close to the Simplon Line 
(Keller et al., 2006). Most of the Authors agree that the 
exhumation during this period was dominated by the 
extension along the Simplon detachment fault begun after 30 
Ma and more precisely around 26-28 Ma (Bistacchi and 
Massironi, 2000). However, the highest rate of tectonic 
denudation (about 1 mm/a) was reached at 18-15 Ma 
(Grasemann and Mancktelow, 1993). The Simplon fault zone 
accommodated a total along-dip displacement of about 24 km 
corresponding to a total vertical displacement of 10 km 
(Mancktelow, 1992). However a general wane of the tectonic 
activity in the last few millions years has been documented 
(Mancktelow 1992; Sue et al., 2007). In particular the 
activity of Simplon fault zone decreased noticeably between 

14 to 3 Ma with a corresponding exhumation rate of 0.6 
mm/a whereas in the last 3 Ma just a little displacement of 
about 500 m has been accommodated by the fault. 
 
Results 

Apatite fission-track (AFT) ages of surface samples 
range from 5.0 ± 1.7 Ma to 13.8 ± 2.7 Ma, without any 
correlation between age and elevation. AFT ages of tunnel 
samples are always younger than vertically corresponding 
surface ages and range from 2.6 ± 0.9 Ma to 7.2 ± 1.9 Ma. 
Also in this case there is no correlation with the overlying 
topography and the ages are randomly scattered around an 
average value of 5.1 Ma.  

The (U-Th)/He ages (AHe) of surface samples range 
from 1.4 ± 4.3 Ma to 8.2 ± 4.6 Ma. The AHe ages in the 
tunnel are relatively coherent along the transect ranging from 
0.8 ± 0.2 Ma to 3.6 ± 1.9 Ma with a mean of 2.0 ± 0.2 Ma. 
Also in this case, correlation between age and topography is 
very weak if not absent.  

The cooling rate dataset is constituted by 54 values 
which vary between 2.78°C/Ma and 45.27°C/Ma during the 
time range between the oldest surface AFT age (13.8 ± 2.7) 
and youngest tunnel AHe age (0.8 ± 0.2 Ma). For the last 6 
Ma, our dataset yields the best resolution, since the 60% of 
data fall in this time range. In this period, two major changes 
in the cooling history of the massif have been detected. 
Around 5 Ma the cooling rates increase from 10°C/Ma to 
about 20°C/Ma. After 3 Ma, a more abrupt raise of the rates 
has been recorded, up to reach the highest value (45°C/Ma). 
In particular the highest rates are recorded beneath the major 
valleys whereas they remain constant beneath the highest 
ridge. 
 
Discussion and Conclusions 

The age datasets are characterized by a general lack of 
correlation with the topography. In most cases, the age gaps 
correspond to samples collected across fault zones. The 
larger variations are shown by AFT and AHe surface ages, 
suggesting that the faults were active during the cooling of 
these samples. Some activity of the faults is expressed also 
by clusters of AFT ages in the tunnel. Our data suggest that 
these faults were active until about 2 ± 0.2 Ma (mean of 
tunnel AHe age dataset), after then no significant faults-
related variations in the tunnel AHe ages have been recorded. 

The obtained cooling history shows that the first stages 
of rock cooling, between 13 and 5 Ma, are characterized by 
relatively low cooling rates (~10°C/Km), strongly influenced 
by the activity of high angle normal-to-transtensional faults 
at the Simplon detachment foot-wall. A general increase of 
the cooling rates is recorded after around 5 Ma. This points 
out to an acceleration of the exhumation rate over the entire 
transect which contrasts with the decrease of the tectonic-
related exhumation in the last millions years, although some 
tectonic effects continued being recorded by the age data. 
The timing of the raise of cooling rates corresponds to the 
climatic change determined by the shift to the wetter 
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condition at the end of the Messinian salinity crisis, 
confirming what argued by Willett et al. (2006). Furthermore, 
the dataset shows a further raise of the cooling rates after 3 
Ma, with the highest value (45°C/km) recorded between 3 
and 1 Ma. We argue that this important change in cooling 
history is related to the increase of climate variability 
determined by the onset of glacial cycles in the northern 
hemisphere (Ravelo et al., 2004). Moreover, the increase of 
cooling rates is very pronounced beneath the major valleys, 
suggesting that the molding of the present-day topography 
started after 3 Ma but probably between 2 and 1 Ma, since 
the AHe tunnel dataset (mean of 2.0 ± 0.2 Ma) does not 
record any topographic imprint. Finally, the climatic control 
on rock cooling seems to completely override the tectonic 
influence during the latest stage of exhumation. 
 
References 
Bistacchi, A., Massironi, M. "Post-nappe brittle tectonics and 

kinematic evolution of the northwestern Alps: an integrated 
approach." Tectonophysics 327 (2000): 267-292. 

Grasemann, B., Mancktelow, N. S. "Two-dimensional thermal 
modelling of normal faulting: the Simplon Fault Zone, Central 
Alps, Switzerland." Tectonophysics 225 (1993): 155-165. 

Kuhlemann, J., Frisch, W., Dunkl, I., Kazmer, M.,. "Post-collisional 
sediment budget history of the Alps: tectonic versus climatic 
control." International Journal of Earth Sciences 91 (2002): 818-
837. 

Mancktelow, N. S. "The Simplon Line: a major displacement zone in 
the western Lepontine Alps." Eclogae geologicae Helvetiae 78, no. 
1 (1985): 73-96. 

Mancktelow, N.S. "Neogene lateral extension during convergence in 
the central Alps: Evidence from interrelated faulting and 
backfolding around Simplonpass (Switzerland)." Tectonophysics, 
no. 215 (1992): 295-317. 

Ravelo, A.C., Andreasen, D.H., Lyle, M., Lyle, A.O., Wara, M.W. 
"Regional climate shifts caused by gradual global cooling in the 
Pliocene epoch." Nature 429 (2004): 263-267. 

Sue, C., Delacou, B., Champagnac, J. D., Allanic, C., Burkhard, M.,. 
"Aseismic deformation in the Alps: GPS vs. seismic strain 
quantification." Terra Nova, no. 19 (2007): 182-188. 

Willett, S. D., Schlunegger, F., Picotti, C. V. "Messinian climate 
change and erosional destruction of the central European Alps." 
Geology 34 (2006): 613-616. 

Bistacchi, A., Massironi, M. "Post-nappe brittle tectonics and 
kinematic evolution of the northwestern Alps: an integrated 
approach." Tectonophysics 327 (2000): 267-29. 



 
In Garver, J.I., and Montario, M.J. (eds.), Proceedings from the 11th International Conference on thermochronometry, Anchorage 
Alaska, Sept. 2008. 
 190 
 

 
QUANTIFYING TRANSIENT EROSION OF OROGENS WITH DETRITAL 

THERMOCHRONOLOGY: THERMAL MODELING AND APPLICATION TO 
SYNTECTONIC BASIN DEPOSITS IN THE PYRENEES, SPAIN 

 
Rahl, J.M.1, Ehlers, T.A.2 & Van der Pluijm, B.A.3 
 
1rahlj@wlu.edu, Department of Geology, Washington and Lee University, Lexington, Virginia 24450 
2tehlers@umich.edu, Department of Geological Sciences, University of Michigan, Ann Arbor, MI, 48109-1063 
3vdpluijm@umich.edu, Department of Geological Sciences, University of Michigan, Ann Arbor, MI, 48109-1063 
 

Detrital thermochronometer cooling-age data are a 
valuable tool for quantifying erosion histories during 
orogenic evolution. In steadily eroding mountain belts, the 
long-term erosion rate may be estimated from low-
temperature thermochronometer ages in syn-orogenic 
sediments. The difference between a thermochronomter age 
and the depositional age (lag-time) is a function of the 
erosion rate, with faster erosion rates associated with shorter 
lag-times (e.g., Brandon and Vance, 1992). However, erosion 
rates may vary over million-year timescales due to changes in 
climate, topographic relief and slope, and deformation. 
Geologically reasonable variations in erosion rate create 
perturbations in the thermal field of a mountain belt that 
distort the expected relationship between lag-time and 
erosion rate. Numerical models may provide insight into the 
connections between thermochronometer data and temporally 
varying erosion rates. Here, we describe results from a 1D 
transient thermal finite element model to characterize the 
temperature history of an eroding orogen over million-year 
time-scales. The model predicts cooling-rate dependent 
thermochronometer ages for the exhumed material as a 
function of variable source region erosion histories and 
thermophysical material properties. The results of several 
end-member erosion histories are explored, including steady-
state erosion, increasing erosion with time, and decreasing 
erosion rate with time. 

Model results indicate that for steady erosion rates 
between 0.2 and 1.0 mm/yr, up to 30 Myr will pass following 
a change in erosion rate before the detrital ages have adjusted 
to reflect a new erosion regime. In simulations with transient 
erosion, the estimation of erosion rates from a detrital record 
using assumption of thermal steady-state will generally be in 
error, often by as much as -25 to 100%. The model also 
shows that the sensitivity of a thermochronometer to varying 
erosion rates depends upon the closure temperature of the 
system. Low closure temperature systems, such as apatite (U-
Th)/He, respond quickly (within several million years) to 
abrupt changes in erosion rate. In contrast, higher closure 
temperature systems, such as white mica Ar/Ar, integrate 
over a longer period of time and are therefore less sensitive to 
rapid changes in erosion rate. 
 
Application to the syn-tectonic sediments in the Spanish 
Pyrenees 

As a example, we describe results from a new 
study of syn-orogenic foreland basin deposits exposed in the 
Spanish Pyrenees (Sierra de Sis conglomerate). A several km 

thick section of conglomeratic deposits preserves 
approximately 15 million years of erosion in the core of the 
orogen, from ~42 to 27 Ma (Beamud et al., 2003; Coney et 
al., 1996; Vincent, 2001). Apatite fission-track and apatite 
and zircon (U-Th)/He data from this sequence therefore 
provide an opportunity to constrain the long-term evolution 
of the source region. Apatite fission-track data, including 
track-length distributions, indicate that conglomeratic clasts 
from throughout the section record rapid cooling between 48 
and 42 Ma. Apatite and zircon (U-Th)/He data also show 
generally invariant ages throughout the section, consistent 
with rapid exhumation of the source terrane during the mid to 
late Eocene. (U-Th)/He ages show a similar trend, although 
significant larger variability in grain-ages is present. 
Thermochronometer ages are constant throughout the 
stratigraphic section, requiring that the lag-times increased 
throughout time. For example, apatite fission-track lag-times 
increase from ~0-2 Myr at the base of the section to about 15 
Myr near the top. This increase in lag-time implies a gradual 
but significant reduction in the erosion rate of the source 
terrane. Results from numerical models of a wide range of 
transient erosion histories suggest a significant decrease in 
the erosion rate of the source terrane from around 1.0 
mm/year to ~0.5 to 0.2 mm/yr. This conclusion is consistent 
with the results from bedrock thermochronometric studies 
from the source region that similarly indicate a decrease in 
erosion rate in the late Eocene and early Oligocene (e.g., 
Fitzgerald et al., 1999). 
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The north Pacific Rim is a tectonically 

active plate boundary zone, parts of which 
may be characterized as a laterally moving 
crustal "orogenic stream." Crustal blocks are 
transported along large magnitude curving 
strike slip faults of western Canada and 
central Alaska toward the Aleutian-Bering 
Sea subduction zones. Throughout the 
Cenozoic (and possibly earlier), at and west 
of its Alaskan nexus, the North Pacific Rim 
orogenic Stream (NPRS) has undergone 
tectonic escape. During transport, relatively 
rigid blocks acquired paleomagnetic rotations 
and fault-juxtaposed boundaries while 
flowing differentially through the system 
from their original point of entrainment 
toward the free face defined by the 
subduction zones of the Aleutian-Bering Sea 
region. The NPRS model subsumes classical 
terrane tectonics and provides a framework 
within which to view the mobilistic nature of 
western North America. 

The NPRS model implies that the 
present-day terrane framework of Pacific rim 
North America is as much a product of 
differential flow lines within the 'stream' as of 
the accumulative recording of individual 
accretionary events at the margin. This 
marriage between terrane accretion, 
entrainment, strike-slip transport, and escape 
permits the wide variation in magnitude of 
small block rotation observed throughout southern and 
central Alaska. It may also affect the regional interpretation 
of thermochronological data. A variety of strike-slip related 
geological processes may cause the effect of horizontal 
transport to be as important as that of vertical motion upon 
the AFT and apatite (U-Th)/He records of cooling. 
 
The NPRS 

Bird (2003) proposed the term 'orogen' should be 
applied to large regions characterized by non-rigid 
deformation, mountain building, block rotations, and 
structural complexity. Under this definition, much of British 
Columbia and Alaska constitutes an orogen. However, 
'orogen' alone fails to evoke the overall lateral kinematics 
imposed by PAC-NAM convergence upon the British 
Columbian and Alaskan crustal panel. Extending ideas 
proposed previous workers (see below), Redfield et al. 
(2007) suggested the 'Bering Block' of Mackey et al., (1997) 
and Fujita et al (2002) should be extended eastward to 
include the 500-1000 km wide belt of diffusively deformed 
crustal material lying south of the Brooks Range and inboard 
of non-deforming areas of the Canadian Cordillera (Figure 
1). They suggested non-rigid behaviour characterizes much, 
if not all, of this region, and that as a 'wide plate boundary 
zone' (Stein and Freymueller, 2002) of weakened backarc 
crust (Hyndman et al., 2005), it has been tectonically active 
throughout the Cenozoic as a laterally moving crustal 'raft' or 

'orogenic float' (e.g. Oldow et al., 1990; Mazzotti and 
Hyndman, 2005). 

 
Figure 1. Top. Inset maps (polar stereographic projections) 
comparing documented Anatolian crustal  flow (A) with 
hypothesized escape of western Alaska (B). Main Figure (C): 
Polar stereographic map showing the principle physiography 
of the North Pacific Rim region. Arrows schematically show 
motion of NPRS and Pacific plate relative to fixed North 
America. NPRS = North Pacific Rim orogenic stream. Heavy 
white lines and light rose color delineate the approximate 
boundaries of the stream. Dark rose overlay delineates the 
Bering Block as originally defined (Mackey et al., 1997). 
NPRS comprises all of the crustal terranes of the Canadian 
Pacific, Alaska, and the Bering Sea that are undergoing 
lateral transport northward toward Alaska and west of the 
curving nexus of central Alaska's "orocline" southwestward 
toward the Aleutian subduction zone. 
 

The relative plate motions between North America and 
the ancestral Pacific Basin plates are sufficiently well-known 
that net convergence vectors can be computed with 
confidence between ~50 Ma and the present (e.g. 
Engebretson et al., 1985). Net convergence can be 
trigonometrically converted to coastline-parallel vector 
components. If piercing points exist, an “efficiency factor” 
can be computed. The efficiency factor purports to describe 
the degree of effective lower plate/upper plate coupling that 
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is necessary to separate once-adjacent points by the observed 
amount. For demonstrative purposes only, we use the Foraker 
Pluton/McGonagal Pluton and Nutzotin/Deazadesh pairings 
(see Lanphere 1978 and Lowey, 1998). The resultant diagram 
(Figure 2) illustrates two points: firstly, that significant 
northwards transport ought to have occurred along the 
southeastern segment of the Alaskan margin, and secondly, 
that enormous coast-parallel crustal convergence should be 
expected in south central Alaska. 

Copius paleomagnetic data require substantial 
northwards transport from the point of magnetic remnance 
acquisition (e.g. Coe et al., 1989), and indicate that 
substantial CW and CCW vertical axis rotations consistent 
with plate tectonic scale predicted shear couples have indeed 
occurred (see Redfield and Fitzgerald, 1992 and citations 
therein). The magnitude 7.9, ~320km long dextral rupture of 
the DFS in 2002 (Haeussler et al., 2004) demonstrated that 
relative PAC-NAM plate convergence continues to drive 
crustal terranes along the interior strike-slip faults of the 
western Canadian Cordillera and SE Alaska. However, 
geological evidence for crustal thickening in central Alaska 
caused by 50+ Myr of coast-parallel convergence is 
fundamentally absent.  Following suggestions by Tapponier 
et al. (1982; 1986), Scholl and Stevenson (1991), and 
Dumitru et al. (1995), Redfield et al. (2007) suggested the 
conundrum could be resolved by tectonic escape. 

 
Figure 2: Travel history map for two particles driven by 
PAC-NAM convergence in fixed NAM space. Total 
convergence is converted to normal and tangential 
components using the fixed backstop assumption (see 
Redfield and Fitzgerald, 1993). Tangential components are 
scaled by Foraker-MacGonagal pluton (Lanphere et al., 
1978) and Nutzotin-Deazadesh (Lowey, 1998) piercing 
points. Rotation data from Engebretson et al. (1985). 
Mathematics are well-described by Cox and Hart (1986). XY 
plots illustrate both the predicted opposing sense of coast-
parallel transport, and the cumulative coast-parallel travel 
for each point. In south central Alaska, nearly 400 km of 
(net) coast-parallel convergence must in some way be 
accommodated. We note that although precise, this model 
(like many, many others) is assuredly not accurate. Rather, it 

illustrates a general concept that might well apply to much of 
Alaska south of the Kaltag-Tintina Fault System (Figure 1).  
 
Thermochronological implications  

The NPRS, hypothesis implies that much of central 
Alaskan crust is more characterized by lateral motion than by 
vertical motion. Because terranes ~ perhaps here better 
termed pseudo-terranes ~ may be created from once-adjacent 
rock units, perhaps themselves accreted, that became 
detached and separated by strike-slip faulting, large 
thermochronological offsets might develop across short 
horizontal distances. The consequences of lateral transport 
upon thermochronological interpretation might be manifested 
in at least four (and probably many more) ways. 

1. Worldwide, few faults are dominated by purely 
vertical or horizontal components of motion. For example, 
many brittle ‘normal’ fault planes bear mineral-fibre 
evidence of oblique slip. Over 25 km of net strike-slip 
transport, an obliquity of 10o from the horizontal is sufficient 
to generate nearly 4.5 km net vertical throw. In a complicated 
strike-slip regime such as the NPRS, significantly different 
crustal levels of similar rocks may become juxtaposed 
following relatively short travel trajectories.  

2. Estimating denudation requires several assumptions. 
One critical input, the paleo-geotherm, is notoriously difficult 
to constrain. The long-term horizontal transport of relatively 

small crustal blocks along the inboard margin of 
a globally-scaled transform/subduction system 
such as that of southeast/south central Alaska 
adds an additional element of uncertainty. For 
example, a pseudo-terrane originating in early 
Cenozoic time along the dextral shear-couple 
margin of southeast Alaska, whose isothermal 
structure had partially recovered from earlier 
subduction, may have been affected first by the 
complicated transition zone between plate-scale 
transpression and proper subduction, and later by 
isotherm depression over the southcentral 
subduction zone itself.  

3. Many fault systems are well-described 
by variations in fracture-density (Braathen et al., 
1998). For example, over meters or kilometres, 
lightly fractured rock in the fault zone exterior 
(Zone D) grades to moderately-fractured (Zone 
C) and heavily-fractured (Zone B) interior 
regions where effective porosity and effective 
permeability favour voluminous ingress of 
groundwater. In long-lived fault systems such as 
those of the NPRS, cooling by convection may 
become important. As in the Alps (Jaboyedoff 
and Pastorelli, 2003; Oxburgh and England, 
1980), significant components of AFT and (U-

Th)/He ages from pseudo-terrane boundaries might not 
strictly relate to rock column exhumation.  

4. The radical horizontal mobility of the NPRS model 
implies the un-roofing of many Alaskan drainage basins may 
have been dominated by structural control. Detrital records 
may not necessarily capture the full denudation history of a 
catchment basin. For example, strike-slip and reverse faults 
have shaped many valley systems of southeast Alaska. 
Ongoing horizontal and vertical motion of pseudo-terrane 
slivers adjacent to active faults may potentially inject large 
volumes of tectonically-derived debris into the drainage 
systems, greatly complicating studies that seek to model 
erosion and denudation. 

 
Concluding Remarks 

Above, we have presented four complications that 
might arise in the interpretation of AFT and (U-Th)/He data 
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from much of Alaska should the NPRS model (Redfield et 
al., 2007) be proven correct. Our list is not exhaustive, 
complete, or even necessarily correct. Our contribution 
serves principally to raise awareness of potential issues in the 
interpretation of Alaskan thermochronological data, and to 
incite discussion concerning their resolution.  

Critical to the discussion is the validity of the NPRS 
model itself. We note that the NPRS hypothesis is eminently 
testable: modern geodetic measurement campaigns have 
shown parts of the Alaskan crust are demonstrably mobile 
(and consistent with extrusion) on timescales of less than a 
decade (e.g. Stein and Freymueller, 2002; Mazzotti, 2006). 
We expect that ongoing and upcoming Global Positioning 
Satellite measurements will resolve the extrusion hypothesis 
within the coming ten years.  
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A threefold increase in global terrigenous sediment 
accumulation rates in the latest Neogene (Hay et al., 1988) 
has been attributed alternatively to climatic or tectonic 
forcing (Molnar and England, 1990; Raymo and Ruddiman, 
1992). The increase in Pliocene sedimentation rates in the 
European Alps (Kuhlemann et al., 2002) was attributed to 
accelerated erosion of the Alpine hinterland, particularly of 
the Alpine external massifs, which in turn has been explained 
by climatic reasons. Cederbom et al. (2004) described 
increased exhumation of the foreland during the Late 
Miocene / Early Pliocene, and suggested that the increased 
exhumation of the foreland was caused by accelerated 
erosion of the Alps and subsequent isostatic rebound of the 
underlying plate. According to these authors, erosion was an 
effect of increased precipitation due to the increased 
atmospheric moisture in Eurasia. Willett et al. (2006) argued 
for accelerated exhumation during the latest Miocene due to 
base-level drop in response to the Messinian Salinity Crisis 
and that high erosion rates were sustained by subsequent 
increase in precipitation during the Early Pliocene.  

 
We examine the hypothesis that the exhumation of the 

external massifs (in particular the Gastern-Aar massif, 
Central Switzerland, Figure 1) during the Early Pliocene is 
mainly forced by climatic change. We use fission track and 
(U-Th)/He dating on apatites from a transect along the 
recently excavated, 35 km long Lötschberg NEAT (“Neue 
Eisenbahn-Alpentransversale”) base tunnel to investigate 
timing, extent, and reasons for Pliocene exhumation. Samples 
were taken from the Lötschberg NEAT tunnel, from the old 
Lötschberg railway tunnel, from reconnaissance drillings, 
and the surface directly above the base tunnel. The 
Lötschberg base tunnel is situated between 640 to 840 m 
above sea level. Approximately 500 m above and fairly 
parallel to the Lötschberg base tunnel runs the old railway 
tunnel. Maximum overburden above the base tunnel is in the 
order of 2 km. The local relief along the transect is ~2 km 
and the topographic wavelengths is ~10 km. Surface and 
tunnel apatite fission track (AFT) ages decrease 
systematically from north to south and are positively 
correlated with elevation (Figure 2B). AFT ages range from 
7.0 to 3.2 Ma in the tunnel and 10.4 to 5.9 Ma at the surface. 
Isochrons deduced from the general age pattern are tilted 
towards the north (Figure 3C). Mean track lengths vary 
between 13.3 and 14.5 µm (c-axis projected; Ketcham et al., 
2007) with shorter mean track lengths in the tunnel samples. 
Mean apatite (U-Th)/He (AHe) ages range from 6 to 2 Ma 
with no systematic trend along the tunnel, and no correlation 
between age and elevation for the surface samples (Figure 
2C). 

 
From age elevation relationships and average cooling 

rates since time of closure (the AFT age) we reveal that 
exhumation was constant with 0.5 km/Myr since 10 Ma in 
the north. In the southern part, exhumation was in the same 
order until ~3.5 Ma but then increased gradually towards the 
south to values of up to 1.2 km/Myr, resulting in overall 

northward tilting of the western Aar massif. Thermal history 
modelling confirmed the proposed evolution and internal 
consistency between AFT and AHe data. We explain 
accelerated exhumation in the south after ~3.5 Ma by 
tectonic denudation along the Rhône-Simplon fault zone, a 
major Alpine fault structure bordering the transect in the 
south (Figure 3). This is in line with present-day N-S 
extension in the Penninic units of the hanging wall as 
deduced by seismotectonic and stress inversion studies 
(Maurer et al., 1997; Delacou et al., 2004; Kastrup et al., 
2004).  

 

  
Figure 1: Tectonic (A) and geologic (B) sketch maps of the 
Gastern-Aar massif. (C) Profile along the studied Lötschberg 
transect. 
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Figure 2: (A) Sample locations and main tectonic structures, (B) apatite fission track (AFT) ages (with 1σ error), and (C) apatite (U-
Th)/He (AHe) ages (with standard deviation) along the transect. (D) Rock temperatures measured in the base tunnel. 
 
 
 

Sue et al. (2007) suggest that N-S extension developed 
due to gravitational collapse and spreading of an 
overthickened crust from the Pliocene onward.  According to 
the orientation of the Rhône-Simplon fault zone a change 
from NE-SW to N-S directed extension increases its normal-
faulting component along the Rhône valley. Tectonic 
denudation is then more effective and the exhumation rates in 
the footwall increase. From our data we postulate that the 
change from NE-SW to N-S extension in the hanging wall of 
the Rhône-Simplon fault zone occurred around 3.5 Ma, 
coeval with the onset of increased exhumation. Additionally 
river erosion may have been localized by the Rhône-Simplon 
fault zone due to its low erosional resistance (intense 
fracturing) as compared to neighboring units. Drainage 
systems use such weak zones, and the Rhône River may have 

extended its catchment along these active lines of 
deformation (Schlunegger et al., 1998; Kühni and Pfiffner, 
2001). In the course of ongoing normal faulting, the Rhône 
river may have migrated down the normal fault zone shifting 
the river southward relative to the exhuming Gastern-Aar 
massif. Climatic forcing, however, most probably had an 
impact in the very late stage of exhumation due to Alpine 
glaciation in the late Pliocene and Pleistocene, especially 
after intensification of glacial erosion around 0.9 Ma 
(Muttoni et al., 2007; Haeuselmann et al., 2007). The latter 
probably amplified the relief significantly. The present-day 
relief is therefore regarded to be the most pronounced in 
Alpine history, at least in the Neogene. However, from Late 
Miocene to Middle Pliocene we do not observe any increase 
in exhumation rates of the western Gastern-Aar massif, 
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which could be addressed to climatic forcing. We therefore 
can not confirm the hypothesis set up by Cederbom et al. 
(2004) and Willet et al. (2006) of Early Pliocene accelerated 
exhumation rates for the Gastern-Aar massif. Instead we 
propose tectonic forcing of exhumation in Late Pliocene time 
in the southern part of the Lötschberg transect by south 

directed tectonic denudation along the Rhône-Simplon fault 
zone (Figure 3C). 

 
 

 

 Figure 3: Synthesis of the proposed tectonic processes controlling late stage exhumation of the Gastern-Aar massif: (A) Simplified 
lithospheric scale profile through the Central Alps with major active structures. Ages refer to faulting activity. Grey highlighted area 
represents the Gastern-Aar massif. Rock uplift rates are from Kahle et al. [1997]. (B) Sketch profile describing general geometries 
associated with crustal wedging. (C) Reconstruction of the exhumation of the structural level of the Lötschberg NEAT base tunnel 
(grey thick lines) through space and time. Present-day surface is kept fixed for reference. AFT partial annealing zone (PAZ) is given 
by the grey area. A geothermal gradient of 25 to 30°C/km was assumed. Dashed lines are AFT isochrons. Black dots: sample 
localities. Abbreviations: BAT basal Alpine thrust, RSFZ Rhône-Simplon fault zone, InsL Insubric line, Ga Gastern massif, Aar Aar 
massif. 
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The Polish Basin (PB) belongs to the easternmost part 
of the Central European Basin System (CEBS). Permian-
Mesozoic sediments of the system extend from the North Sea 
and British Isles in the west to the Baltic countries in the east. 
The structural element that dominates within the PB is the 
Mid-Polish Swell (MPS) inverted along with many other 
CEBS subbasins at the end of Cretaceous and beginning of 
Paleogene. The MPS evolved from the axial part of the Mid-
Polish Trough (MPT) characterized by the thickest sediments 
deposited before inversion. 
The study area is located in northwestern Poland within the 
Pomeranian segment of MPT/MPS, which experienced a 
considerable subsidence (up to 7 km until the Late 
Cretaceous, Fig. 1). In order to study Permian to Recent 

burial-uplift evolution of the depocentral and marginal parts 
of the MPT, PetroMod 1D modelling was performed on 
several well sections (Resak et al. 2007). The modelling, 
calibrated with existing and new vitrinite reflectance 
measurements, allowed constraining magnitude of uplift and 
related erosion which most probably reached 2400 meters in 
total (Resak et al. in prep). However, the modelled thickness 
of the Late Cretaceous deposits in the inverted area did not 
exceed 500 m and probably corresponded to 200-300 m, as 
compared with 600-2000 m in the adjacent non-inverted parts 
of the basin. These results suggest an early onset of the 
inversion process, probably in the late Turonian or 
Coniacian.  

 

 
Figure 1: Geological map of the area investigated. Drill holes were samples for apatite-fission-track thermochronology were taken 
are provided in the left extension. 
  

 
During modelling, the reconstructed subsidence-uplift 

pattern of the PB was linked to its temperature history. 
Information on past temperatures was derived from two sets 
of data: i) maturity of organic matter expressed in general by 
vitrinite reflectance and ii) apatite fission-track ages 
measured in Permian sandstones and volcanics. 
Implementing these results into modelling aimed to resolve 
possible thermal events (e.g. one in the late Permian-Early 
Triassic that could have been related to a major extensional 

tectonic phase) as well as the thermal regime during the time 
of the deepest burial in the Late Cretaceous. 
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Fission Track counting is presently done mainly by 
“manual” human counting which results in certain faultiness. 
Latest publications comprise modern computer driven pattern 
recognition processes to get automation. Automated 
approaches are aimed to reduce human faultiness, accelerate 
the counting process and get reproducible results.  
 

Parallel to current works, we made our own experiences 
to reach “automated fission detection” and therefore the 
following will present our latest studies on problems and 
possible solutions on automated fission track detection. This 
will cover image preparation, object detection, -interpretation 
as well the presentation of the result. Future prospects conclude 
our current status briefing. 
 
(Semi-) automated image preparation 
The primary step is image acquisition.  Modern tools may 
process the image directly from the camera into the computer 
system. Certain transformations may to be done, e. g. from 
RGB color to gray scale (Figure 1). After this we recommend 
to “manually” check the parameters for the recognition 
algorithm and/or select a region of interest. 

 
Figure 1: to gray transformed starting image 

 
One of the most important steps is the preparation of the image. 
Following possibilities were investigated: 
 

• diffusion filters (to reduce inhomogeneous background) 
• adjust image intensity (to use the whole histogram) 
• morphological bottom-hat filtering (to highlight tracks) 
• regional intensity extremes detection (to highlight tracks) 
• convolution filter (to emphasize edges) 
• edge detection methods  
 

The best results were achieved with diffusion filtering, 
morphological filtering (Figure 2) and regional extremes 
detection. 

 

 
Figure 2: bottom-hat filtered image 

 
Automated object detection  
After image preparation, we investigated the object to be 
detected by: 
 

• fixed (grey-value) thresholds 
• histogram analysis 
• morphological operations 
• edge detection. 

 
All these results in a binary image – only with objects. 
Histogram analysis gave us the best results (Figure 3). 
Whereas morphological operations can “overlap” original 
object information and tend to bias further evaluation. 
 
We also figured out that the kind of detection is often linked 
to previous processing steps. 
    

 
 
Figure 3: detected objects after histogram analysis 
 
Automated object interpretation 

Before interpreting the objects as fission tracks we 
recommend to pre-filter objects which are: 
 

• below a pre-defined minimal area (see red dots in Figure 
4) 
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• extreme slim and elongated objects (to remove 
interferences like scratches – see red lines, left border in 
Figure 4) 

 
Next the identified, pre-filtered objects have to be checked 
whether they are multiple objects. We use an algorithm who 
determines the difference between a enclosing hull area and 
the inbound object areas. 
 

 
Figure 4: interpreted fission tracks 

 
Figure 4 shows the counting results in the image bottom (e. g. 
for documentation) and mark each identified track with a 
rectangle to allow manual reconditioning. The rectangle 
colour means: 
 

red – not counted 
green – as single track identified 
dark blue – as single track after multiple object check 

identified 
light blue – as two tracks after multiple object check 

identified 
pink – as three tracks after multiple object check identified 

 
5. Conclusions 
 
The current algorithm automatically counts stable and 
reproducible fission tracks. The results are documented into 
the image. Nevertheless fine tuning and validation (e. g. by 
models and/or statistical methods) of this algorithm is 
necessary. 
 
Enhancements in manual pre- and reconditioning, handle 
“hollow” tracks, involving different pictures of the same area 
– improving fault immunity are necessary and other 
experiences should be considered. 
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The late Archean-early Proterozoic (~2.5 Ga) Eastern 
Dharwar Craton, which covers most part of the Krishna and 
Godavari river drainage basins (Figure 1), has undergone a 
structurally and erosionally controlled evolution since the 
Pan African. Geologically the craton has gained significance 
due to its association with the large igneous Deccan province, 
which erupted around the Cretaceous-Tertiary boundary. The 
geomorphic and tectonic changes in this region were 
responsible for the sedimentation and the overall 
development of the petroliferous Krishna-Godavari (KG) 
sedimentary basin. Here we present a reconstruction of the 
denudation chronology of the hinterland of the KG-Basin 
using apatite fission track thermochronology. 

 
In order to reconstruct the denudation history in different 
areas of the hinterland of the Krishna-Godavari basin, 12 

samples were collected from an interior transect 
approximately parallel to the present eastern limit of the 
Deccan traps, eight samples in the middle part of the Eastern 
Dharwar Craton and ten samples in the coastal area (Figure 
1). Age and lengths data from the samples in the interior 
transect did not confirm any direct influence of heat source 
associated with the plume or lava flow considering the 
samples have been close to the pre-eruption surface. Samples 
in the middle part show monotonic cooling pattern without 
any signature of being disturbed by any structural event. 
Samples collected from the coastal area show varied cooling 
patterns in different regions. However the data confirm the 
reheating due to the rifting of India from Antarctica has no 
influence on the thermal history of the samples. 

 

 
Figure 1: Simplified geological map of the Indian peninsula 
(after Chaudhuri, 2003) with fission track sampling sites. 
Samples from the interior transect are shown as circles, 

samples from central part of Eastern Dharwar Craton are 
shown as stars, samples from the coastal area and Godavari 
Rift are shown as squares.  
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Thermal history models (Figure 2) show that the 
Eastern Dharwar Craton was erosionally stable and little 
denudation occurred before the Cretaceous. However, during 
the Late Cretaceous, accelerated cooling commenced from 
maximum palaeotemperatures with samples cooling from a 
temperature range of 60 to 75°C. Considering low paleo-
geothermal gradient of 10°C/km, cooling of the Dharwar 
Craton translates to 3.5-5 km of erosion since the Late 
Cretaceous. The rapid denudation in Late Cretaceous can be 
closely correlated with the depositional history and 
sedimentary record in Krishna-Godavari basin. We interpret 
the accelerated cooling of the Dharwar Craton in Late 
Cretaceous as the geomorphic response to the domal uplift of 
the Indian peninsula due to the ascending mantle plume at the 
K-T boundary. 
 

 

Figure 2: (left) Representative thermal history models 
obtained from the AFT data from samples in Eastern 
Dharwar Craton using HeFTy (Ketcham, 2007).  t (m), 
modeled AFT age; t, observed AFT age;  l(m), modeled mean 
track length; l, observed mean track length; GOF, Goodness 
of fit.  The best statistical t, T-path is represented by a line in 
a statistical good fits envelope (inner gray shading; 
probability greater than 50%). 
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The northern Linksrheinisches Schiefergebirge is the 
western part of the Variscan fold-and-thrust belt in Central 
Europe. The main lithological units of the northern 
Linksrheinisches Schiefergebirge are deformed 
allochthonous and autochthonous siliciclastic rocks of 
Cambrian to Upper Carboniferous age. Intercalated are 
Middle to Upper Devonian reef limestones and shelf to 
lacustrine limestones-dolostones of Lower Carboniferous 
age. Thick coal seams are part of the Upper Carboniferous 
molasse deposits in the foreland (Liége-Wurm syncline) and 
the northern part of the fold-and-thrust belt (Venn-Weser-
Inde nappe). From northwest to southeast the area is divided 
into four main tectonic units; Liége-Wurm syncline, Herve-
Aachen-Imbricated zone, Venn-Weser-Inde nappe and the 
Eastardennes-Eifel nappe.  

The post-Variscan thermal and exhumation history of the 
foreland and fold-and-thrust belt in the northern 
Linksrheinisches Schiefergebirge is part of the general post-
Variscan geological evolution of the Rhenish Massif.  Meyer et 
al. (1983) discussed an uplift of the Rhenish Massif between 
Early Jurassic (Liassic: 187 Ma) and Late Cretaceous 
(Santonian: 88 Ma) of 200m and also argued for a fast uplift 
(160m) of the central and northern parts of the Massif in the 
Upper Maastrichtian. Murawski et al. (1983) emphasize the 
beginning of uplift at the Jurassic/Cretaceous boundary (144 
Ma) and connect this movement with the subsidence of the 
Netherlands Central Graben. In the uppermost Santonian, 
Campanian and Maastrichtian the western part of the Rhenish 
Massif was an area of marine sedimentation. Albers and Felder 
(1979) describe a regressive tendency for the Upper 
Maastrichtian. During the Paleogene, sedimentation and 
subsidence occurred in the western and northwestern parts of 
the Rhenish Massif. The last uplift, which is still in progress 
and has caused a recent elevation of up to 690m, began in the 
southern margins of the western part of the Rhenish Massif is 
believed to have been initiated in the Late Miocene.  

Published apatite fission-track ages cover the range of 
130 (11) Ma to 239 (13) Ma in the northern Linksrheinisches 
Schiefergebirge (Fig. 1; Glasmacher et al. 1997). 

We present evidence that movement along normal faults 
have started as early as Paleocene. Furthermore, apatite fission-
track data of the Super C drill cuttings from various depths 
provide information on the uplift history. 
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Figure 1: Geological map of the northern Linksrheinisches 
Schiefergebirge with apatite fission-track ages (1σ error) 
and the location of the Super C drill hole 
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Introduction 

The Tibetan Plateau and its adjacent regions, which 
served as natural laboratory for studying continental 
dynamics, have attracted much attention over the past 
decade, because they are the key to understand the physical 
properties of the lithosphere during the process of Indian 
continent and Eurasian continent collision (Tapponnier et al., 
2001; Clark et al., 2005; Graver et al., 2007, 2008) and are 
the most active tectonic region with features of Tertiary 
Indochina extrusion to southeast and clockwise rotations 
around the eastern Himalayan syntaxis (Enkelmann et al., 
2006; Zhu et al., 2008). The Sichuan basin located at the 
eastern Tibetan plateau margin (Fig. 1) is an ideal region for 
better understanding the tectonic evolution and stepwise 
migration of the Tibetan plateau margin. Therefore, here we 
present new apatite fission track ages of Mesozoic sandstone 
from southeast Sichuan basin and try to provide new results 
for growth of the southeastern Tibetan Plateau margin. 

 
Samples and analytical methodology 

The Sichuan Basin, with the area being nearly 
190,000km2, is a large-scale and complex petroliferous basin, 
developed on the basement of pre-Sinian metamorphic rock. 
This basin was filled with 8000 to 12,000 m sedimentary 

thickness. It is composed of both the marine carbonate rocks 
deposited from Sinian to the middle Triassic and the 
continental clastic rocks of Upper Triassic to Eocene age. 
Samples were mainly collected from later Triassic and 
Jurassic sandstones (Table 1). Elevations for the samples are 
obtained by GPS combined with contours on relief maps.  

Fission track analysis is accomplished in Institute of 
High Energy Physics of CAS (Chinese Academy of 
Sciences). Apatites were separated, as sufficiently as 
possible, using standard magnetic and heavy-liquid 
techniques. Individual apatite grains were embedded in 
Araldite and then were polished to expose internal grain 
surfaces. The apatites were etched in 6.6% HNO3 for 30s at 
25oC and spontaneous tracks were revealed. Low-uranium 
muscovite in close contact with these grains served as an 
external detector during irradiation. Neutron influence was 
determined using the CN5 uranium dosimeter glass. Ages 
were calculated using the Zeta calibration method (Hurford 
and Green., 1983) and in this work the Zeta constant 
ξ=359.2±10.8. Fission track length is confined track length 
that is measured using an AUTOSCAN system. The 
temperature interval between ~60oC and ~120oC (Green et 
al., 1986) is often referred to as the PAZ (partial annealing 
zone) of apatite fission track.  

 

 
 

Figure 1: Index and sketch geological map of the Tibetan Plateau and adjacent areas (from Tapponnier et al., 2001) 
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Results and discussion 
The fission track analytical data of 4-apatite samples 

are listed in Table 1. The new data yield ages ranging from 
11±1 to 40±3 and mean track lengths between 10.1±2.3 to 
11.1±1.8 µm. Apatite fission track ages are all much less than 
depositional ages of the strata, which indicates that these 
samples were overprinted by the tectonic-thermal event. 
Virtrinite reflectance values of Later Triassic and Jurassic 
sandstones range from 1.25% to 1.30%, which indicate that 
these samples experienced the maximum plaeotemperature at 
182~187oC according to Barker and Goldstein (1990). 
Therefore, the apatite grains are considered to have been 
fully reset after deposition. There is no significant thermal 
metamorphism or volcanism known in the area based on our 
geological survey. Thus, the apatites in the samples have not 
experienced resetting by thermal anomalies. The fission track 
ages reflect the thermal event ages, record the ages when 
samples pass through the PAZ in the uplift process, and also 
represent the cooling age of region rock uplifting and 
exhumation in the southeast Sichuan basin. 

 
Distribution histograms of apatite confined track length 

bear two peak values (Fig.2), which indicates thermal 
histories of all samples are complex. If sample 8-5 is not 
considered because it has few grains, all samples with χ2 test 

value of > 5% reflect that individual-grain ages were 
consistent with a single population and record the age of the 
same recent tectonic-thermal event (Table 1). All of the age 
data are shown using the ±2σ range of ages on the radial 
plots as well as the overall population of the grain ages 
(Fig.3A). Thus fission track dating system startup is single 
cause and as a result avoid multiple explain about fission-
track age. Then fission-track age can restrict the tectonic 
movement of the southeast Sichuan basin. The single grain 
fission track age distribution is characterized by two peak 
value as a whole (Fig.3B). The two peak ages are 8 and 
13Ma, the central ages of sample 8-2, 8-4 and 8-6 also range 
from 7±1 to 14±1. They are concordant cooling ages, which 
indicate that the tectonic movement of the southeast Sichuan 
basin began at 8~13 Ma. This tectonic uplift event is in 
response to southeastward growth of Tibetan plateau uplift 
and lateral growth, which continues today. Numerous studies 
of Tibetan Plateau suggest that the onset of deformation in 
southeastern and northeastern margin of Tibetan Plateau 
occurred in the latest Miocene (Tapponnier et al., 2001; 
Kirby et al., 2002; Enkelmann et al., 2006; Shen et al., 2007). 
 

 
 
Table 1: Results of apatite fission track analysis from the southeast Sichuan basin 

 
Sample 
No. Epoch grains ρs 

(105/cm) Ns ρi 

(105/cm) Ni 
Ρd 

(105/cm) Nd 
P(χ2) 
(%) 

T±1σ 
(Ma) L (µm) n 

8-2 J2 52 1.598 265 15.534 2576 7.637 8951 5.1 14±1 10.2±2.5 99 
8-4 J2 52 1.880 284 24.019 3629 7.843 8951 25.9 11±1 10.1±2.3 87 
8-5 J1 12 4.018 348 15.161 1313 8.463 8951 0 40±3 11.1±1.8 18 
8-6 T3 35 0.649 83 14.630 1871 9.300 8951 85.3 7±1 -  

 
Note: (1) Ns, Ni and Nd are fossil track numbers, induced track numbers and standard track numbers; ρs, ρi and ρd are the 
track densities corresponding to Ns, Ni and Nd; (2) P (χ2) is Chi-sq test probability; (3)T is fission track age (Ma), using 
Central ages; L is mean track lengths, n is testing track numbers. 

 
 
 
 

  
 

Figure 2: Distribution histograms of apatite confined track length 
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          (A)                                             (B) 
 
Figure 3: Radial plot (A) and distribution histograms (B) of zircon grain fission-track age 
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Abstract 

In order to estimate the paleorate of the denudation of 
the northern Hsuehshan Range and southeastern China, a 
total of ten core samples were collected from the Linkou 
Tableland for detrital zircon fission-track dating (FTD). The 
detrital zircon grain FT ages of the Linkou Gravel Formation 
range widely from 0.9 Ma to over ~190 Ma. Each sample 
shows 2-3 populations in the grain-age distribution, implying 
the sediments of the Linkou Tableland were derived from 
three distinct source teraines. The zircon grains that have FT 
ages between 4.1 ± 0.9 Ma and 90.8 ± 18.4 Ma (1σ) Ma are 
inferred to be derived from the northern Hsuehshan Range. 
The grains that have ages of < ~6 Ma are regarded as totally 

reset due to the Penglai Orogeny. With the assumption of a 
thermal gradient 30oC/km and a closure temperature of 240oC 
for zircon FT system, cooling and exhumation rates during 
the period of 6 ~ 1 Ma are calculated as 81.0 ~ 46.2o C/Myr 
and 2.7 ~ 1.5 mm/yr, respectively.  Moreover, the oldest 
component of the zircon FT ages ranges from 91.5 ± 1.1 to 
245.6 ± 201.7 (1σ) Ma with three best-fit peak ages between 
110 and 160 Ma, obviously implying that unreset zircon 
grains of the Western Foothills in Taiwan were most likely 
derived from the Jurassic - Cretaceous rocks in Southeast 
China. It suggested that the cooling and exhumation rate 
during the period of ~160 to ~7 Ma are estimated at 2.8 ~ 2.2 

oC/Myr and 0.10 ~ 0.07 mm/yr, respectively. 
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The East Alborz-Binalud and Kopeh Dagh mountain 
ranges are located in NE Iran and represent the northern limit 
of deformation in this part of the Alpine-Himalayan collision 
zone. The tectonic history of this region spans from the 
Cimmerian Orogeny (Late Triassic - Jurassic) to the more 
recent fold and thrust and transpressional tectonics associated 
with the Alpine Orogeny, which is ongoing today. Previous 
research has concentrated on the distribution and slip-style of 
active faults that accommodate regional shortening (due to 
Arabia-Eurasia collision) at the present day. The onset of the 
present-day kinematics has been estimated at ~10 Ma, by 
extrapolating total strike-slip offsets at present-day fault slip-
rates (estimated from GPS velocities). However, a synthesis 
of the tectonics of this region over the whole Cenozoic 
remains poorly constrained. 

Stratigraphic relationships indicate the East Alborz-
Binalud mountains were uplifted earlier than the Kopeh 
Dagh. However, very little is known about the timing of 

uplift of these ranges, due to the absence of fossils or 
dateable material in the continental Red Beds deposited along 
the range flanks during this time (various estimates for uplift 
range between 5-30 Ma).  

This paper presents a new thermochronological study of 
the East Alborz-Binalud and East Kopeh Dagh mountains to 
better constrain the timings of uplift and exhumation, based 
on apatite fission track analysis of 15 samples. These were 
located across the eastern end of the Kopeh Dagh Range, on 
the road from Mashad to Sarakhs, with two further transects 
spanning the southern and northern flanks of the Binalud 
mountains (part of the East Alborz), near Neyshabur and 
Mashad. We combine our data with published constraints on 
the active deformation of the region (from GPS, Quaternary 
dating and tectonic geomorphology studies) to extend our 
understanding of how the tectonics of NE have evolved over 
longer geological timescales. 
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The relationship between deeply exhumed gneiss 
domes of high-grade meta-sediment and meta-granite and 
focused glacial and fluvial erosion in the Chinese Pamir 
Mountains provides important new information regarding the 
geological and geomorphological processes modifying 
tectonism during the Indo-Eurasian collision.  

At the western end of the Tibetan Plateau, two major 
gneiss domes, Kongur Shan and Muztagh Ata, lie in the 
footwall of the west-dipping Kongur detachment system. 
Rapid exhumation of the domes began at 6-8 Ma, 
immediately after peak metamorphism at ~27 km depth 
(Robinson et al., 2004). At the foot of the Kongur Shan 
Dome, both 40Ar/39Ar mica and apatite fission track 
thermochronometers yield Plio-Pleistocene cooling ages 
(Arnaud et al., 1993; Brunel et al., 1994; Robinson et al., 
2004; 2007)  which are significantly younger than ages 
obtained along strike of the Kongur Detachment (Robinson et 
al., 2004; 2007)  and from the hanging wall. This suggests 
that the major portion of the exhumation of these domes has 
been accommodated along the Kongur detachment fault. 
Furthermore these data suggest a locally more extensive 
exhumation in the vicinity of the two domes.  

The highest topography in the footwall of the 
detachment is correlated with the domes, with the peaks 
Kongur Shan (7719 m) and Muztagh Ata (7546 m) towering 
>3000 m above the surrounding plateau. The highest 
topography and the greatest relief are found in the vicinity of 
the domes. This region is also host to the largest glaciers with 
the greatest valley spacing, the greatest debris cover, and the 
lowest ELA, which results in the excavation of large parts of 
the core region of the domes. The degree of glaciation and of 
glacial erosion varies dramatically along the length of the 
detachment. Glaciers are smaller and cleaner in the north and 
glaciation is virtually absent in the south. Fluvial incision 
along the Gez River, immediately north of the Kongur dome, 
contributes to erosion of the footwall of the Kongur 
detachment as well. Today precipitation is delivered both by 
Westerlies, with a minor contribution from the Indian 
summer monsoon, and is localized by the topographic 
anomalies formed by the domes (Seong et al., in review). 

We suggest that focused glacial erosion in the region of 
the Kongur Shan and Muztagh Ata domes may have 
enhanced exhumation in this region of the Kongur 
detachment, driving a positive feedback with a thermally and 
mechanically weakened crust, resulting in a “tectonic 
aneurysm.” Alternatively the enhanced glacial erosion might 
be a passive result of tectonic exhumation, in which 
tectonically formed high peaks lead to greater orographic 

precipitation, resulting in the development of larger glaciers. 
The goal of this ongoing study is to use new and existing 
thermochronologic data to quantify the temporal and spatial 
variation in exhumation. A key question is whether observed 
cooling ages can be correlated with the erosional capacity of 
the system. Is there a pattern to the cooling histories which 
can be related to regional spatial and temporal climatic 
changes, or is exhumation of the domes driven by tectonics 
alone? 
 
Approach and Methods 
 We collected samples for apatite fission-track and 
40Ar/39Ar thermochronologic analysis from a series of vertical 
profiles in the footwall and spot samples in from the hanging 
wall along the length of the detachment. Here we present our 
preliminary results, combined with published data (Fig. 1). 
Twenty new apatite fission track (AFT) and about 10 new 
muscovite and biotite 40Ar/39Ar data combined with 
previously published 40Ar/39Ar data (Robinson et al., 2004; 
2007; Arnaud et al., 1993; Brunel et al., 1994) provide an 
improved view of the exhumational pattern in space and 
time. 
 
Preliminary Conclusions 
 Cooling rates for the last 2-5 Ma are rapid in the vicinity 
of the domes, as shown by young AFT and argon mica ages 
and high apparent exhumation rates shown on the age-
elevation plots. Along the footwall of the Muji segment in the 
NW (Fig. 1; 1), the cooling rate appears to have slightly 
increased at a poorly resolved time around 3-8 Ma. 
Topography in this region reflects intense river incision as 
well as glacial erosion in the upper reaches of the drainage 
basins. In the middle section, around and between the Kongur 
Shan and Muztagh Ata domes (Fig. 1; 2, 3, 5), cooling rates 
have increased in the last 1-3 Ma. Glaciation in this region is 
quite extensive. The exceptional size of the glaciers, the 
steepness of headwalls, and the degree of debris cover all 
point to the erosive power of these glaciers. Incision along 
the Gez River where it crosses the range north of Kongur 
Shan may also contribute to exhumation.  In contrast, south 
of the Muztag Ata dome, the cooling rate observed in the 
upper Yarkand river (Fig. 1; 4) has not significantly changed 
in the last ~8 Ma. There is little evidence for glacial erosion 
in this region, which is instead dominated by incision along 
the Yarkand River and minor tributaries. The height of the 
topography, the relief and the degree of glaciation drop off 
rapidly south of Muztagh Ata towards this region.  
  

 
Temp Mineral Reference 
120 ± 15 °C  Apatite fission track Reiners and Brandon, 2006 
270 ± 30°C Ar Kspar MDD model result Robinson et al., 2004 
340 ± 30 °C Ar biotite, slow cooling Reiners and Brandon, 2006 
370 ± 30 °C Ar biotite, fast cooling Reiners and Brandon, 2006 
360 ± 30 °C Ar muscovite, slow cooling   Reiners and Brandon, 2006 
410 ± 30 °C Ar muscovite, fast cooling   Reiners and Brandon, 2006 
700 ± 50 °C Th-Pb Monazite plus thermobarometry Robinson et al., 2004 
 
Table 1: Closure temperatures used for Age - Temperature plots (Fig. 1).
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Figure 1: Thermal Histories for selected regions along the detachment. Uncertainties are not shown on plots as they often approach 
size of data point.  Data points on cooling histories often represent the average of multiple samples from a small region.  
 
 There appears to be a correlation between the magnitude 
of change in Pliocene cooling rate and the extent of 
glaciation. The Pliocene timing of the inflection point 
suggests a link with the regional onset or intensification of 
glaciation concurrent with the onset of Northern Hemisphere 
glaciation.  However, more samples must be analyzed before 
the correlation between enhanced glacial erosion and more 
rapid exhumation can be convincingly demonstrated. 
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 A fundamental question in the study of climate and 
tectonics of mountain belts is whether late Cenozoic climate 
change has led to enhanced erosion, increased supply of 
coarse sediments, and perhaps accelerated tectonic rates.  In 
the case of mountainous areas such as the Kyrgyz Tien Shan, 
enhanced glacial erosion due to a colder, wetter climate as 
well as enhanced fluvial erosion due to increased 
precipitation and/or a more variable climate have been 
proposed as mechanisms to explain increased erosion rates in 
the Plio-Pleistocene (e.g., Zhang et al., 2001). 
 Although this hypothesis is appealing, it has been 
difficult to test, as one must disentangle the tectonic and 
climatic signals. In order to show that late Cenozoic climate 
change has exerted the dominant control on late-stage 
exhumation in an orogen, one must first understand the 
earlier deformation pattern that can be attributed to 
tectonism. For instance, if the earlier pattern was spatially 
and temporally varying exhumation, one might conclude that 
this was driven by the propagation of deformation due to 
tectonism. If the late Cenozoic deformation pattern shifted to 
spatially and temporally synchronous exhumation, one might 
conclude that climatically enhanced erosion provided a more 
plausible explanation than a pure tectonic mechanism. The 
high, glaciated Kyrgyz Tien Shan offer a natural laboratory 
to test this question because the Cenozoic exhumation history 
can be well-constrained using thermochronology. 
 The Kyrgyz Range, at the northern margin of the Tien 
Shan, has grown higher as it lengthened along strike (Sobel et 
al., 2006). Prior to exhumation, the study area consisted of a 
low-relief sedimentary basin; these deposits were deposited 
above a regional erosion surface which crosscuts basement 
units. A late pulse of rapid exhumation is associated with 
enhanced erosion due to orographically increased 
precipitation and glaciation. However, it is unclear if this 
second pulse is linked to the range reaching a critical 
elevation threshold or to regional climatic change. In the 
former case, the second exhumation pulse should propagate 
along the range in the same sense that the range has 
developed; in the latter case, the onset would be synchronous. 
In the Kyrgyz range, it was not possible to test this idea with 
thermochronology because most of the rocks outcropping in 
the range contain poor quality apatite that is unsuitable for 
(U-Th-Sm)/He analysis due to unfavorable lithologies. 
However, the granitic Terskey Range, a structurally similar 
range located to the southeast, offer an ideal location to 
examine this question.  
 
Preliminary Data 
 Four ~1000m vertical profiles were collected in the 
hanging wall of the main, north-vergent thrust, spaced ~25 

km apart along strike. An additional suite of samples was 
collected deeper in the range behind the westernmost-
transect. To date, AFT analysis has been conducted from the 
westernmost-transect; this and two other profiles have been 
analyzed using (U-Th-Sm)/He analysis on apatite.  AFT 
analyses were conducted at Universitaet Potsdam; (U-Th-
Sm)/He analyses were conducted at the University of 
Melbourne. The results are shown in Figure 1. 
  Helium analysis was typically conducted on aliquots of 
3 similar-sized grains. Three aliquots were analyzed from 
most of the samples. Typically, a range of ages was obtained 
from each sample. Most samples yielded replicatable young 
ages as well as older ages. In addition, these youngest ages 
form linear trends on age-elevation plots, suggesting that they 
represent geologically significant episodes of cooling. Where 
both AFT and (U-Th-Sm)/He data are available, the young 
He ages are younger than the AFT ages. Therefore, we 
disregard the anomalously old ages.  
 AFT and (U-Th-Sm)/He data from the Barskoon gorge 
profile, the westernmost sampling region, define parallel 
trends on the age-elevation plot; these have apparent 
exhumation rates of ~0.08 km/Myr. The uppermost AFT 
sample appears to represent a sample which resided for a 
long period within the partial annealing zone (PAZ); hence, 
the onset of rapid exhumation defined by the base of the 
exhumed PAZ appears to be ~31±5 Ma. This age is earlier 
than expected given the known regional geology. An 
alternative interpretation would be that the sample at 3300m 
has been partially reset, such that the onset of exhumation is 
later and the initial exhumation is more rapid. Additional 
track-length data will be required to differentiate between 
these two possibilities. 
 The (U-Th-Sm)/He data from the Kichikyzulsu and 
Turgenaksu profiles both define linear trends on age-
elevation plots; these have apparent exhumation rates of 
~0.1-0.25 km/Myr and ~0.2 km/Myr, respectively. 
Significantly older ages obtained at high elevations along the 
Kichikyzulsu profile suggest that the base of the Helium 
partial retention zone (PRZ) has been sampled; the onset of 
exhumation is roughly constrained to be between 10 and 20 
Ma. The onset of rapid exhumation at the Turgenaksu profile 
can only be constrained as pre-dating the oldest, ~ 11 Ma 
sample. AFT analysis should better constrain the earlier 
portion of both of these exhumation histories. The presence 
of the regional erosion surface on the south flank of the range 
implies that the total amount of exhumation is relatively 
limited and hence the onset of exhumation likely occurred 
during the middle Miocene. 
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Figure 1: Age - elevation plots for the three profiles. Only the Barskoon gorge profile includes AFT data. All (U-Th-Sm)/He data are 
shown; however, only the younger ages within a given sample are considered to be geologically significant. 
 
Preliminary Interpretations 
 Combining the apparent exhumation rate with the age 
of the youngest samples from each transect provides an 
estimate of the amount of exhumation that has occurred since 
that sample cooled through the Helium PRZ For the 
Barskoon gorge, Kichikyzulsu, and Turgenaksu profiles, this 
implies 1 to 1.2 km, 0.7 to 1.8 km, and 1.5 km of 
exhumation, respectively, assuming that the exhumation rate 
remained constant. Assuming an average surface temperature 
of 10°C and a closure temperature of 65°C, ~ 55°C of 
cooling has occurred during this exhumation.  In turn, this 
implies that the apparent geothermal gradient in the region of 
the three profiles was 55-46°C/km, 79-31°C/km, and 
37°C/km, respectively. 
 The Barskoon gorge AFT samples have Dpar values 
which, together with the slow cooling rate, suggest a total 
annealing temperature of 100-110°C (Ketcham et al., 1999). 
Since the AFT and (U-Th-Sm)/He trends on the age - 
elevation plot are separated by about 850 m, this implies an 
apparent geothermal gradient of 53-65°C/km. This 
calculation uses the ~31±5 Ma onset of exhumation.; a 
younger onset would imply that the exhumation rate has 
changed  over the time sampled and therefore this simplistic 
calculation is precluded. 
 The small magnitude and slow rate of exhumation that 
has occurred suggests that there has been only limited 
advection and hence limited perturbation of isotherms. 
However, the calculated apparent geothermal gradients are 
surprisingly high. One possibility is that the isotherms are not 
horizontal and evenly spaced due to structural rotation or 
topographic perturbation. An alternate interpretation, at least 
for the Kichikyzulsu and Turgenaksu profiles, is that 
exhumation rates have increased since the samples cooled 
through the PRZ due to either climatically enhanced erosion 

or increased tectonism accompanied by enhanced erosion. 
The latter explanation suggests that the basal samples could 
have been exhumed from more typical depths of 2-3 km 
since passing through the helium PRZ. 
 The apparent exhumation rates reported herein are 
lower than those from the structurally similar Kyrgyz Range. 
The highest rates from that range, 0.3 to 1.5 km/Myr, are 
associated with the removal of ~1.5 km of sediment that 
formerly overlay the range (Bullen et al., 2003; Sobel et al., 
2006).  Possible reasons for the discrepancy include a slower 
shortening rate, a thinner sedimentary cover, or less efficient 
erosion.  Additional thermochronologic studies combined 
with an improved stratigraphic record will help to refine 
these interpretations concerning exhumation mechanisms and 
rates. 
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Thermochronology is often applied for deriving 
exhumation rates in orogenic systems, either by using age-
elevation-relations (AER) or by combining cooling ages of 
different radiogenic systems with different closure 
temperatures (mineral pair method). These approaches rely 
on the assumption of flat-lying isotherms. Topography, 
however, influences the heat flow in the shallow crust, so that 
shallow isotherms follow the shape of topography in a 
dampened fashion, with compressed isotherms below valleys 
and widened isotherms below ridges (e.g. Stüwe et al., 1994, 
Mancktelow and Grasemann, 1997). This perturbation leads 
to potential overestimations of exhumation rates derived from 
thermochronology. The extent of isotherm perturbation 
largely depends on geologic and geomorphic parameters such 
as denudation rate, relief amplitude, topographic wavelength, 
geothermal gradient, and age of relief formation.  

For this study, we collected samples along four tunnels 
and corresponding surface sections through the Western and 
Central Alps. These tunnel transects provide a unique 
opportunity for testing the influence of isotherm perturbation 
on thermochronology-derived exhumation rates under a 
given framework of denudation rate, topographic 
wavelength, relief amplitude and geothermal gradient (see 

also Foeken et al., 2007). In addition, comparing the age 
patterns along the different transects yields important 
information about the late-stage evolution of the Alpine 
orogenic system. The studied transects are the Mont Blanc 
tunnel in the Western Alps, and the Simplon, Lötschberg and 
Gotthard tunnels in the Central Alps. All transects are 
situated in areas with typical geomorphic characteristics of 
active orogens, with a pronounced relief and high present-day 
uplift rates. If isotherms were perturbed during closure of the 
radiogenic system, then this should be reflected by the age 
patterns along the tunnel, with older ages beneath valleys and 
younger ages beneath ridges.  
 
Geological Setting  

The Mont Blanc, Lötschberg and Gotthard transects are 
situated within the External Crystalline Massifs (ECM), 
which form a discontinuous belt along the external periphery 
of the Central and Western Alps. They belong to the Helvetic 
realm of the Alps and are part of the pre-Alpine European 
crust. The Simplon transect, by contrast, belongs to the 
Penninic realm, which was thrust over the Helveltic realm 
along the Penninc frontal thrust (Fig. 1).  

 

 
Figure 1: Positions of the studied transects in the Western and Central Alps 
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Table  1: Com pari son of the  age  patte rns of the  di ffe re nt studie d se ctions

elevat ion AFT  ages AHe ages AFT  ages (Ma) AHe ages (Ma) AFT  ages (Ma) AHe ages (Ma) AFT  ages (Ma) AHe ages (Ma) T  (tunnel)

tunnel (m) tunnel (Ma) tunnel (Ma) 3000-4000 m 3000-4000 m 2000-3000 m 2000-3000 m 1000-2000 m 1000-2000 m (°C)

Mont  Blanc ~1350 ~4.0 ~2.0 6.0 - 7 .0 ~6.0 6.0 - 7 .0 4.5 - 5 .0 4.0 - 5 .0 1.5 - 4 .0 8 - 34

Löt schberg ~700 3.5 - 7 .0 2.0 - 5 .0 - - 10.5 - 6 .0 4.0 - 6 .0 ~7.0 Ma - 10 - 46

Simplon ~700 3.0 - 7 .0 1.0 - 4 .0 - - 14 - 10 2.0 - 8 .0 5.0 - 11.0 2.0 - 8 .0 10 - 55

Got thard ~1100 6.0 - 7 .0 3.0 - 5 .0 - - 12 - 8 8.0 - 10.0 7.0 - 10.0 3.0 - 7 .0 8 - 31  
 
 
Results of AFT and AHe thermochronology 

AFT data – tunnel: AFT ages along the Gotthard and 
Mont Blanc tunnels are uniform and cluster between 6 and 7 
Ma and around 4 Ma, respectively. AFT ages along the 
Lötschberg and Simplon tunnels are more variable and range 
between ~3 and 7 Ma. The Lötschberg tunnel shows a trend 
to decreasing ages towards the south, whereas along the 
Simplon transect, AFT ages decrease slightly from the central 
to the northern part of the tunnel. For none of the four 
tunnels, AFT patterns are correlated with topography.  

AFT data – surface: All sections show a rough 
correlation between age and elevation. For the same elevation 
level (2000 to 3000 masl), the Simplon transect yielded the 
oldest AFT ages, followed by the Gotthard and Lötschberg 
transects. The Mont Blanc transect yielded the youngest AFT 
ages (Table 1).  

AHe data – tunnel: AHe ages cluster between 1 and 5 
Ma for all tunnels. No correlation with overlying topography 
is observed. The Lötschberg tunnel shows again a trend to 
younger ages towards the south, whereas AHe ages along the 
Mont Blanc and the central and southern part of the Simplon 
tunnel uniformly cluster around 2 Ma.  

AHe data – surface: Surface AHe ages of the same 
elevation level (2000 – 3000 masl) are similar for the 
Lötschberg and Mont Blanc profile, clustering around 5 Ma. 
AHe ages from the Simplon are also similar, but with a 
higher spread of ages (2 to 8 Ma). Oldest AHe ages are again 
observed for the Gotthard profile, ranging from 8 to 10 Ma 
for an elevation of 2000 – 3000 masl (Table 1).  

 
Regional implication for the late-stage evolution of the 
Alps 

The regional evolution of the four tunnel transects is 
described in more detail by Pignalosa et al. (this volume), 
Reinecker et al. (this volume), and Glotzbach et al. (2008 a, 
b, and this volume). Here, we mainly compare the four 
different sections.  

Compared to the other ECM, the Mont Blanc massif 
experienced the strongest exhumation. This is also reflected 
by the present-day high elevation and pronounced relief. No 
fault activity with significant vertical offset is detectable 
along the Mont Blanc, Lötschberg, and Gotthard transects. 
The whole Gotthard and the northern part of the Lötschberg 
transect seems to be largely unaffected by tectonic activity 
since ~10 Ma, and were constantly exhumed with a rate of 
~0.5 km/Ma since ~10 Ma. We therefore suggest that the 
absence of tectonic activity led to a long-term exhumational 
steady-state, which in turn argues against a climatically-
triggered increase in exhumation rates at ~5 Ma, as proposed 
by previous studies (e.g., Willett et al., 2006, Cederbom et 
al., 2004).  

The southern part of the Lötschberg transect, by 
contrast, is influenced by normal faulting along the RSFZ, 
resulting in accelerated exhumation of that part of the 
transect since ~3.5 Ma. A slight increase in exhumation rates 

towards the Rhone valley is also observed along the northern 
part of the Simplon tunnel. Thus, the post-3.5 Ma 
exhumation pattern of that area is similar to the present-day 
uplift pattern, showing a pronounced maximum along the 
Rhone valley. The Simplon and Lötschberg tunnels show a 
similar AFT age range, whereas at elevation of 2000 to 3000 
m, AFT ages along the Simplon transect are older (Table 1). 
This implies that between ~14 and 7 Ma, there was still 
differential vertical movement between the Lötschberg and 
the Simplon areas, which ceased at ~7 Ma. The slightly 
younger AHe ages of the Simplon tunnel may be explained 
by its higher present-day tunnel temperatures partly within 
the range of the He partial retention zone. The clustering of 
AHe ages around 2 Ma, particularly for the Mont Blanc and 
Simplon tunnels, may reflect the strong regional effect of 
Alpine glaciation on exhumation patterns (see also Glotzbach 
et al., Pignalosa et al., Reinecker et al., (this volume) for a 
more detailed discussion).  
 
Effect of topography on shallow crustal isotherms 

None of the tunnel transects revealed a simple 
correlation between age patterns and overlying topography, 
neither for the AFT system nor for the AHe system. The 
uniform AHe ages, particularly for the Mont Blanc and the 
central-southern part of the Simplon tunnel suggest that the 
pronounced present-day reliefs of these areas are young 
features which mainly formed after 2 Ma, presumably as a 
result of Alpine glaciation. Particularly for the Lötschberg 
and the Simplon transects, tectonic activity had a much 
stronger effect on age patterns and paleo-heat distribution 
than the shape of topography. Furthermore, as demonstrated 
for the Gotthard tunnel by Glotzbach et al (2008a), positions 
of isotherms are also strongly controlled by advective and 
convective heat flow and internal heat production. 
Accordingly, no systematic overestimation of exhumation 
rates derived from surface profiles was detected. We 
tentatively conclude that for orogens with similar geomorphic 
and geologic characteristics as the Alps, AER can be used for 
deriving exhumation rates without the need for a “topography 
correction”. Our study also showed that the palaeo-positions 
of closure isotherms carry a wealth of information on the 
structural and geomorphic evolution in orogenic systems. We 
therefore suggest to use sampling approaches which involve 
vertical elevation profiles as well as horizontal iso-elevation 
profiles.  
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The rugged St. Elias orogen in southern Alaska is one 
of the western hemisphere's few examples of active terrane 
accretion and is an ideal setting to investigate the interaction 
of climate and tectonics and the effect of glacial erosion on 
orogenesis (Jaeger et al., 1998; Meigs and Sauber, 2000) 
(Figure 1). The orogen has been constructed by oblique 
collision and partial accretion of the Yakutat microplate at 
the syntaxial bend in the Pacific-North America plate 
boundary since the Middle Miocene (Plafker et al., 1994; 
Bruhn et al., 2004). Deformation is currently focused on the 
windward flank of the orogen within a thin-skinned fold and 
thrust belt that accommodates ~3 cm/yr of shortening. This 
thrust belt may be approximated as a critical Coulomb 
wedge, as it lies above a subducting slab and is composed of 
poorly-indurated, offscraped Cenozoic stratigraphy with a 
tapered mean topographic profile. The orogen has been 
glaciated for the past 5.5 Ma (Lagoe et al., 1993), but the 
extent of glaciation increased following the Mid-Pliocene 
Warm Interval (after ~3-2.5 Ma) and again after ~0.7-1.0 Ma 
(Lagoe and Zellers, 1996; Lisiecki and Raymo, 2005). 
Presently about half the orogen is covered by temperate, wet-
based glaciers, although ice coverage extended to the edge of 
the continental shelf during the Pleistocene glacial maximum 
(Péwé, 1975). The orogen has rugged coastal topography that 
receives heavy orographic precipitation of ~3-6 m/yr, which 
decreases to ~0.6 m/yr on the leeward flank of the range. 
Glacier equilibrium line altitude thus rises (and the extent of 
glaciation decreases) with increasing distance inland from the 
coast (Berger and Spotila, 2008). Sediment yield into the 
Gulf of Alaska has increased throughout the Neogene (Rea 
and Snoeckx, 1995), and has been very high throughout the 
Holocene and particularly in the past 100 years (Hallet et al., 
1996; Jaeger et al., 1998). Widespread bedrock and detrital 
thermochronometry from the orogen indicate that 
exhumation has been rapid but spatially and temporally 
heterogeneous (O'Sullivan and Currie, 1996; Spotila et al., 
2004; Johnston, 2005; Berger and Spotila, 2008; Berger et 
al., 2008; McAleer et al., in rev.; Berger et al., in rev.; 
Enkelmann et al., this volume). Here we highlight recent 
progress in understanding this orogen using bedrock 
thermochronometry.  

Low-temperature thermochronometry from the core of 
the St. Elias orogen provides important constraints on the 
architecture and kinematics of deformation within the 
orogenic wedge. Apatite (U-Th)/He and fission-track cooling 
ages are younger along the windward flank of the orogen, 
suggesting that exhumation is more rapid within the accreting 
and deforming Yakutat terrane (Spotila et al., 2004; Johnston, 
2005; Berger et al., 2008). However, the north-dipping suture 
between the Yakutat terrane and Prince William terrane (i.e. 
North America), known as the Chugach-St. Elias fault, has 
been inactive for at least the last 1 Myr (Berger et al., 2008). 

This is based on three sample pairs across the fault 
which yield similar apatite (U-Th)/He ages (0.76 and 0.72 
Ma, 0.85 and 0.81 Ma, and 1.96 and 1.34 Ma) and thus a lack 
of differential cooling and rock uplift (Figure 2). Zircon (U-
Th)/He ages from the hangingwall and footwall suggest the 
fault was active in the Pliocene, when it was likely the 
structural backstop to the orogenic wedge. Apatite helium 
ages also suggest that differential bedrock cooling and rock 
uplift did occur in the past few million years across the 
Bagley ice field to the north of the suture. Ages just north of 
the ice-field in the Chugach terrane range from 7-13 Ma, 
whereas those to the south in the Prince William terrane are 
0.8 to ~2.0 Ma (Figure 2). South-side-up rock uplift across 
the ice-filled valley is consistent with motion along a 
backthrust (the Bagley fault), which is supported by an 
alignment of earthquake hypocenters with thrust-fault focal 
mechanisms (Berger et al., 2008). Active forethrusting still 
occurs in the Yakutat terrane to the south, where the pattern 
of apatite (U-Th)/He ages suggests that convergence is 
partitioning between successive forethrusts in an en-echelon 
manner. Based on these constraints, Berger et al. (2008) 
proposed a new kinematic model for the orogen as a 
windward-facing, doubly-vergent, thin-skinned wedge 
(Figure 3).  

In this model, motion on the backthrust terminates 
motion on successive forethrusts as they are consumed in the 
wedge, but the orogen-wide shift in deformation away from 
the suture and to the backthrust may have been driven by a 
change in erosion linked to climate change (see below). The 
backthrust may enable the wedge to maintain a critical 

Coulomb form during spatially variable erosion. Time-
averaged exhumation rates vary from ~1 mm/yr near 
the coast, to ~4 mm/yr just south of the Chugach-St. 
Elias fault, to 0.3 mm/yr north of the Bagley fault 
(Figure 3). To replace eroded material, the deepest, 
steepest particle paths should be focused in the core of 
the orogen, just south of the Chugach-St. Elias fault 
where the youngest zircon (U-Th)/He ages occur. 

 
 

 
Figure 1: Major structures of St. Elias orogen in 
southeast Alaska, plotted on a shaded relief map (from 
Berger et al., 2008). Note that area shown as Figure 2 
does not correspond to Figure 2 here. 
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Figure 2: Apatite (U-Th)/He ages in the St. Elias orogen (from Berger and Spotila, 2008). The youngest AHe ages are contoured and 
occur near glacier ELA on the windward flank. Contours of 0.5, 0.75, and 1.0 Ma should approximate exhumation rates of 4.0, 2.7, 
and 2.0 mm/yr. Modern ELAs for southward-flowing glaciers are shown as thick blue lines. ELA during the last glacial maximum 
(LGM) is assumed to be ~300 m lower (Péwé, 1975) and approximated as the dark blue line. The “ELA front” is the zone between 
modern and glacial maxima ELA on the windward flank. 
 

 
Figure 3: Cross section through the central St. Elias orogen (Figure 2), summarizing the orogen as a doubly-vergent, thin-skinned, 
windward-facing orogenic wedge that is heavily influenced by glacial erosion (from Berger et al., 2008). Inactive terrane boundaries 
are shown as irregular dashed lines. Active and inactive thrust faults are shown as heavy solid and dashed lines respectively. The 
proposed Bagley fault is shown as a southward-dipping thrust. The inactive CSEF is shown as offset by the Bagley fault at depth. 
Numbers by AHe sample locations are exhumation rates (mm/yr). 
 

 
Figure 4: Relationship between topography, ELA, precipitation, and AHe age along a north-south profile (AA’, Figure 2) (from 
Berger and Spotila, 2008). The green box shows the “ELA front”, where mean Quaternary ELA (i.e. zone between modern and LGM 
ELA) intersects mean topography of the windward flank. The two curves of mean annual precipitation are from (A) a model that 
integrates regional data with an orographic function and (B) synthesis of regional data. AHe ages (red triangles) for samples within 
50 km of AA’ were projected orthogonally. The dashed pink line approximates the trend of AHe ages, and the red box highlights the 
youngest ages. 
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The pattern of apatite (U-Th)/He ages across the orogen also 
reveals a potential association between long-term denudation 
and glacier sliding (Berger and Spotila, 2008). Cooling ages 
less than 1 Ma (and as young as 0.4 Ma, corresponding to 
exhumation ~4-5 mm/yr, based on calculated closure 
temperatures and an elevated geothermal gradient that takes 
into account heat advection using a 1-dimensional 
thermokinematic model) are concentrated in a narrow, coast-
parallel band near the glacier equilibrium line altitude (ELA) 
front, where mean Quaternary ELA intersects the windward 
flank of the orogen (Péwé, 1975) and thus where time-
averaged, unit ice discharge within individual glaciers should 
be a maximum (Figure 2). This band of denudation is not 
correlated with individual faults, structural trends, or known 
concentrations of precipitation (Figure 4), and Berger and 
Spotila (2008) propose that it is produced by focused glacier 
sliding at or near the "ELA front". This hypothesis is 
consistent with a simplistic view based on theoretical 
predictions, 1-d numerical simulations, and short-term 
observations, that erosion along individual glaciers should 
scale with the flux of ice over rock (Andrews, 1972; Hallet, 
1979). It is problematic, however, given that exhumation is 
rapid all along the ELA front, regardless of the variation in 
glacier size along-strike. If glacial erosion scales with ice 
flux, the most rapid denudation should occur beneath the 
largest glaciers (e.g. the Bering glacier). Yet long-term 
denudation and glacier drainage area (a proxy for relative 
differences in modern ice discharge) do not correlate along 
the ELA front. Berger and Spotila (2008) reconcile this by 
proposing a more complex conceptual model of orogen-scale 
glacial erosion, in which the most rapid long-term denudation 
occurs where the zone of high ice flux intersects the orogen's 
structural-topographic front. The lack of correlation between 
denudation and glacier drainage area within this zone 
suggests that the erosional power of all glaciers along the 
ELA front is sufficient to keep pace with tectonic rock uplift, 
that erosion by small glaciers and mass wasting are coupled 
to incision by large glaciers, or that large glaciers may have 
reached threshold of maximum erosion rate (e.g. over-
deepening). This implies that glaciers may act as 
denudational "buzz saws" or excavators (Brozovic et al., 
1997), that focus denudation near the narrow ELA front and 
can control the removal of crust from orogens. This 
interpretation supports theoretical models of orogenic 
wedges, in which glaciers focus denudation and partition 
deformation (Tomkin and Roe, 2007), and illustrates an 
important climatic control on orogenic behavior. 

The bedrock cooling history through multiple closure 
temperatures also suggests that climate has played a 
significant role in the denudation and deformation of the St. 
Elias orogen (Berger et al., in rev.). Apatite fission-track and 
zircon (U-Th)/He and fission-track ages show that the pattern 
of exhumation inferred from apatite (U-Th)/He ages could 
not have been in place prior to the Quaternary. Cooling rates 
across the windward flank increased dramatically at ~1 Ma, 
but have remained slow and steady on the leeward flank. This 
acceleration in bedrock cooling corresponds to an increase in 
denudation rate from ~0.3 mm/yr to ~3 mm/yr in the core of 
the orogen. The timing of this change was roughly coeval 
with the intensification of glaciation at ~1-0.7 Ma (Lagoe and 
Zellers, 1996; Lisiecki and Raymo, 2005). It also coincided 
with a ten-fold increase in sedimentation rate in the Gulf of 
Alaska (Rea and Snoeckx, 1995) and a shift in deformation 
away from the toe of the fold and thrust belt. Offshore 
seismic reflection images suggest that deformation within the 
Pamplona Zone terminated at about the time that glaciers 
advanced onto the continental shelf during the mid-
Pleistocene (Berger et al., in rev.). This suggests that a 
cessation in shortening within the offshore portion of the 
wedge was coeval with increased onshore denudation and 

lowering of the submarine critical taper by subsequent 
sedimentary burial. If correct, this implies that Quaternary 
climate change focused glacial denudation and reorganized 
deformation within the orogenic wedge, including out-of-
sequence thrusting and acceleration of backthrusting in order 
to maintain critical taper. This is consistent with model 
results that indicate that active wedges should contract in 
response to increases in erosion (Whipple and Meade, 2004; 
Tomkin and Roe, 2007). 
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The external Humber Zone of the Appalachian Orogen 
of western Newfoundland is characterized by a Cambro-
Ordovician carbonate-dominated platformal succession that 
was structurally overridden and deformed in Middle 
Ordovician through Devonian times (Taconian, Salinian, and 
Acadian orogenies) and locally disrupted during the 
Carboniferous (e.g., Waldron et al., 1998). Contractional 
structures are largely thin-skinned in style (low-angle, large-
displacement thrust faults), and are crosscut locally by late 
thick-skinned (basement-involved) thrusts. The Early to 
Middle Ordovician Taconian Orogeny involved initial 
obduction of ophiolitic complexes as well as structural slices 
of deep-water slope facies rocks, some high in organic 
content. Post-Taconian deformation, which included 
significant displacement on low-angle thrusts, resulted in 
structural juxtaposition and folding (potential petroleum 
traps) of platform carbonates (potential petroleum reservoirs) 
above organic-rich rocks (potential petroleum sources). The 
largest traps involved the late-stage inversion of thick-
skinned normal faults, which were initiated in the Taconian 
foreland prior to arrival of the thin-skinned Humber Arm 
Allochthon and the development of a structural triangle zone 
(tectonic wedge) along the leading edge of the orogen in 
Devonian time (e.g., Stockmal et al., 1998, 2004; Cooper et 
al., 2001). 

The timing of thermal maturation of the potential 
source rocks relative to the timing of formation of the major 
structural traps has obvious and critical implications for the 
petroleum prospectivity of this area. Hydrocarbon seeps, first 
recognized nearly 200 years ago, have spurred sporadic 
exploration for over a century. The most recent round of 
serious exploration occurred in the 1990s, with much-
reduced activity continuing to the present. The first modern 
well, Port au Port #1, was drilled on Port au Port Peninsula in 
1994-1995 and discovered the Garden Hill South field, which 
produced light sweet crude oil (51 °API). Follow-up wells, 
including one in the near offshore in the Gulf of St. 
Lawrence, have been disappointments. The principal 
challenge is development of a reliable and predictive 
reservoir model. The leading model involves karstification 
associated with a flexural bulge unconformity, coupled with 
hydrothermal dolomitization associated with the thrust-
inverted thick-skinned normal faults (Cooper et al., 2001). 

Samples for apatite fission track (AFT) analyses were 
gathered mainly from outcrop but also from two of the recent 
exploration wells on the Port au Port Peninsula. These 
samples span the entire stratigraphic section from the 
crystalline Grenville-age (ca. 1 Ga) basement, through the 
clastic-dominated Lower Cambrian platformal and slope 
successions, to the Middle Ordovician to Lower Devonian 
clastic foreland succession, and finally to the remnants of a 
regional Carboniferous to Permian successor basin (the 
Maritimes Basin). Structurally, samples are from the far-
transported Humber Arm Allochthon, the parautochthonous 
basement and platformal succession, the essentially 
autochthonous foreland succession (structurally uplifted 

above the leading-edge triangle zone), and the post-orogenic 
overlap succession. 

All samples show significant annealing with mean track 
lengths ranging from 11.5 to 12.9 microns. Of the 20 samples 
we have modeled in detail, ten have a full suite of probe 
analyses and three have partial analyses (F, Cl, OH, O). All 
but two of the 20 pass the χ2 test for uniformity, and all have 
been examined for possible multiple age populations using 
the binomial peak-fitting program, Binomfit (Brandon, 
2002). The two samples that fail the χ2 test are cuttings 
samples from the Port au Port #1 well, and Binomfit clearly 
indicates discordant grains (three grains out of a total of 34 in 
one sample, and one grain out of 36 in the other) that are 
likely caved from higher up the borehole. Removal of the 
contaminant grains results in solid χ2 passes. Those samples 
for which we have full probe analyses have been examined 
for possible multiple compositional populations, using 
measured ages and track lengths, and the calculated rmro 
parameter of Carlson et al. (1999). The majority of grains are 
fluorapatites, with some modest substitution of Ca by Na, 
Mn, and Fe. Calculated rmro values across the suite of samples 
range from 0.5088 to 0.8621, with mean values of interpreted 
populations ranging from 0.6513 to 0.8488.  

The low-temperature thermochronology of this 
structurally complicated region is assessed using an updated 
version of the inversion routine described by Issler et al. 
(2005) that allows for simultaneous inversion of samples 
with multiple compositional populations. The multi-kinetic 
inversion program (AFTINV) yields an objective set of 
thermal histories that fit observed AFT ages and track length 
distributions. AFTINV allows for incorporation of various 
geological constraints (e.g., depositional age, overlying 
stratigraphy, unconformities, limits to erosion and deposition 
rates, etc.), as well as thermal maturation indicators, if 
available (e.g., %R0, CAI, Tmax, etc.). The ability of 
AFTINV to handle multi-kinetic populations in a single 
sample is essential to interpreting some of the western 
Newfoundland AFT samples. AFTINV generates a set of 
forward-modeled time-temperature histories (nominally 300) 
that satisfy all input constraints. For some samples run as 
single populations, AFTINV will not produce more than a 
few (if any) acceptable time-temperature histories even after 
tens of millions of forward models. However, these same 
samples, run simultaneously as separate populations (as 
many as four), will result in a full set of 300 solutions in a 
few million forward models or less. 

Assessment of this suite of 20 samples indicates that 
following post-depositional burial and post-orogenic erosion, 
all AFT samples were reheated into the AFT partial 
annealing window (~60-120 °C; ~oil window) in post-Visean 
times, due to burial beneath the Carboniferous to Permian 
Maritimes Basin. The magnitude and timing of peak 
temperatures, however, are dependent in part upon structural 
position with respect to the inverted thick-skinned thrusts. On 
the Port au Port Peninsula, the principal thrust-inverted thick-
skinned fault is the Round Head Thrust (RHT), in the 
footwall of which lies the Garden Hill South field referred to 
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above. At the deepest stratigraphic levels within the Cambro-
Ordovician platform, in the immediate hanging wall of the 
RHT, peak temperature occurred prior to fault inversion 
(during Devonian Acadian orogenesis). At equivalent 
stratigraphic levels in the RHT footwall, and at shallower 
levels in both footwall and hanging wall, peak temperatures 
were not achieved until post-Visean burial beneath the 
Maritimes Basin.  

Peak thermal maturity therefore post-dated the late 
Acadian development of large, thick-skinned structural traps. 
Thus, these structures have high potential prospectivity, as 
evidenced by the initial discovery well. Modeled AFT 
samples from western Newfoundland, Anticosti Island, and 
the Gulf of St. Lawrence all indicate that the Maritimes Basin 
was substantially thicker and of greater extent than 
commonly believed, with concomitant implications for 
petroleum exploration throughout the region. 
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Great advances in the understanding of collisional 

orogens have resulted from research in the Tibet–Himalaya 
system, but its westward continuation, the Pamir Mountains 
remains little studied. The Shaxdara gneiss complex of the 
southwestern Pamirs is a large (>100×300km) outcrop of 
high-grade metamorphic rocks, previously regarded as 
Archean-Proterozoic basement accreted to Asia during 
Paleozoic or Mesozoic (Vlasov et al., 1991). New zircon and 
monazite U(Th)/Pb ages and field mapping suggest a 
Paleozoic-Mesozoic origin of the paragneisses 
metamorphosed and intruded with in a Cretaceous active 
continental margin and overprinted by late Oligocene–
Miocene crustal thickening. 

Structural observations and apatite fission-track and (U-
Th)/He thermochronology reveal rapid Miocene exhumation 
to upper crustal depth under N-S extension, contemporaneous 
with the ongoing India–Asia convergence. Syn-orogenic 
extension to such extent entailing gneiss-dome formation is 
unparalleled in the Himalaya–Tibet orogen. This exposure of 
deep crustal levels in the Pamirs provides insights into mid-
lower crustal processes largely concealed in Tibet and offers 
new possibilities for the understanding of collisional 
orogenies. 
 
Pre-Himalayan history 

The Shaxdara gneiss dome encompasses most of 
southern Tajikistan and extends westward into Afghanistan. 
The central part of the dome (southwest Tajikistan) consists 
of high-grade migmatitic gneisses and (garnet)-biotite-
schists, locally kyanite- and sillimanite-bearing, and 
subordinate calc-silicates and marbles; lithologies are similar 
in the (western) Afghan part (Vlasov et al., 1991). Along the 
Afghan–Tajik border the dome is deeply incised by the N-S 
running leg of the Pjansch River, creating up to 2500m 
topographic relief.  

Less topographic relief exists in the eastern part of the 
dome, which is partly covered by Quaternary sediments. To 
the south and northeast gneisses pass into the late-Paleozoic 
Wakhan slates (e.g. Buchroithner, 1980) and Permian to 
Jurassic marine (meta-)sediments and reef carbonates, which 
also outcrop widely in the southeastern Pamirs (Leven, 
1995). Locally, Paleozoic (meta-)sediments have been 
mapped overlying the gneisses both in the central and eastern 
part of the dome. We interpret the Shaxdara paragneisses as 
high-grade equivalents of the Paleozoic-Mesozoic clastic-
carbonaceous sequence. 

Cretaceous plutonic rocks are prevalent in the Southern 
Pamirs (Vlasov et al., 1991) and belong to a continuous 
magmatic belt of ~200 km width. It is attributed to flat-slab 
northward subduction of young oceanic lithosphere of the 
Shyok back-arc basin and collision of the Kohistan-Ladakh 
island arc with Asia ~80 Ma (Rolland et al., 2000); the active 
continental margin can be traced to the Lhasa block of 
southern Tibet (Gangdese arc; Schwab et al., 2004). 

After accretion of the Kohistan-Ladakh arc continuous 
crustal thickening and shortening caused protracted 
sillimanite-grade metamorphism and magmatic activity in the 
Shyok suture area, with a major magmatic pulse ~24 Ma 
(Fraser et al., 2001). Latest Oligocene–late Miocene zircon 

and monazite U(Th)/Pb ages from pegmatites, granites, and 
migmatitic gneisses from the Shaxdara dome (unpublished 
data) and early to late Miocene hornblende and mica 
40Ar/39Ar cooling ages (Hubbard et al., 1999; own 
unpublished data) suggest that in the Southern Pamirs upper 
amphibolite grade conditions likewise persisted through the 
Oligocene-Miocene. 
 
Miocene exhumation 

The overall structure of the Shaxdara gneiss is 
subhorizontal layering of migmatitic paragneisses. 
Migmatization produced melts that formed granitoids of 
variable size. Migmatization and intrusion of large intrusive 
bodies occurred syn-kinematic to N-S extension. 
Deformation is overwhelmingly top-to-south flow evolving 
form high-grade to low-grade conditions (syn-migmatitic 
shear zones, δ-, σ-clasts, S-C fabric, mylonitic shear zones, 
brittle-ductile shear zones), suggesting a continuous process 
of top-to-south deformation under N-S to NW-SE extension 
from high-temperature migmatization and granitoid 
emplacement to upper crustal brittle conditions. 

A major normal fault is observed at the southern dome 
margin crosscutting shallow south-dipping mylonitic gneisses 
and juxtaposing them against Late Triassic metapelites. We 
interpret a major normal fault zone (South Pamir Fault) 
following the Pjansch valley along the southern dome 
margin, which accommodates exhumation of the Shaxdara 
gneiss dome, as evidenced by our structural data and the 
pronounced change in metamorphic grade across the Pjansch 
valley. 

Apatite fission-track ages from 23 samples from the 
Shaxdara dome document late Miocene cooling. Two age–
elevation profiles in the west-central dome indicate rapid late 
Miocene (4-9 Ma) exhumation at a rate of ~1-2 mm/yr. Ages 
increase systematically with distance from the South Pamir 
Fault from 3.6 Ma directly at the southern Pjansch river to ~9 
Ma at the northern dome margin. This age variation and our 
structural analysis point to structurally controlled exhumation 
of the Shaxdara gneiss starting along the northern dome 
margin at least at 10 Ma and progressively exhuming the 
footwall of a major south-dipping shear zone; its southern 
margin is outlined by the southern Pjansch River. A rolling-
hinge model (Wernicke and Axen, 1988) of exhumation 
along a detachment fault, the South Pamir Fault, is envisaged 
to account for late Miocene cooling. 

The eastward continuation of the South Pamir Fault 
beyond ~72º30’E is enigmatic. We tentatively propose that it 
passes into a low-angle detachment fault dipping eastward 
beneath low-grade sedimentary rocks of the southeastern 
Pamirs; this shear zone has previously been interpreted as 
low-angle thrust beneath a nappe rooting in the Rushan-
Pshart suture zone to the north (Burtman and Molnar, 1993; 
Schwab et al., 2004). 

Two granitic samples from structurally high levels from 
the northeastern dome margin yield consistent ages of 15.7 
and 15.9 Ma, about 9 Ma older than expected based on their 
elevation and distance from the South Pamir Fault. In 
contrast, one sample from a lower elevation is in agreement 
with the general trends. We suggest that the two older 
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samples are located structurally above the detachment and 
represent fault bound blocks that have been dragged 
northwards during continuing exhumation along the South 
Pamir fault. 

Tectonic denudation ceased in the early Pliocene. 
Preliminary apatite (U-Th)/He ages may indicate a renewed 
episode of rapid cooling starting in the  late Pliocene or 
Pleistocene, which is likely related to river incision in the 
central dome and may account for the high topographic relief 
there. The pronounced difference in topographic relief 
between the eastern and west-central dome argues against a 
purely climatic cause for Pleistocene river incision. 
 
What drives Miocene extension? 

Miocene N-S extension in the Pamirs is coeval with 
ongoing N-S directed convergence between India and Asia at 
a rate of 4.8 cm/yr (Le Pichon et al., 1992). The en echelon 
arrangement of several gneiss domes in the western Pamirs 
suggests a common origin as antiforms resulting from crustal 
thickening and sinistral transpression along the western 
margin of the Pamirs. Transpression resulted from 
indentation of the western syntax of India into Asia and an 
overall anticlockwise rotation of India during its northward 
path (e.g., Le Pichon et al., 1992). Transpression is also 
evident from the Darvaz and Herat strike-slip faults and trend 
of fold-thrust belts in the Tajik foreland basin. 

We attribute doming and extension to overall 
transpressional thickening of the entire crust by frontal intra-
continental subduction and long-wavelength–low-amplitude 
buckling within the western Pamirs and concurrent to 
consecutive upper crustal extension compensating for excess 
thickening. Upper crustal extension may have been facilitated 
by thermal weakening due to Tertiary intrusions that are 
mostly confined to the domes. A relation between onset of 
syn-orogenic extension in the western Pamirs and a change in 
convergence direction from 000° to 347° at 20.5 Ma (Le 
Pichon et al., 1992) is speculative. Slowdown of India-Asia 
convergence from 4.8 to 4.5 cm/yr at 7 Ma and concomitant 
clockwise rotation of the convergence direction (Le Pichon et 
al., 1992) likely put an end to extensional doming in the 
western Pamirs. 

Synorogenic extension has been documented earlier in 
the Himalaya (South Tibetan Detachment fault; e.g., 
Burchfiel et al., 1992) and proposed to account for the 
Kongur Shan normal fault in the eastern Pamirs (Brunel et 

al., 1994). Identification of an extensional gneiss dome of 
comparable size to the Shaxdara dome is however 
unparalleled in the Himalaya-Tibet system. 
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Taiwan Orogeny has resulted from oblique collision 
between the Luzon arc and the passive continental margin of 
the Eurasia plate since 6.5 Ma. The Western Foothills 
contains upper Oligocene to Neogene shallow marine to shelf 
sedimentary rocks and synorogenic upper Pliocene and 
Pleistocene strata. A classic fold- and thrust belt has 
developed during collision and imbrication has repeated these 
strata in the orogenic wedge. In contrast to many fault-bend 
folds developed around the western foothill, the 
Chukuangkeng Antincline is a tight fold with detachment 
folding mechanism and it is also a major hydrocarbon 
occurrence in Taiwan. Here we use the apatite fission track 

dating to reveal the thermal history and kinematic history of 
the Chukuangkeng Antincline. We collected samples from 
exposed outcrop and from a 2600 m deep well, located on 
fold axis of the antincline. We found that below the mid-
Miocene strata, all strata are totally reset and the reset ages 
are from 1.5~2 Ma. Considering the total shortening of the 
Chukuangkeng Antincline is 15 km and we calculate average 
shortening rate is 7.5~10 mm/yr since 2 Ma. Assuming the 
average geothermal gradient is 25°, the uplift rate is 2.2~2.9 
mm/yr. 
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The Red Sea rift system is one of the best-exposed 
examples of continental rifting and has significantly 
contributed to our understanding of rupturing modes and 
mechanisms of continental lithosphere.  Critical geologic 
data used to determine the tectonic evolution of the Red Sea 
rift system come mainly from the Gulf of Suez and the 
Egyptian and Yemeni margins of the Red Sea; the rift flanks 
in Sudan and Saudi Arabia have remained largely unstudied.  
To improve our understanding of this system, this study 
investigates the timing of development of extensional 
structures and rift-related Tertiary basaltic volcanism along 
the central Saudi Arabian flank of the rift system, using 
apatite and zircon (U-Th)/He thermochronometry on the 
exhumed rift flank and magnetite (U-Th)/He and whole-rock 
40Ar/39Ar dating of Harrat basalts that interact with rift-
related extensional faulting. 

Geo- and thermochronometric techniques, coupled with 
structural and stratigraphic analysis, are used to elucidate the 
structural evolution of the main rift border fault system and 
structurally-controlled extensional basins parallel to the trend 
of the main Red Sea rift within the Arabian Shield. 
Constraints on the dynamics of rift flank deformation are 
achieved through the collection of long-baseline 
thermochronometric transects that traverse the entire Arabian 
shield from the coastal escarpment to the inland sedimentary 
cover sequences and short-baseline elevation transects in the 
footwall of major normal faults along the main rift border 
and with inland extensional basins (Fig. 1).  Long-baseline 
transects aim to resolve the timing of rift flank uplift and 
exhumation and are coupled with new geophysical models 
predicting the pattern of lithospheric modification during the 
rupturing of continental lithosphere. Detailed vertical 
transects, on the other hand, are used to constrain the timing 
of normal faulting to better understand the spatial and 
temporal evolution of rift-related normal faulting both along 
strike and across the entire rift margin. This combined 
approach allows for the reconstruction of the evolution of 
early rift architecture (incl. the importance of pre-existing 
structural fabrics), strain distribution during progressive 
rifting, and subsequent wholesale modifications of the rift 
flank due to thermal and isostatic factors. 

Fieldwork has focused on two areas along the central 
portion of the Saudi Red Sea margin in the Yanbu and 
Medinah areas. The main rift-margin escarpment in the 
Yanbu region is characterized by complex border-fault 
system, juxtaposing exhumed Precambrian rocks in fault-
bound footwall block against Oligo-Miocene syn-rift strata. 
The area is also characterized by post-faulting uplift of wave-
cut platforms and middle Miocene carbonate platforms. 
Several structurally-controlled extensional basins inboard 
from the main coastal escarpment and border fault system 
parallel the trend of the main Red Sea rift and outline a much 
broader rift well beyond the modern rift margin. The most 
prominent of these extensional basins is the NW-trending 
Hamd-Jizil basin located north of Medinah (~130 km inland), 

measuring ~200 km along strike and up to 20 km in width 
(Fig. 2). The Hamd-Jizil basin is structurally characterized by 
an en-echelon set of two diffusely-linked half-grabens (Hamd 
and Jizil) that are bound along their NE margins by NW-SE-
trending high-angle normal faults that appear to be controlled 
by the pre-existing structural grain produced by the Late 
Proterozoic Najd Fault System.  The incised half-graben fill 
exhibits a thick stack of syn-rift sandstones and 
conglomerates and is overlain by syn- to post-extensional 
Tertiary basalt flows of adjacent harrat volcanic fields.  
Offset basalt flows cap syn-rift siliciclastic sequences and 
Neoproterozoic rocks on either side of a major basin-
bounding fault in the Hamd half-graben.  Near the southern 
terminus of the Hamd-Jizil Basin, several generations of 
basalt flows have been cut by basin-internal faults that show 
differential displacement along the basin-bounding fault in 
Wadi al Qattar. In addition to bedrock thermochronometry, 
this study also employed magnetite (U-Th)/He and whole-
rock 40Ar/39Ar dating of syn- and post-kinematic basalt flows, 
to determine eruption ages of Harrat volcanism, constrain the 
timing of rift-related normal faults, and shed light on the 
post-rift geomorphic evolution of the originally internally-
drained Hamd-Jizil basin. 

Preliminary (U-Th)/He apatite and zircon analysis of 
samples from both short- and long-baseline transects reveal a 
temporally spatially distinct cooling history for the central 
rift flank (Fig. 2).  At the north end of the field area, Jabal 
Samar, an exhumed footwall suspected to be related to Red 
Sea rift development, shows a mid-Miocene apatite cooling 
age of 14.7 ± 0.9 Ma.  Similarly, a silicified felsic volcanic 
rock from the uppermost syn-rift sequence in the central 
Hamd half-graben yields a zircon (U-Th)/He age of 13.6 ± 
1.1 Ma.  In stark contrast, apatite (U-Th)/He ages from a 
vertical transect (VT - 2) in the handing wall SW of the Jizil 
half-graben and apatite and zircon (U-Th)/He ages from Jabal 
al Bayda show Permo-Triassic apparent cooling ages (210 – 
240 Ma), reflecting background cooling ages found 
throughout the Arabian Shield. 

In conclusion, early Red Sea rifting affected a wide area 
well inboard from the prominent modern Red Sea escarpment 
and the main border-fault system. Geo- and 
thermochronometric constraints coupled with structural and 
stratigraphic observations illustrate that during early to 
middle Miocene times extensional faulting occurred in the 
Hamd-Jizil half graben system contemporaneously with 
faulting along the main border fault complex in the central 
portion of the Saudi Red Sea margin. Faulting appears to 
have stopped in the Hamd-Jizil basin region and the main 
border complex and migrated basin-ward in the middle 
Miocene, contemporaneously with rift reorganization and the 
establishment of the Dead Sea-Gulf of Aqaba transform. New 
apatite and zircon (U-Th)/He ages from the unextended 
Arabian Shield appear to be related to wide-spread 
denudation of the Arabian-Nubian Shield during Neo-
Tethyan rifting. 
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Figure 1: Regional map of Red Sea showing full extent of sample locations for geo- and thermochronologic analysis and area of 
fieldwork concentration (Figure 2). 

 

 
 
Figure 2: Simplified structural map of Hamd-Jizil Basin including both completed and pending (U/Th)/He age results. 
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Quantitative assessment of heat generation and transfer 
along faults and associated with fault movement is of primary 
importance in understanding the dynamics and structural 
history of faulting [e.g., Scholz, 1996], as well as in 
constraining the heat budget and thermotectonic evolution of 
mobile belts [e.g., Fukahata and Matsu’ura, 2001].  Among a 
range of methodologies available to investigate thermal 
regimes around faults, thermal history analysis using 
radiometric dating methods is extremely useful because it 
reveals temporal changes of temperature in the fault zone 
rocks.  This approach also allows us to place important 
constraints upon the ages of fault motions.   
 
Zircon fission-track thermochronology 

FT investigations of rocks from fault zones require 
consideration of two factors that are worth special attention.  
First, fault rocks may have been subjected to hydrothermally-
pressurized conditions at some stage during fault 
development.  To evaluate this factor, laboratory heating 
experiments of zircon were carried out using a hydrothermal 
synthetic apparatus [Brix et al., 2002; Yamada et al., 2003].  
The observed FT annealing characteristics are 
indistinguishable between the heating carried out at 
atmospheric and hydrothermally-pressurized conditions.  
This probably validates the application of annealing kinetics 
based on the experiments at atmospheric conditions to rocks 
subjected to hydrothermal conditions in nature, such as those 
in fault zone and plate subduction settings.   

Second, frictional heating along a fault is a short-term 
phenomenon with heating durations on the order of seconds, 
significantly shorter than the conventional laboratory heating 
having durations of ~0.1 to 10000 hours.  Thus, high-
temperature and short-term annealing experiments were 
newly designed and conducted using a graphite furnace 
coupled with infrared radiation thermometry [Murakami et 
al., 2006].  Their results show that the observed track length 
reduction by 3.6 - 10 sec heating at 599° – 912°C is slightly 
more advanced than that predicted by the FT annealing 
kinetics based on the conventional laboratory heating for 4.5 
min – 10000 hr at 350° – 750°C [Yamada et al., 1995b; 
Tagami et al., 1998].  The short-term annealing data were 
used to revise the kinetics [Yamada et al., 2007]. 

In addition, as a more general problem, the radiation 
damage accumulated through time may alter the annealing 
characteristics and, accordingly, kinetics function.  Our 
recent results of 1 hr laboratory heating experiments indicate 
that annealing temperatures are indistinguishable for zircons 
of ~0.6 to 70 Ma (spontaneous track density of ~0.05 to ~7 
x106cm-2)[Matsu’ura et al., in prep.].  The results, coupled 
with previous data, imply that an identical annealing model 
works well for many of the Cenozoic and late Mesozoic 
zircons. 
 
Application to the Nojima fault 

Zircon fission-track (FT) analysis has extensively been 
conducted by our group on the Nojima fault, which was 
activated during the 1995 Kobe earthquake (Hyogoken-
Nanbu earthquake; M7.2)[Tagami et al., 2001; Murakami et 
al., 2002; Murakami and Tagami, 2004; Tagami and 
Murakami, 2006, 2007].  Rock samples were collected from 
the University Group 500 m (UG-500) borehole, Geological 
Survey of Japan 750 m (GSJ-750) borehole, the fault trench 
at Hirabayashi, and nearby outcrops.   

In the two boreholes that penetrate the fault at depth, 
zircon FTs were partially annealed in the samples nearby the 

fault.  The age of onset of cooling from the zircon partial 
annealing zone (ZPAZ) was estimated by the inverse 
modeling of FT data using the Monte Trax program; i.e., ca. 
4 Ma within ca. 3 m (in the hanging wall only) from the fault 
plane in the UG-500, and ca. 31-38 Ma within ca. 25 m from 
the fault in the GSJ-750.  On the basis of one-dimensional 
heat conduction modeling as well as the general positive 
correlation between the FT annealing and 
deformation/alteration of borehole rocks, those cooling ages 
in both boreholes probably represent ancient thermal 
overprints by heat dispersion or transfer via fluids in the fault 
zone.  Calculation of in-situ heat dispersion indicates the 
resulted temperature increase of ca. 1 degree C, if the 
frictional heat is homogeneously and instantaneously 
dispersed via fluids to a 3 m-wide zone.  Because such a 
small temperature increase does not advance significantly the 
zircon FT annealing [Yamada et al., 1995b, 2007; Tagami et 
al., 1998], it is likely that the thermal overprints were caused 
by migration of hot fluids along the fault zone from deep 
crustal interior.   

For the fault trench samples, zircon FTs of the 2 - 10 
mm thick pseudotachylyte layer were totally annealed and 
subsequently cooled through ZPAZ at ca. 56 Ma, which is 
interpreted as the time of (final stage) of pseudotachylyte 
formation.  It is suggested, therefore, that the present Nojima 
fault was formed in the Middle Quaternary by reactivating an 
ancient fault initiated at ca. 56 Ma at mid-crustal depth. 

Also conduected were (1) zircon (U-Th)/He analysis of 
the Nojima pseudotachylyte layer and surrounding rocks 
(Reiners et al., 2006) and (2) K-Ar and Ar//Ar analysis of 
gouge samples of Nojima fault mainly collected on outcrops 
(Zwingmmann et al., in prep.).  These additional results will 
also be incorporated to give a better picture of the 
thermotectonic history of the Nojima fault.   
 
Other examples 

I will also present results from other areas: (1) zircon 
FT analysis of a boundary fault between the Okitsu mélange 
and overriding coherent unit of the Shimanto accretionary 
complex, which is assigned to ancient seismogenic zone in 
the plate subduction zone (Sato et al., in prep.) and (2) zircon 
FT and U-Pb analysis of a pseudotachylite of the Asuke shear 
zone (Murakami et al., 2006).  These data will help us to 
further extract the methodological remarks on the 
thermochronology of the fault zones. 
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Abstract  

Analyses of zircon surface through Optical Microscopy, 
micro-Raman spectroscopy and Scanning Electron 
Microscopy (SEM) showed that the etching varies from grain 
to grain. This also happens in different areas of the same 
zircon grain surface doing with that just in a small area of the 
grain the tracks density is uniform. Through the analyses 
done in this study we can see that these grains (that 
depending on the sample is most in the mineral separation) 
can be used to determine its age. This methodology was used 
to determine the ages of samples collected in Bauru Group 
basin located in north of Paraná basin at southeast São Paulo 
state of Brazil. The fission tracks ages results are compatible 
geologically. 
 
Introduction 

Zircon can be used as natural detector of 238U fission 
fragments determined through the Fission Track Method. 
These fragments leave tracks in the zircon lattice with few 
angstroms of diameter. The fission track analyses through 
optical microscopy can be accomplished after a convenient 
chemical etching of the zircon samples with NaOH:KOH 
(1:1), to (225 ± 2) ºC, for periods among 4-72 hr (Tagami et 
al, 1990, Garver, 2005). The zircon samples in this work 
were etched for 18 hr. 

It was observed that the etching varied of grain for 
grain and in some cases in the surface of the same grain. This 
phenomenon is known as etching anisotropy. This anisotropy 
affects uniform revelation of fission tracks in the grain 
surface. With the objective to study this phenomenon, micro-
Raman spectroscopy and Scanning Electronic Microscopy 
(SEM) analyses had been carried out. Both the 
characterization techniques had been used to determine 
which grains areas were indeed zircon. The micro-Raman 
spectroscopy evaluated the crystalline lattice in the areas with 
and without fission tracks and the SEM technique evaluated 
chemical composition. 

Through this methodology and the Fission Track 
Method (FTM) material was characterized from the Bauru 
Group basin located in the north part of the Paraná basin at 
southeast São Paulo state of Brazil. 
 
Methods 

The micro-Raman spectra (showed in the figures 
below), in the x-axis has the wavenumber/cm-1 of each 
characteristic element of zircon and in the y-axis has the 
relative intensity. Measurements were made with the laser 
514.5 nm, with potency of 100% perpendicular to the c-axes 
of the zircon. In all cases the spectra are similar to the 
standard zircon of Mud Tank, Australia, with almost perfect 
crystallization (Palenik et al 2003; Menneken et al., 2007).  

The SEM images were obtained with an Oxford 
Instruments model LEO 430 with a resolution of 108 eV, 
accelerating voltage 20 kV, working distance of 19 mm, 
beam current 3 x 10-9 A and vacuum of 1 x 10-5 torr. SEM 

images were obtained with nominal increase of 1030x, while 
optical images with nominal increase of 100x, 200x and 
1000x.  

To evaluate crystalline-damage in the zircon as a 
function of the etch time, samples were etched for six hours 
sequential etches between 0 and 18 hours. While that to study 
the etching anisotropy the samples had been submitted for 18 
hours etch only. 
 
Results 

As the grains reacted to etching, micro-Raman 
spectroscopy studies had been carried out to evaluate two 
factors: i) the crystalline-damage in function of the etching; 
and ii) etching anisotropy. In i) we used a sample from João 
Pessoa, Paraíba State,PB, Brazil (courtesy of Millennium 
Inorganic Chemicals Company), called JP here. This zircon 
was submitted to micro-Raman spectroscopy without etching, 
with 6, 12 and 18 hours of etching, respectively. We can 
observe the existence of three different types of zircon grains, 
here called homogeneous, anomalous and inhomogeneous, 
respectively. The homogeneous grains have distributed 
superficial uniform tracks while that the anomalous lose all 
its crystalline structure after the first six hours etching. The 
inhomogeneous grains have small areas that preserve the 
crystalline structure and in these areas there is a uniform 
track distribution. Figure 1 shows homogeneous (A), 
anomalous (B) and inhomogeneous (C) zircon grains. 

The results indicate that the zircon crystalline-damage 
increases in function of etching time in the homogeneous 
grains (figure 1-A) but there is not a total lost of crystalline 
structure in heavily etching, so these zircon grains are the 
ideal for dating. On the other hand in the anomalous zircon 
grains (figure 1-B) the structure crystalline is totally lost in 
the first etch process (6 h). In the inhomogenous zircon 
grains (figure 1-C) there are two areas where the track 
density is uniform and its structure crystalline is not lost after 
the final etch process (18 h). After a SEM analyzed of these 
zircon grains we can see that in the areas where the track 
density is uniform its chemical composition is similar to the 
standard zircon (68% ZrO2 and 32% SiO2, Palenik et al 2003; 
Menneken et al., 2007). On the other side the areas where 
there are no tracks and the crystalline structure is lost they 
have a chemical composition very different of the standard 
zircon (73,82% ZrO2; 0.72% SiO2; 19% CO2; 1% Na2O and 
0,65% K2O). This result suggests that the inhomogeneous 
zircon grains also can be used to determine fission track ages. 

In figure 2 there are two areas in the zircon grain that 
have a uniform tracks density and another area where there 
that lacks tracks, yet both areas maintain the crystalline 
structure after the standard etch. This phenomenon is known 
as etching anisotropy. To evaluate this, initially, micro-
Raman spectroscopy was used to observe if there is some 
alteration in the zircon lattice crystalline that justified this 
anisotropy. 
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Figure 1: Micro-Raman spectroscopy to study crystalline-damage in zircon as function of etch time. 
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Figure 2a: Micro-Raman spectra in three areas of the grain of 
the sample ZCOB31. The inset shows the FWHM of the band 
1008 cm-1.   

Figure 2b: Optical microscopy and 3D Image in the area A and 
B of the sample ZCOB31. 

 
 

Zircon samples from Bauru Group basin, Brazil, had 
been used in this analysis, these kind of grains are different 
those analyzed above. The figure 2a and 2b shows a zircon 
grain that shows this anisotropy. It is important to emphasize 
that this characteristic coexists in many zircon grains of the 
sample after mineral separation. These kinds of grains have a 
uniform uranium distribution indicate by external detector 
method. In figure 2a we can see that the two areas (figure 2b, 
area A and area B) with and without tracks present similar 

micro-Raman spectra after the etching but the main band 
width (Full Width Half band-Maximum, FWHM) of B area is 
larger than A area. This variation must simply to the presence 
of tracks in area B, but it does not indicate any alteration of 
lattice crystalline of view point the micro-Raman 
spectroscopy. That is, this analyze not explain the anisotropy 
phenomenon then SEM measurements were accomplished in 
the same zircon grain. 

 
Sample ZCOB31 

Area A B 

ZrO2 (%) 68,41 ± 0,41 67,94 ± 0,31 

SiO2 (%) 30,73 ± 0,61 31,08 ± 0,33 

HfO2 (%) 1,14 ± 0,13 1,14 ± 0,11 

 
 

A
B

A
B

 
Figure 3: SEM image of the sample ZCOB31 with nominal 
increase of 1030X. 
 

Table 1: Chemical composition obtained through SEM 
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The Scanning Electronic Microscopy, SEM, was used 
to analyze if there are some chemical element that could 
explain the etching anisotropy. The results are presented in 
Figure 3 and Table 1. The yellow points indicate where the 
chemical composition was analyzed. 

In Table 1 we can see that the mean values (15 points in 
area A and 12 in area B) of ZrO2, SiO2 and HfO2 in the areas 
A and B of the zircon grains are statistically compatible. 
Therefore there is no variation of the zircon main chemical 
elements (see for example, Murakami et al, 1991, Zhang et 
al, 2000 and Utsunomiya et al., 2004) in the areas with and 
without tracks. Of these analyses we can concluded that 
maybe other chemical element, that escape of the SEM 
resolution, can be influencing the occurrence of this 
phenomenon. This phenomenon of anisotropy also was 
observed in a zircon natural monocrystal. The age of these 
kinds of grains (inhomogeneous and anisotropic) also can be 
accomplished, in the areas where the tracks density is 
uniform, trough fission track External Method.  

This methodology was used to determine the fission 
track ages of samples collected in Bauru Group basin located 
in north of Paraná basin at southeast São Paulo state of 
Brazil. The fission track ages results are compatible 
geologically (Rocha Campos et al., 1988; Almeida e Carneiro 
1998). 

 
Conclusion 

The results indicate that the homogenous zircon grains 
are the most appropriate for determine the fission track age 
but in general the amount of these grains is sparse in the 
mineral separation. On the other hand the inhomogeneous 
zircon grains (and those with anisotropy effects) that are 
more frequents in the mineral separation also can be used 
through External Detector Method of fission track dating. 
Another important application is in samples from hydro-

carbon exploration wells where the amount of zircon grains is 
very small. 
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Introduction 

The Himalaya, extending ~2500 km from the western 
syntaxes, Nanga Parbat, to the eastern syntaxes Namche 
Barwa is forming the southern termination of the Tibetan 
Plateau. This large convergent orogen is marked by spatial 
variations in deformation and climate, both of which would 
suggest non uniform exhumation histories of rocks forming 
the mountain front. For example, the chronology of 
deformation across the Himalayan front is marked by a 
southward progression of faulting [Gansser, 1964; Hodges, 
2000; Lefort, 1975; Yin, 2006], after the extrusion of partial 
molten mid-crustal layer during the early Miocen 
e[Beaumont et al., 2001; Grujic et al., 1996; Nelson et al., 
1996]. It has been suggested, however, that erosional 
exhumation may be highest in the syntaxes of the orogen 
compared to the Himalayan front [Burg et al., 1998; Zeitler, 
1985; Zeitler et al., 1993].  Finally, growth of the orogens 
and plateaus are significant events, that have modified global 
and regional climate. For example, plateau development is 
linked to both development of the Asian Monsoon  and 
plausible to a worldwide decrease of atmospheric CO2 
concentration [Raymo and Ruddiman, 1992]. To test these 
models a better understanding of the exhumational history of 
the Himalaya is needed and was the key motivation for this 
work.  
 
This Study 

For this study we chose to use the three most 
successfully applied and extensively distributed 
thermochronometer. We compiled together ~850 Apatite 
(AFT), Zircon Fission Track (ZFT) and 40Ar/39Ar-white mica 
(40Ar/39Ar) mineral cooling ages exclusively obtained from 
bedrock sampling derived from >40  previously published 
studies – complete reference list is provided on request: 
rasmus@erdw.ethz.ch) – see Figure 1. As the majority 
(~40%) of the thermochronology samples are sourced in the 
High Himalaya (HH), in contrast to partially sporadic 
coverage in the LH and TH, we decided to focus on the HH 
to compare along-strike variations. We conduct a systematic 
survey by applying a 1D thermo-kinematic and erosional 
model to reconstruct and quantify the spatiotemporal 
evolution of denudation along the arc since ~23 Ma. At ~23 
Ma, after achieving a thickened crust and peak 
metamorphism, rock-uplift started with the onset of 
decompression from ~8kbar/600-750°C [e.g., Dezes et al., 
1999; Guillot et al., 1999; Searle et al., 1999] with the 
extrusion of high metamorphic weak mid-crust [Grujic et al., 
1996; Nelson et al., 1996]. Our motivation to carry out this 
study was to address the following questions: (1a) To what 
extent have Himalayan denudation processes varied in space 
and time over the last 23 Myr? (2) Are exhumation rates 
obtained along Himalayan front compareable to rates from 
the Himalayan syntaxes?  (3) Also, are spatial and temporal 

variations in exhumation derived from transects 
perpendicular consistent with their corresponding provenance 
studies?  

 
Using thermochronologic constrains and 1D thermal 

modeling we quantify the following range of denudation 
rates along southern Himalayan margin. Within the HH AFT, 
ZFT, and 40Ar/39Ar yield ages ranging from 0.5-3, 2-12, 6-19 
Ma, respectively, whereas in the LH and TH AFT ages range 
from 3-10 Ma and 2-40 Ma, ZFT ages range from 10-14 and 
10-40 Ma, and 40Ar/39Ar from 10 and 19-40 Ma, respectively. 
For our analyses we divided the Himalaya into five main 
regions A, B, C, D, and E (see Fig. 1) with no less than 20 
samples per region. Perpendicular to strike we subdivided 
each region using the extent of tectono-morphic units such as 
HHC versus LHC as natural boundaries. We used 1D-
thermkinematic model to convert cooling ages into 
denudation rates through the following steps: (a) We 
determined a mean AFT, ZFT, and 40Ar/39Ar cooling age of 
the data within each region and used the one standard 
deviation in the ages to define the upper and lower limit of 
the age-groups. (b) We determined average denudation rates 
between the time when the rocks passed the closure 
temperature and arrived at the surface, where age-group-
limits defines the upper and lower limits. The program gives 
a full prediction of how the cooling age for the specific 
thermochronometer will change as a function of denudation 
rate (Fig. 2). (c) We calculated the transient denudation rates 
between closure of each thermochronometer system by using 
a relationship introduced by Ehlers et al. [2003].  

 
The multiple thermochronometer data sets made 

available by many publications allow the quantification of 
the exhumation rates over different temporal and spatial 
scales. Major spatial changes in denudation in the HH are 
observed approximately ~17±2 Ma, and ~2±1 Ma and 
approximately contemporaneously (±2 Myr) along strike of 
the orogen. Second for example, in Central Nepal (CN in Fig. 
2B) the thermochronology data indicate rapid denudation (~2 
mm/yr) between ~23 and ~16 Ma, decreased exhumation 
~0.8 (+1.0/-0.4) mm/yr from ~16 - ~2 Ma,  and ~2.5(+2.5/-
0.7) mm/yr between ~2Ma and present day. Strike 
perpendicular transect suggest strong changes in denudation 
across the southern Himalayan margin. Both rocks of LH and 
TH compartments are characterized by rates below 1mm/yr, 
whereas HHC and LHC are often significant higher (>1.5 
mm/yr), see Fig. 2C. Furthermore we are able to extract 
individual exhumation pathways for both the HHC and LHC. 
Whereas the HHC reviel the classic the three-phase 
denudation history as introduced earlier, the 
thermochronologic data obtain within the LHC suggest 
consistent high denudation with rates ranging between 1.5-
2.5 (+2/-1) mm/yr over the last 11 Myr. 
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Fig. 2.  Predicted AFT, ZFT, and 40Ar/39Ar cooling ages for 
given erosion or denudation rates derived from the 
themchrinematic modeling.  Please note that fir low 
denudation rates the models provide well-constrained cooling 
ages, whereas for high rates the ages are loosely defined.  
 

Within the core region of the Himalayan Syntaxes 
(regions A & E, Fig. 1a) have previously been characterized 
as having some of the worldwide highest denudation rates 
(~5-10 mm/yr over the last 3-5 Ma) [e.g., Burg et al., 1998; 
Zeitler et al., 1993]. Our thermo-kinematic model results 
however, suggest a slower rate (~ 5 mm/yr) between 5 and 2 
Ma and ~2.5(±2) mm/yr after 2 Ma., lower than high 
temperature chronometer suggest. This discrepancy could be 
due to the lack of sensitivity of low temperature 
thermochronometer data to variations in denudation rates 
during rapid exhumation >1-2 mm/yr (e.g. see figure 1b). 
Thus, we consider our estimated denudation rates as a 
minimum. This suggests that the compartment effected by 
vigorous erosion has propagates southward between ~17-2 
Ma. From ~3-2 Ma to present, however rapid denudation is 
affecting the entire High Himalaya (both HHC and LHC) 
again. Interestingly the two strike perpendicular transects 

(Fig. 3) reveal that the extent of rapid denudation in Central 
Nepal effects also the southern TH,  compared to NW-
Himalaya rapid exhumation is limited to HHC and LHC.  

The denudation history of a mountain belt can also be 
recorded by the sediments deposited into the foreland basin 
and provide an independent constraint on orogen evolution. 
The results of recent studies of the Himalayan foreland basin  
[e.g., Bernet et al., 2006; Burbank et al., 1996; DeCelles et 
al., 1998; Najman et al., 2002; Szulc et al., 2006; van der 
Beek et al., 2006] are in general agreement with 
spatiotemporal variation we have detected. Surprisingly 
consistent with our results the provenance studies suggest: (a) 
decreased erosion of the HHC during middle Miocene (b) 
increasing exhumation of LH units since about ~12-10 Ma, 
(c) two coexisting population in the detrital ZFT (one 
characterised constant lag time ~4 Ma, the other the ages 
range consistently between 16 and 12 Ma) record of Central 
Nepal suggest the coexistence of slow and more rapid 
denuding crystalline units between ~17 and 3 Ma [Bernet et 
al., 2006].  
 
Conclusions 

In summary, exhumation is focused to a narrow and 
continuous, ~40-80 km wide belt. Our results suggest that (1) 
all major changes in exhumation along southern Himalayan 
margin are contemporaneously (±2 Myr) along strike and 
approximately similar to half as high as compared to 
exhumation rates obtained in the Syntaxes. (2) Despite 
vigorous erosion affecting the southern Himalayan margin 
since ~23 Ma, the mountain front has tectonically 
reorganized itself and shifted location of focused denudation 
through time. While during the middle Miocene the focus of 
exhumation has propagated southward to the LHC, which has 
been exhumed continuously with rates of 1.5 to 2.5 (+1.5/-
0.5) since then, the HHC to the north has been characterised 
by significant changes with rapid denudation (2-3 +2/-1 
mm/yr) before ~17 and after ~3 Ma and decreased rates (0.7 
+0.2/0.1 mm/yr) in-between.  (3) In general our results are in 
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good agreement to provenance studies derived from uplift 
foreland basin sediment.  
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Introduction 

Erosional exhumation and topography in mountain belts 
are temporally and spatially variable over million-year time 
scales due to changes in both the location of deformation and 
climate. We investigate spatiotemporal variations in 
exhumation across a 150x250 km compartment of the NW 
Himalaya, India. 24 new and 241 previously published 
apatite (AFT) and zircon fission-track, and white-mica 
40Ar/39Ar ages are integrated with a 1D-numerical model to 
quantify rates and timing of exhumation along strike of 
several major structures in the Lesser, High and Tethyan 
Himalaya.  

In this study we quantify the spatial and temporal 
distribution of exhumation over times scales of 106-107 yr 
along the southern Himalayan margin in NW India. The 
spatial distribution of a large database of thermochronometer 
cooling ages is used as a proxy for the trends in long-term 
distribution of exhumation. Subsequently, we evaluate if the 
long-term trends in exhumation are correlated with modern 
observations of topography, structure, and climate using 
present-day rainfall, relief and specific stream-power data. As 
previous studies are limited in their regional extent (20x20 
km) [e.g., Lal et al., 1999; Schlup, 2003; Sorkhabi et al., 
1996], we present 24 new apatite fission-track ages (AFT) 
linked to 241 previously published Apatite Fission Track 
(AFT, n=122) and zircon fission-track (ZFT) ages (n=58), as 
well as 40Ar/39Ar-white mica (40Ar/39Ar-wM) ages (n=61) 
(see Fig. 1c for AFT, ZFT, and 40Ar/39Ar sample locations) 
[Jain et al., 2000; Lal et al., 1999; Schlup, 2003; Schlup et 
al., 2003; Searle et al., 1999; Sorkhabi et al., 1996; Thiede et 
al., 2004; Thiede et al., 2005; Thiede et al., 2006; Vannay et 
al., 2004]. Our study integrates previous and new work by 
evaluating spatial and temporal variations in exhumation 
within a 150 x 250 km segment in the NW-Himalaya. A one-
dimensional (1D) advective thermal model is used to 
calculate exhumation rates for each thermochronometer 
system and compare the predicted exhumation rates to 
morphometric variations across the range front.  
 
Conclusions 

Our results indicate that crustal exhumation 
documented along the southern slopes of the Higher (or 
Greater) Himalaya occurred in a belt of rapid exhumation, 
possibly similar to what has been observed in the western and 
eastern syntaxes of the orogen, as well as in central Nepal. 
More proximal and internal regions of the orogen (the LH 

and TH) experienced an order of magnitude lower 
exhumation during the same time. Temporal variations in 
exhumation in the High Himalaya are spatially consistent in a 
40-80 km wide region along 200 km of strike of the area 
studied, and are insensitive to structural variations. 
 
Our main findings indicate:  

1. Major temporal variations in exhumation occur in the 
early-middle Miocene and at the Pliocene/Pleistocene 
transition, respectively. Most notably, minimum estimated 
exhumation rates for the internal and northern 
compartments of the High Himalaya, forming the hanging 
wall of the MCT, were highest (~3 mm/yr) between ~23-19 
Ma and (~2 mm/yr) between 4-0 Ma, with a deceleration in 
rates (0.4-0.8mm/yr) noted between ~19-4 Ma.  
2. Contemporaneously, in the footwall of the MCT to the 
south, we obtained consistent high exhumation rates of 2-3 
mm/yr between 11 and 4 Ma and possibly longer, for 
Lesser Himalayan Crystalline rocks. 
3. Although rainfall, relief, and specific stream power 
(proxies for modern erosion) in the Himalaya are among 
the highest globally, spatial correlations between calculated 
long-term exhumation rates and these proxies are poor. We 
interpret this poor correlation to be the consequence of 
either (a) spatiotemporal variation in erosion of timescales 
shorter than the thermochometers are able to detect (b) a 
lack of sensitivity in cooling changes to spatial variations in 
erosion in rapidly exhuming regions (>1 mm/yr), and/or (c) 
that the thermochronometer samples in this region cooled 
under topographic conditions that only weakly resemble the 
present-day conditions. Consequently a strong correlation 
between long-term exhumation and relief or stream power 
could still exist in our study area, but is not resolvable with 
the thermochronometric data available in this study.  
4. Our new AFT-data improve constraints on the tectonic 
evolution of the Lesser Himalaya. They suggest that 
crystalline nappe emplacement and post-tectonic regional 
thermal re-equilibration prior to 12-10 Ma was followed by 
river incision and erosion-driven exhumation with average 
rates of ~1 mm/yr since at least ~6 Ma until present.  
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The erosive power of alpine wet-based glaciers has 
been hypothesized to be sufficient to control the ultimate 
height of actively developing mountains regardless of the rate 
at which uplift occurs - a process informally referred to as the 
‘glacial buzzsaw’. This idea is corroborated by the 
observation of  remarkable correlation between glacial 
equilibrium line altitude (ELA) and mean elevations in 
several major mid-latitude active orogens including the 
Patagonian Andes [1] independent of highly variable late 
Cenozoic exhumation rates. However are such observations 
consistent with current understanding of the physics of 
glaciation and glacial erosion? Does long-term glacial 
erosion act at the scale of an orogen? To answer such a 
questions requires appreciation of the non-linear feedbacks 
between orogenic wedge mechanics, surface processes, and 
climate change. Simple conceptual analysis indicates that the 
erosional response of an orogen will differ dependent on 
whether ELA lowering and glacial erosion efficiency during 
late Cenozoic climate change is slow and weak (leading to 
little change in overall erosion rate), or rapid and strong 
(leading to strongly enhanced erosion rates). The magnitude 
of change in erosion rate is also dependent on whether the 
orogen responds by passive isostatic rebound (lower rates) or 
active uplift driven by accretion (higher rates). This analysis 
is supported by new results from a coupled geodynamic and 
surface process computer model that incorporates realistic 
crustal rheology and a physics-based glacial erosion model 
[2]. Alternatively, if after onset of climatic cooling, glacial 
erosion is inefficient, owing to, say, the inception of cold-
based glaciers and/or slow-moving ice sheets, then no 
increase in erosion rates is predicted. 

To investigate and test the magnitude, rates, timing and 
hence efficiency of glacial erosion predicted by such models, 
we have undertaken a large-scale low-temperature 
thermochronologic study (fission-track and (U-Th)/He 
dating) incorporating numerous samples from various 
latitudes along the Andes of Chilean Patagonia: a high 
latitude active orogen with a well-documented late Cenozoic 
tectonic, climatic, and glacial history. Our database includes 
(as of June 2008)  219 apatite fission track (AFT) and 147 
apatite (U-Th)/He (AHe) sample ages collected south of ca. 
38°S. New data from regional east-west transects at 38-40°S, 
43-44°S, 47-49°S (Figure 1a-c) reveal that the highest rates 
and magnitudes of late Cenozoic erosion are restricted to the 
main divide and its windward higher precipitation eastern 
flank where Alpine glaciation has been most prevalent. Here 
several age-elevation relationships (Figure 2) demonstrate a 
marked and consistent acceleration in erosion at ~8 to 6 Ma 
to rates of ~0.4 to 0.6 mm/yr, coeval at all latitudes with the 
timing of onset of major glaciation in the region between ca. 
5 and 7 Ma [3], but well after initial surface uplift of the 
Patagonian Andes at around 17-14 Ma [4]. Erosion rates 
estimated from the thermochronologic data at these latitudes 
north of about 48°S are consistent with the conceptual 
predictions for either (1) moderately efficient glacial erosion 
acting on an active orogen, or (2) very efficient glacial 

erosion (i.e. a strong glacial buzzsaw) acting on an inactive 
orogen responding by passive isostatic rebound. Evidence of 
active tectonic uplift at some of these latitudes related to 
transpressional faulting [1] favors the former prediction. In 
contrast, all available (non-volcanic) low temperature 
thermochronometric data so far collected from further south 
(49-52°S) show no evidence of enhanced late Cenozoic 
bedrock erosion (Figure 1d) along the main divide - with old 
>10 Ma apatite (U-Th)/He (AHe) and fission track (AFT) 
ages, as well as preserved early Pliocene lava flows - despite 
the presence of widespread modern Alpine valley glaciation 
and fiord development. The transition to older AHe and AFT 
ages along, or close to the main divide further south can be 
seen in the latitudinal transects in Figure 3. These data 
therefore imply that long-term glacial erosion has been 
considerably less efficient further south over the last ca 5 to 7 
Ma. This is further corroborated by the anomalously high 
non-volcanic summit elevations of the main Cordillera within 
the South Patagonian ice field between 46°S and 51°S 
situated well above the modern and last glacial maximum 
ELA. 
 
Implications and Conclusion 

Miocene marine sedimentary rocks (ca. 9 Ma) now at 
1950m elevation on the leeward side of the Patagonian Andes 
at about 48°S [5] clearly imply ongoing active uplift of the 
divide at these latitudes. We therefore postulate that south of 
about 45°S the long-term climate averaged over the many 
glacial cycles of the late Cenozoic at the orogen scale has 
favored a regime of cold-based low erosional efficiency 
glaciation and/or slow moving ice sheets, whereas to the 
north the long-term glacial regime has been dominated by 
erosive warm-based Alpine glaciers leading to suppression or 
destruction of topography through the ‘glacial buzzsaw’ 
effect. To the south higher summit and mean elevations 
imply that here cold-based glaciation has acted to shield the 
surface from significant erosion during the late Cenozoic and 
hence acted as a constructive control on active mountain 
building at the orogen scale. This has allowed the orogen to 
increase in height so that significant portions of the mountain 
range are preserved above the ELA. 

Such a long-term latitudinal transition in glacial 
regimes is further corroborated by poleward changes in 
seismically imaged sedimentary facies in the fiords of 
southern Chile [8] from a temperate glacio-climatic regime in 
the northern and central Chilean fiords (north of 48°S) to a 
sub-polar climatic regime in southernmost Chile (55°S). The 
presence of cold-based ‘protective’ glaciation (or even non-
glaciated frozen ground) through much of the late Cenozoic 
in active orogens could have other implications such as 
explaining the presence of isolated high plateaus. Also, if 
45°S to 50°S in the Patagonian Andes represents a global 
long-term average change in glacio-climatic regime, this may 
have implications for long-term southern hemisphere 
paleoclimatic and paleoceanographic models. 
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Figure 1: Four east-west transects across the Patagonian Andes at different latitudes showing the trend in both AFT age (blue) and 
AHe age (green). The top three profiles (a-c) show a distinct ‘u-shaped’ age minima for both thermochronometers (< ca. 5 Ma) on the 
windward (enhanced precipitation) side of the range, close to the main divide, whereas the profile furthest south (d) shows no such 
relationship, despite the presence of widespread fiords and ongoing glaciation. Yellow dots show all samples collected and dated by 
both AHe and AFT. Grey line marks N-S swath used in Figure 3. 
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Figure 2: Age-elevation relationships from two high relief transects from the Patagonian Andes: (a) Apatite fission track AER from 
the Conguillo Area (39°S) showing possible acceleration of enhanced cooling at ca. 10 to 12 Ma and 7-8 Ma. (b) Apatite (U-Th)/He 
AER from same samples showing onset of enhanced erosion at ca. 5 Ma at rates of ca. 0.4 mm/yr approximately co-incident with the 
onset of major glaciation in southern South America; (c) Apatite fission-track AER from the Futuleufu Area (44°S) showing a similar 
‘break-in-slope” at ca. 6-7 Ma indicative of acceleration of erosion rates to ca. 0.5 mm/yr; (d) Apatite (U-Th)/He ages from same 
samples show a similar AER, although with more scatter probably due to the areal extent of samples from more than one high relief 
transect. 
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Figure 3: Latitudinal profiles of apatite AHe and AFT ages along the main Patagonian Andes divide compared to maximum elevation 
(from 4° swath) and mean elevation (from 2° swath), as well as the modern and mean glacial ELA [6, 7]. Note that with the exception 
of some ages from independently dated Pliocene (5 Ma) rhyolites at ca. 50°S, the minimum AHe and AFT ages show a gradual 
increase south of about 45°S. 
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U-Pb ages of detrital zircons from rocks in a regionally 
extensive, penetratively deformed metamorphic terrane 
illustrate the power of the method for characterizing subunits 
within the protolith package, limiting the age of those 
subunits, and correlating subunits with unmetamorphosed 
sequences, in addition to the traditional application of 
identifying provenance.  Detrital zircon isotopic data were 
collected using both LA-ICP-MS and SHRIMP-RG 
instruments.  

The Nome Group is a Mesozoic blueschist-greenschist 
facies terrane that covers an area of roughly 200 by 200 km 
on the Seward Peninsula, northwestern Alaska. The Nome 
Group consists of several thick mappable lithologic 
packages, scattered carbonate rocks with an uncertain 
relationship to those lithologic packages, and small bodies of 
orthogneiss.  Mesozoic ductile and penetrative deformation 
largely obliterated primary sedimentary and igneous textures.  
Sparse conodont and megafossil collections and zircon ages 
from orthogneisses provide limited age control, and were 
interpreted to indicate Neoproterozoic and Paleozoic 
protolith ages for the unit overall (Till et al., 1986).  On the 
basis of these limited data, reconstructions of the protolith 

package in the context of an evolving Neoproterozoic and 
Paleozoic continental margin was not possible.  

Lithologic components of the Nome Group are mixed at 
centimeter, meter, and decameter scales. However, the 
consistent association of a few lithologic components, likely 
derived from a compositionally limited source area, allows 
definition of distinct mappable packages (Figure 1).  Ages 
assigned to packages on Figure 1 reflect detrital zircon age 
brackets, conodont data, and geologic reasoning.Two 
lithologic packages produced consistent detrital zircon 
populations, indicating a strong link between lithology and 
provenance (Figure 2, see units Ocs and Dcs). 

All four of the samples from package Ocs are 
characterized by peaks in the 570-700 Ma range and a few 
grains older than 1 Ga (Figure 2, #1-4); three other samples 
from this unit produced a similar age distribution (Amato et 
al., 2003).  The depositional age of this unit must be latest 
Proterozoic or younger. Two of ours, and two previously 
published age distributions from this package, contain 1-2 
grains of Cambrian or Ordovician age, possibly suggesting 
that the depositional age is younger than Neoproterozoic. 
One 278 Ma grain is not considered significant (Figure 2).  

   
 

 
 

 
Figure 1:  Simplified geologic map of southwest Seward Peninsula, Alaska, showing distribution of detrital zircon samples. Lithologic 
packages are listed in order from structurally highest to lowest in the explanation (Oim to Ds).  
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Four of the seven samples from package Dcs produced 

very similar age distributions (Figure 2, #6-9).  These 
samples have a prominent peak at 420-440 Ma, with lesser 
peaks from 500-700 Ma, and a few older grains. The 
youngest grain populations in these geographically 
distributed samples are Early and Middle Devonian, 
suggesting a Devonian or younger depositional age for the 
unit.  Of the three remaining samples, two are from drill core 
collected immediately above and below a mineralized zone 
that is lithologically different from the rest of Dcs (Figure 2, 
#10-11).  One of these has no age overlap with the more 
typical age distributions for unit Dcs, and contains zircons 
that are predominantly 1000-1500 Ma, with a few older 
grains (Figure 2, #11). These Mesoproterozoic ages are also 

seen in one of the few samples we have from another 
lithologic package in the Nome Group (DOx, Figure 2, #12), 
and are remarkably similar to age distributions from samples 
in central Alaska from penetratively deformed metamorphic 
rocks of the Ruby terrane and Minook complex (Bradley et 
al., 2007).   The second sample from the core contains a 
broad set of Paleozoic and Proterozoic peaks that overlap 
peaks in Dcs, Ocs, and DOx (Figure 2, #10).  The youngest 
grain populations in this section of core are Late Devonian, 
allowing a Devonian or younger protolith age.  The final 
sample from Dcs (Figure 2, #5) has populations that overlap 
with some typical Dcs ages, but has a significant population 
similar to those in package Ocs. This may reflect an overlap 
of source areas for the two units, or a mapping problem.    

 

 
 
Figure 2:  Detrital zircon age-probability distributions, Nome Group, Seward Peninsula, Alaska. Numbers to the right of the curves 
correspond to sample locations shown in Figure 1.  Circled peaks represent single grain ages of questionable significance. 
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Ds is a pelitic schist originally thought to be the oldest 

lithologic package (Precambrian?) in the Nome Group (Till 
et al., 1986).  The single sample from Ds that yielded zircons 
contained a small population of Middle Devonian grains 
(Figure 2, #13).  This is significant for potential correlations 
of the Nome Group protolith.  The combined lithologic and 
detrital zircon characteristics of packages Dcs and Ds 
indicate that the younger parts of the Nome Group protolith 
were more siliciclastic in character than the older parts, 
which contain significant carbonate and mafic material. This 
transition to siliciclastic sedimentation in the latter part of the 
Devonian hints at a possible parallel with the evolution of the 
continental margin preserved in the Brooks Range (Till et al., 
2008), and deserves careful scrutiny.  

The general consistency of detrital age distributions 
within lithologic packages Ocs and Dcs (with the exception 
of the few lithologically atypical samples) reflects 
consistency in source terranes during deposition of each 
package, and an evolution of source terranes feeding the 
continental margin during the early Paleozoic. The unusual 
detrital zircon age distributions from the mineralized section 
in Dcs may reflect development of a sub-basin during the 
mineralization event.  

Detrital zircons from the Nome Group may have been 
derived, in part, from local sources.  The consistent, broad 
peak between 570 and 700 Ma  for Ocs may in part reflect 
derivation from local basement, represented by small 670-
680 Ma orthogneiss bodies in the Nome Group (Patrick and 
McClelland, 1995; Amato et al., 2004; Aleinikoff, unpub. 
data) and a large ~565 Ma orthogneiss in nearby high-grade 
metamorphic rocks (Amato, 2006).  Most of the Devonian 
detrital zircon ages in Dcs and Ds correspond to felsic 
igneous events known in northern Alaska.  However, neither 
the 420-440 Ma (Silurian) zircons common in Dcs nor the 
1000-1500 Ma populations in Dcs and DOx can be tied to a 
source in northern Alaska.  
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Introduction 

Unraveling the kinematics and exhumation history of 
the Himalaya, the largest mountain belt on Earth and the 
largest provider of sediments to the world’s oceans, has 
important implications for our understanding of mountain 
building processes, the interaction between tectonics, climate 
and erosion, as well as seismic risk assessment. Here, we 
explore the capacity of thermochronological data to 
quantitatively constrain the kinematics of the central 
Himalaya at two different time scales: we use a transect of 
newly acquired in-situ apatite fission-track (AFT) ages across 
the central Nepal Himalaya to place constraints on the 
kinematics of the mountain belt over the last few million 
years, and we extract the kinematic and exhumation history 
of the belt since ~20 Ma from a dataset of detrital zircon 
fission-track (ZFT) and mica Ar-Ar (MAR) 
thermochronology collected within the orogenic Siwalik 
deposits of central and western Nepal. To do so, we employ a 
newly developed 3-D thermal-kinematic model, based on the 
Pecube code, which allows the prediction of thermal histories 
and thermochronological ages for rocks exhumed along 
crustal-scale faults of any geometry. The model tracks the 
distribution of thermochronological ages at the surface 
throughout the model run, thus allowing comparison with 
both the in-situ and the detrital thermochronological record. 
 
In-situ thermochronology and recent kinematics of the 
central Himalaya 

The central Himalaya is characterized by several 
crustal-scale thrust faults; the Main Central Thrust (MCT), 
which separates the highly metamorphic Greater Himalaya 
from the lower-grade Lesser Himalaya, the Main Boundary 
Thrust (MBT), which puts Lesser Himalayan rocks over Mio-
Pliocene synorogenic Siwalik sediments, and the currently 
active Main Frontal Thrust (MFT), along which the Siwaliks 
overthrust the Ganges foreland basin (Gansser, 1964; Le 
Fort, 1975). 
 

Geophysical and structural data suggest that these 
thrusts branch at depth on a single major shear zone and mid-
crustal detachment known as the Main Himalayan Thrust 
(MHT), characterized by a major mid-crustal ramp 
underlying the MCT zone (Fig. 1; Avouac, 2003; Schulte-
Pelkum et al., 2005)Current shortening rates across the 
central Himalaya are ~21 mm/yr and are mainly 
accommodated by the MFT on Holocene timescales 
(Avouac, 2003; Lavé and Avouac, 2001).  

 
In recent years, controversy has arisen about the recent 

kinematics of the central Himalaya, with some authors 
(Hodges et al., 2004; Wobus et al., 2003; 2005) arguing for 
Plio-Pleistocene reactivation of the MCT, possibly driven by 
climatically enhanced exhumation of the Himalayan 
topographic front. The main arguments for this model are a 
sharp increase in thermochronological ages from the Greater 
to the Lesser Himalaya across the MCT zone, as well as a 
sharp morphological transition. In contrast, Avouac (2003) 

and Bollinger et al. (2006) suggest that these observations are 
equally well explained by steady-state sliding of the Himalayan 
orogen over the MHT combined with tectonic underplating at the 
mid-crustal ramp. 

 
In order to assess these opposing models, we collected new 

apatite fission-track (AFT) data along a transect from the Greater 
Himalaya to the MBT across central Nepal and combine our new 
data with published AFT and high-temperature mica Ar-Ar (MAR) 
ages (Fig. 1). AFT ages increase linearly from ≤ 1 Ma in the MCT 
zone to 5-10 Ma in the outermost part of the Lesser Himalaya, 
without a sharp transition. We use a modified version of the 
Pecube 3D thermal evolution code (Braun, 2003) that incorporates 
lateral motion along faults in order to quantitatively extract 
constraints on the kinematics of the mountain belt from these data. 
The model partitions the 21 mm/yr convergence into under- and 
overthrusting on the MHT; the latter can be partitioned into motion 
on the MFT and MCT. Fitting the observed AFT-age pattern, using 
our thermal-kinematic model with exhumation occurring 
simultaneously along several thrust faults, requires only minimal, 
if any, reactivation of the MCT (Fig. 2).  

 
Detrital thermochronology and long-term kinematic evolution 
of the central Himalaya 

Recent detrital thermochronology data collected from 
Siwalik sediments in western Nepal (Bernet et al., 2006; Szulc et 
al., 2006) suggest a major phase of exhumation occurred between 
~15-20 Ma, as a significant proportion of both detrital ZFT and 
MAR single-grain ages fall within this age range, independent of 
the depositional age of the samples (Fig. 3). This is also the time of 
a major tectonic transition in the central Himalaya, from an Early 
Miocene phase characterized by localized exhumation in the 
Higher Himalayan crystalline belt along the MCT to a steady-state 
forward-propagating system in the Late Miocene-Pliocene 
(DeCelles et al., 2001; Robinson et al., 2006).  

 
We are using the same model as that developed for 

constraining the recent kinematics of the Himalaya to study the 
past kinematic evolution as recorded by detrital thermochronology. 
We use the observed probability-density distribution of detrital 
ZFT and MAR ages as a constraint on the model, comparing it 
with predicted age probabilities at the surface of the model through 
time. Our modeling of the detrital data aims at understanding the 
phase of rapid exhumation and the associated (climatic, tectonic?) 
controls on the change in kinematics. 

 
Conclusion and perspectives 

Three-dimensional thermal-kinematic modeling of the type 
developed here enables to extract quantitative information on 
orogen kinematics from thermochronology data. Our preliminary 
model results show that young AFT ages in the Greater Himalaya 
do not necessarily require reactivation of the MCT, in contrast to 
earlier qualitative interpretations. Thermochronological age 
patterns are most strongly controlled by the mid-crustal ramp in the 
MHT, which determines exhumation pathways. 
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Figure 1: Compilation of new and published apatite fission-
track and mica Ar-Ar ages along a transect across the 
central Himalaya in Nepal, and interpretative structural 
cross-section after Bollinger et al.(2004). Color coding in 
cross-section: orange – underthrust Indian plate crust; 
yellow – Siwaliks; green – Lesser Himalaya; pink – Greater 
Himalaya; bright blue – Tibetan sedimentary series. 

 

 
 
Figure 2: Predicted thermal structure and AFT ages at the 
surface along the central Nepal transect for a model in which 
all shortening is taken up along the MHT/MFT. Note the 
strong age reduction in the Greater Himalaya associated 
with thrusting over the mid-crustal ramp in the MHT. 

 
A major phase of exhumation between ~15-20 Ma recorded 
in detrital thermochronology data appears related to a major 
transition in orogen kinematics at that time; our current 
modeling efforts focus on better understanding the controls 
on this transition. We are also currently coupling the 
modified Pecube code to an inversion scheme (e.g., Braun 
and Robert, 2005) in order to comprehensively explore the 
parameter space for these models. 
 

 
 
Figure 3: ZFT lag-time plot for samples from the Mio-Pliocene 
Siwalik foreland basin succession in western Nepal. Three ZFT 
age groups are identified: a constant-age peak with pre-
Himalayan ages (green); a constant-age peak with ages ~15-20 
Ma (blue) and a 4 Myr constant lag-time peak (red). Size of circles 
corresponds to relative importance of peaks. Note logarithmic 
ZFT-age scale. Modified from Bernet et al. (2006). 
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The topography of the Alpine belts of Europe is the 
consequence of recent tectonic activity and climatically-
modulated erosional processes. Climate and tectonics are 
coupled in mountain belts through the ability to redistribute 
mass and the physical need to respond to such redistribution 
respectively. Known climatic changes in the last 10 Myr have 
impacted the erosional processes across Europe and, 
arguably, have contributed to major tectonic changes. Our 
scientific understanding of the nature of the coupling 
between climate and tectonics is in its infancy, but potentially 
it represents the fundamental driver for mountain topography. 
This project aims to test alternative mechanisms for the 
potential coupling of climate and tectonics at various scales 
across Europe; this will be achieved through improved 
documentation of the rates and distribution of erosion during 
the Neogene and through modeling the tectonic response to 
this signal of erosion.   

Climate has changed strongly over the last 10 Myr in 
Europe, with the onset of Northern Hemisphere glaciation the 
most dramatic example of such change. Northern 
Hemisphere ice sheets started to build up between ~10 and 6 
Ma, as indicated by the presence of ice-rafted debris in high-
latitude oceanic sediment cores, but their rapid expansion 
only took place between ~3.2 and 2.5 Ma (Maslin et al., 
1998; Mudelsee and Raymo, 2005). A key period for climatic 
change in Europe appears to be the time between 3 and ~6 
Ma, i.e. the Late Miocene – Pliocene transition, when closure 
of the Panama Isthmus marked the onset of modern Northern 
Atlantic circulation dominated by the Gulfstream, between 
4.6 and 3.2 Ma (Haug and Tiedeman, 1998); more regionally, 
the Messinian Salinity Crisis lead to full desiccation of the 
Mediterranean between 5.6 and 5.3 Ma (Krijgsman et al., 
1999). Possible causal relationships between these events 
have been extensively discussed but remain controversial, as 
does the cause of onset of widespread Northern Hemisphere 
glaciation (Driscoll and Haug, 1998; Maslin et al., 1998). 
Regional climate records, mostly based on pollen data, 
indicate Early Pliocene climatic conditions in southern 
Europe to have been significantly warmer (+1-4°C) and 
wetter (+ 400-700 mm/yr) than both the present and Miocene 
climates (e.g., Fauquette et al., 1999).  

All of the above signals have the potential to 
significantly alter erosion rates through the growth of 
mountain glaciers, increased precipitation, regional base-
level lowering or intensified climatic oscillations. Initial, high 
profile studies have hinted at changing erosion rates through 
this time. Global increases in erosion rates and sediment flux 
since ~4 Ma have been documented by Zhang et al. (2001). 
On a European scale, Kuhlemann et al. (2002) have shown 
that sediment yield from the Alps has increased by a factor 3 
since ~5 Ma; this finding has recently been corroborated by 
Vernon et al. (2008), who showed from a compilation of 
thermochronological data within the Alps that exhumation 
rates have increased similarly since this time. Champagnac et 
al. (2007) have shown that the increase in sediment flux from 
the Alps can be explained by relief increase through valley 
carving, implicitly suggesting a major role for Quaternary 
glaciations in changing erosion rates and the topographic 
evolution of the Alps. Cederbom et al. (2004) documented 
the switch from sediment deposition to erosion in the Alpine 
foreland basin ~5 Ma, inferring isostatic rebound in response 
to increased erosion in the Alps at this time. Willett et al. 
(2006) also inferred increased erosion rates in the Alps linked 
to dessication and subsequent reflooding of the 
Mediterranean during Messinian times. Muttoni et al. (2007) 
have demonstrated changing sediment yield at 0.87 Ma from 
the Southern Alps linked to changing vegetation. 

Within a single mountain belt, temporal variations in 
denudation rates are, however, not necessarily climatically 
induced but can be caused by natural variability in the 
intensity and locus of deformation (Hoth et al., 2007; Naylor 
and Sinclair, 2007). A key to discriminating between tectonic 
and climatic forcing of variations in denudation rates is thus 
to look for apparent synchronicity in erosion signal between 
different mountain ranges and to correlate these with well-
dated global or regional climatic events. 
 
Aims and objectives of the project  

From the above review, a number of key questions 
emerge, the answers to which will guide our understanding of 
the coupling between climate, erosion and tectonics: (1) Can 
we document and quantify variations in erosion rates in, 
and/or sediment flux from, mountain belts through time and 
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can we link these two measurements? What resolution can 
we achieve in the establishment of a record of erosion rates 
through time? (2) Can we establish the timing of these 
variations with sufficient temporal and spatial resolution to 
enable correlation between different study areas? (3) Can we 
use this information to discriminate climatic and tectonic 
forcing on the topographic evolution of the region? (4) Can 
we reveal changes in topography due to changing rates and 
processes of erosion (e.g., increased relief due to valley 
carving)? (5) Can we document and model the tectonic 
response to changing erosion rates and topography, and can 
we establish couplings in the system? 

We address these questions by combining (a) 
acquisition of new thermochronologic data on denudation 
rates and seismic data on sediment-flux from selected key 
areas; (b) development of new methods to increase the 
resolution of the thermochronologic record; (c) development 
of quantitative interpretational techniques that permit us to 
extract information on relief development and transient 
exhumation rates and (d) investigation of the potentially 
coupled effect of climate-induced and tectonic variability in 
exhumation rates. 

Within the European context, most of the discussion of 
potential coupling between climate and tectonics has centered 
on the Alps, because of the relative abundance of data in this 
mountain belt as well as the paradoxical simultaneous 
evidence for limited tectonic activity but increased 
exhumation rates since ~5 Ma, together with relatively rapid 
present-day rock uplift rates (cf. review in Champagnac et 
al., 2007). However, accelerated Pliocene exhumation rates 
have been documented for all tectonically active mountain 
belts in Europe, e.g. the Betic Cordillera (Johnson, 1997; 
Reinhardt et al., 2007), the Apennines (Balestrieri et al., 
2003), the southern Carpathians (Leever et al., 2006; Sanders 
et al., 1999) and the Caucasus (Morton et al., 2003). In the 
Pyrenees, where orogenic activity ceased after Oligocene 
times, there are indications for renewed exhumation since 
~10 Ma (Fitzgerald et al., 1999), the timing and amount of 
which is not well constrained and remains controversial 
(Gibson et al., 2007). Possible renewed exhumation of the 
Pyrenees has also been linked to Pliocene climate change and 
relief development (Babault et al., 2005). 

The project concentrates on various mountain belts 
throughout Europe, which will mostly address questions (1) 
and (2) above, with projects concentrating on the acquisition 
of new high-resolution data from key sites within and around 
the Alps, as well as on the development of quantitative 
interpretational techniques, which will primarily address 
questions (3) and (4). 
 
Strategy 

Key to discriminating between climatic and tectonic 
forcing of erosion is the temporal correlation of phases of 
denudation with distinct climatic or tectonic events, and the 
correlation between denudational phases in distinct mountain 
belts. Recent advances in low-temperature 
thermochronometry have revolutionized our ability to resolve 
erosion rates through time, but no large-scale, systematic 
study has been conducted to apply techniques at a continental 
scale in order to resolve potential climatic signals. Recent 
advances that develop and test in this project are: Numerical 
modeling of thermochronologic age-elevation profiles 
(Braun, 2002; Gallagher et al., 2005), allowing constraints on 
temporal variations in cooling rate and, in the optimum case, 
relief development; Forward and inverse modeling of the 3D 
temperature field from dense thermochronologic datasets, 
enabling discrimination of temporal variations in regional 
denudation rates from focused denudation and relief 
development (Braun, 2002; Ehlers et al., 2006); Multiple 
thermochronometric analysis (e.g., apatite fission-track, 

zircon and apatite (U-Th)/He) within a strategic sampling 
scheme, to significantly increase the resolution with which 
temporal variations in exhumation rates can be resolved; 
Newly developed apatite 4He/3He thermochronometry, which 
has the potential to push the resolvable temperature range 
further toward the surface and to provide unprecedented 
ability to resolve most recent exhumation and relief 
development (Shuster et al., 2005); Detrital 
thermochronology on well-dated Mio-Pliocene sediments 
will track variations in exhumation rates of the source areas 
during this critical time interval. In order to increase the 
efficacy and resolution of the detrital approach, double dating 
by fission-track and (U-Th)/He techniques, ideally on the 
same individual grains, is being developed as well as 
quantitative modelling-based interpretations (e.g., Rahl et al., 
2007). Combining detrital thermochronology with 
quantifications of sediment flux through high-quality seismic 
and well data provide a unique combination of tools aimed to 
resolve denudation and relief history; Numerical and analog 
models to aid in understanding and conceptualising the 
different couplings and feedbacks in the tectonic-erosion-
climate system, and to provide testable predictions to be 
compared to new and existing datasets. 

An additional goal is to develop these techniques 
further as a community. Optimal combined sampling and 
modeling strategies need to be developed, as modeling tools 
are continuously being refined. Precise and reproducible (U-
Th)/He and FT dating of young, low-U apatite poses a 
technical challenge, which is exacerbated in the case of 
detrital samples or 4He/3He thermochronometry. Investments 
in European infrastructure are required to face these 
challenges. 
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(NORTHWEST HIMALAYA, PAKISTAN) SINCE EOCENE TIMES 
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Introduction 

The northwest Himalaya shows strongly contrasting 
relief, opposing deeply incised mountain ranges characterized 
by extremely rapid exhumation (Burbank et al., 1996; 
Schneider et al., 2001; Zeitler et al., 2001) and some of the 
highest peaks in the world (i.e., the Karakorum Range and 
Nanga Parbat Massif) to high-altitude, low-relief areas such 
as the Deosai plateau in northern Pakistan (Fig. 1). The origin 
and evolution of such plateau regions in the NW syntaxis of 
the most active continental collision in the world remain 
elusive. Here, we report the first low-temperature 
thermochronology (apatite fission-track, apatite and zircon 
(U-Th)/He) data from the Deosai Plateau and use thermal 
history modeling to show that the plateau has undergone 
continuous slow (≤ 200 m/My) denudation and has thus been 
stable since at least 35 Ma. We compare these exhumation 
histories with published thermochronology data from other 
high-elevation, low-relief regions in the northwest Himalaya 
(Kohistan, Ladakh batholith, Tso Morari). We show that 
plateau remnants share common morphologic characteristics 
and denudation histories, which are comparable to those of 
the western Tibetan plateau. These results imply that such 
plateau regions may be remnants of an Eocene south-western 
Tibetan plateau that was more widespread than today and that 
was subsequently dissected by rivers following major faults. 
 
Geologic setting 

High-elevation, low-relief regions in the northwest 
Himalaya are mainly found within the Kohistan-Ladakh arc 
complex, which forms the backbone of the NW Himalayan 
belt and separates the Indian and Asian plates (Fig. 1). The 
Karakorum range to the north constitutes the former Eurasian 
margin and was thrust over the Kohistan-Ladakh arc along 
the Main Karakorum Thrust in the Shyok suture zone since 
~75 Ma (Paterson and Windley, 1985). The Kohistan-Ladakh 
arc was in its turn thrust over Himalayan rocks of the Indian 
plate along the Main Mantle Thrust in the Indus Suture Zone 
since the onset of Himalayan collision at ~55 Ma (de Sigoyer 
et al., 2000; Guillot et al., 2003). Major crustal thickening, 
high-grade metamorphism and building of topography 
occurred between ~55 and 40 Ma (Treloar et al., 1989), 
followed by rapid exhumation of the Nanga Parbat dome 
since Late Miocene times (Schneider et al., 2001). 
 
Denudation history of the Deosai Plateau 

We have applied apatite fission-track (AFT) and apatite 
and zircon (U-Th)/He (AHe, ZHe) thermochronology to 
elucidate the denudation history of the Deosai Plateau (Fig. 
2). Samples were collected at elevations between 2500 and 
4000 m on the plateau surface itself, as well as on its 
northeast rim and in the high Astore valley, which drains the 
plateau to the west. AFT ages vary between 14.6±1.1 and 
27.0±3.5 Ma, with youngest ages encountered in the Astore 
valley and oldest on the northeast plateau rim. For the higher 
closure-temperature ZHe system, weighted mean ages from 
replicate determinations vary between 22.1±1.0 Ma for a 
sample collected at 2960 m elevation on the northeast flank 
of the plateau and 39.4±7.4 Ma for the central plateau (3961 
m elevation). The lower-temperature AHe ages are consistent 
with the other data and vary between 10.9±1.0 Ma in the 
Astore valley and 15.1±0.3 Ma on the eastern rim. Overall, 

these ages imply slow cooling and exhumation rates that are 
at least an order of magnitude lower than those encountered 
in the adjoining Nanga Parbat and Karakorum massifs 
(Foster et al., 1994; Schneider et al., 2001; Zeitler et al., 
2001).  

We have modeled the cooling history of three samples 
for which we dispose of thermochronology data for multiple 
systems, using the HeFTy code (Ketcham, 2005). All cooling 
histories obtained using this approach consistently show 
remarkably constant slow cooling at rates of ~5°C/Myr since 
at least 35-40 Ma (Fig. 2), translating into constant long-term 
denudation rates of ≤ 200 m/My since this time for 
reasonable values (25-30 °C/km) of the geothermal gradient.  
The inferred history of constant slow denudation of the 
plateau has several major implications: firstly, it contradicts 
the hypothesis that widespread low-relief surfaces in the 
northwest Himalaya result from efficient glacial erosion 
during Quaternary times (Brozoviç et al., 1997); such erosion 
would have been recorded as a phase of rapid recent 
denudation that is not observed in the data. Secondly, they 
suggest a continuous history of slow denudation since 
Eocene times, i.e. only 15-20 My after the onset of India-
Asia collision. This implies that the Deosai plateau surface 
developed early in the Himalayan history and limits the phase 
of orogenic relief growth in the Ladakh-Kohistan arc to 
earliest Tertiary times. Although thermochronology data do 
not directly record surface uplift, the simplest explanation for 
the inferred constant denudation rates is that the plateau had 
reached its present-day elevation already during Eocene 
times, as a later phase of surface uplift would have triggered 
an erosional response that would have been recorded by the 
thermochronology data.  

 
Regional implications 

When comparing our inferred cooling history for the 
Deosai plateau with scattered thermochronology data from 
other high-elevation, low-relief regions in the northwest 
Himalaya, a remarkably consistent picture appears. AFT ages 
from elevations >3000 m in western Kohistan are 15-19 Ma 
(Zeitler, 1985), whereas zircon fission-track (ZFT) ages 
determined on the same samples are 34-38 Ma. In the Ladakh 
batholith, samples from elevations >4000 m are characterized 
by AFT ages between 15 and 25 Ma (Kirstein et al., 2006; 
Kumar et al., 2007), with age-elevation relationships 
indicating apparent exhumation rates of ~100 m/Myr 
between ~30 and ~10 Ma. Two ZFT ages from the Ladakh 
batholith are 41-43 Ma (Kumar et al., 2007).  Samples from 
the high-elevation (4500-5000m) Tso Morari massif (Schlup 
et al., 2003) yield AFT ages between 15 and 30 Ma and ZFT 
ages of 35-45 Ma; these data were interpreted as recording 
rapid exhumation between 50 and 40 Ma, followed by steady 
and slow denudation rates since that time (de Sigoyer et al., 
2000; Schlup et al., 2003). 
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Figure 1: Morphological and tectonic framework of the 
northwest Himalaya. Black dots: summits >7000 m (larger 
dots: >8000 m). Main tectonic boundaries: MKT, Main 
Karakorum Thrust; MMT, Main Mantle Thrust; MCT, Main 
Central Thrust; MBT, Main Boundary Thrust; MFT, Main 
Frontal Thrust.  Star: epicenter of the 2005 Balakot 
earthquake. Main morpho-tectonic units and river systems 
are also indicated. Inset shows location within Himalayan-
Tibet system. Modified from Pêcher et al., Stress field 
evolution in the Northwest Himalayan syntaxis, Northern 
Pakistan (submitted to Tectonics). 
 

 
Figure 2: AHe (orange),  AFT (green) and ZHe (blue) ages 
for samples from the Deosai Plateau, overlain on shaded 
relief map of the plateau. Major tectonic boundaries, rivers 
and peaks are indicated. 
 

 
Figure 3: Time-temperature paths for 3 samples from the 
plateau surface, obtained using the HeFTy thermal-history 
inversion code. 
 
It thus appears that all high-elevation, low-relief areas in the 
northwest Himalaya show a similar history of slow, 
continuous cooling since Middle Eocene times, implying that 
they may all have been at high elevations since. No published 
thermochronology data are available from western Tibet to 
compare these histories with, but we have analyzed a sample 
from our collection that yielded an AHe age of 17.2±0.6 Ma 
and a ZHe age of 24.7±0.5 Ma, implying a very similar 
cooling history. The simplest explanation for the common 
cooling histories and morphological characteristics of the 
western Tibetan plateau and the high-elevation low-relief 
surfaces in the northwest Himalaya is that they have the same 
origin. We therefore suggest that these isolated plateau 
remnants can be considered as pieces of an early, highly 
elevated Tibet plateau, which was dismembered since Early 
Miocene times by inception of longitudinal Indus river 
drainage (Sinclair and Jaffey, 2001) and movement along the 
Karakorum fault (Valli et al., 2007). 
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RADIALPLOTTER: A JAVA APPLICATION FOR FISSION TRACK, 
LUMINESCENCE AND OTHER RADIAL PLOTS 
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Single-grain dating has become common practice in fission track, 40Ar/39Ar, U-Pb and luminescence dating. Because 
single-grain signals are smaller, the measurement uncertainties of single-grain ages are typically larger and more variable than those of 
multi-grain aliquots of the same sample. Invented by Rex Galbraith in 1988, the radial plot is a graphical method for comparing 
several estimates that have different precisions. 

RadialPlotter is a user-friendly application for 
generating radial plots. It has the following advantages over 
existing programs such as Trackkey or MacTrack. (1) The program 
was developed solely for radial plots and does not perform any 
other functions for data reduction or interpretation. Therefore, 
radial plot functions are not buried deep inside the menu structure 
and the interface is very straightforward. (2) RadialPlotter was 
written in Java (version 5) and is, therefore, perfectly platform 
independent. (3) In addition to fission track radial plots, 
RadialPlotter also offers the possibility to generate radial plots for 
luminescence dating, or any other kind of data such as (U-Th)/He 
or U-Pb ages. Hopefully, this will give the radial plot the wider 
user base which it deserves. RadialPlotter can be downloaded free 
of charge from http://pvermees.andropov.org/radialplotter 
 
Figure 2: The input screen defaults to fission tracks when the 
program starts. Ns is the number of spontaneous tracks, Ni is the 
number of induced tracks counted over the same area in an 
external mica detector. There currently is no direct implementation 
for ICP-MS based fission track data, but radial plots can still be 
produced using the ‘Other’ option with the single-grain ages and 
their uncertainties as input (see Figure 5). 
 
 
 
 
 
 
 

 
 
Figure 3: Generating a radial plot is as simple as creating or opening an input file and clicking the ‘Plot’ button. An optional third 
column of data (e.g., Cl-concentration, Dpar, …) will be used for a color scale. If this column is left blank, there will be no color 
scale.  
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Figure 4: Input data are saved in a .csv comma-separated 
format. The radial plot can be saved in either a .png image 
format (at screen resolution), or in a .pdf vector format, which 
can be opened and edited in graphics software such as Adobe 
Illustrator or CorelDraw. 
 
 

 

 

Figure 5: Basic editing tools are available for generating an 
input file. Data can be copied and pasted to and from Microsoft 
Excel. 

 

 

Figure 6: Three kinds of input are currently implemented: 
fission tracks, luminescence and ‘other’. Each corresponds to a 
slightly different looking input form. For ‘Other’, this contains 
just the sample name and three (2+1) columns of data. 

 

 

Figure 7: RadialPlotter offers three scaling transformations for 
fission tracks. The ‘Arcsin’ option is not available for 
luminescence dating and other data. 
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Figure 8: RadialPlotter creates an optimal radial 
scale by default, but this can be adjusted so that 
radial plots for different samples of the same study 
can share the same scale, thus facilitating their 
comparison.  

 

 
 
Figure 9: Colors are linearly scaled between the minimum and maximum value of a sample set, and can be easily customised in the 
color chooser. 
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THREE NEW WAYS TO CALCULATE AVERAGE (U–TH)/HE AGES 
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 Traditionally, the average age of multiple (U–Th)/He 
analyses has been estimated by the arithmetic mean of the 
single-grain ages. There exist at least three alternative 
methods: (a) in analogy with the fission track method, the 
pooled age is calculated by adding the respective U, Th and 
He abundances of several grains together, thereby generating 
one “synthetic” multi-grain measurement; (b) the isochron 
age is the slope of helium concentration versus present-day 
helium production; (c) the central age is computed from the 
geometric mean U–Th–He composition. Each of these 
methods is more appropriate than the arithmetic mean age in 
certain applications. 
 

 
 
Figure 1: Linearized (U–Th)/He diagram with a subset of the 
HF-treated inclusion-bearing apatite data from Naxos. 30% 
uncertainty (2σ) was added to the helium abundances to 
account for α-ejection correction induced scatter. (a) single-
grain ages are approximately proportional to the ratio of the 
measured helium abundance to the present-day helium 
production P; (b) the ‘pooled’ age is a ‘synthetic multi-grain 
age’ calculated from the summed production rates and 
helium abundances of all the measurements. The box in 1.b 
marks the outline of 1.a. The pooled age of the sample is 
11.28±0.14 Ma. 
 
The pooled age 

Helium can be extracted from the host grain either in a 
resistance furnace or by laser-heating in a micro-oven. In the 
former, but sometimes also in the latter case, it may be 
necessary to analyze multiple mineral grains together. 
‘Pooling’ several grains boosts the signal strength and 
sometimes averages out α-ejection correction errors caused 
by zoning and mineral inclusions. The ‘pooled age’ is the 
best way to compare multiple single-grain ages with one or 
more multi-grain ages, or to compare two sets of multi-grain 

ages with each other (Fig. 1). The pooled age is calculated by 
adding the respective U, Th and He abundances (in moles) of 
several measurements together, thereby generating one 
‘synthetic’multi-grain measurement. An obvious 
disadvantage of pooling compositional data is that the 
resulting age is biased to the high U, Th or He compositions. 
Because such bias can be associated with anomalous grains 
affected by radiation damage or implanted helium, the pooled 
age may be wrong by effectively giving extra weight to 
outliers. However, these objections are also true for standard 
multi-grain analyses, which cannot be avoided when dating 
small, young, or U–Th-poor grains. In short, the pooled age 
must be used for and only for averaging multi-grain aliquots. 
 

 
Figure 2: (U–Th)/He isochron plots for inclusion-bearing 
apatites from Naxos, Greece. (a) HNO3-treated apatites do 
not plot on a line, indicating ‘parentless helium’ caused by 
undissolved mineral inclusions containing ‘missing’ U and 
Th; (b) HF-treated apatites from the same sample do form a 
well-defined isochron intersecting the origin, indicating that 
all parent and daughter nuclides are accounted for. The 
isochron age is 12.0±4.2 Ma. 
 
The (U-Th)/He isochron 

The previous section showed that (U–Th)/He data can 
be visualized on a two-dimensional plot of helium abundance 
or concentration versus the present-day helium production P 
(Fig. 1). To calculate a pooled age, it is important that [U], 
[Th] and [He] are elemental abundances, expressed in moles. 
If the data are recast in units of concentration, some of the 
bias towards high U–Th-grains disappears and the He–P 
diagram can be used to define a (U–Th)/He isochron. This is 
an unconstrained linear fit through a series of single-grain 
(P,[He]) measurements. For an application of the isochron 
method, consider the U–Th rich mineral inclusions in apatite 
which are often held responsible for erroneously old (U–
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Th)/He ages, because they produce ‘parentless’ He. This 
problem can be detected with the (U–Th)/He isochron. In the 
absence of mineral inclusions, the isochron goes through the 
origin (P=[He]=0).However, in the presence of α-emitting 
inclusions, the isochron is either not defined or does not go 
through the origin. For example, consider the worst-case 
scenario of an α-emitting zircon inclusion contained in an 
apatite without U and Th. The inclusion ejects He into the 
surrounding apatite that is measured following degassing by 
heating with a laser or in a resistance furnace.  
 

However, the zircon inclusion will not dissolve in the 
concentrated HNO3 that is commonly used to digest apatites 
prior to U–Th analysis. Therefore, the apparent (U–Th)-
production of such a sample is zero, and its isochron does not 
go through the origin of the [He]–P diagram. The parentless 
helium problem can be solved by dissolution of the apatite 
and its inclusions in hot HF. The effectiveness of this 
technique is illustrated by comparing an inclusion-rich 
sample from Naxos using the traditional HNO3 method with 
an HF-treated aliquot of the same sample. The latter defines a 
well-constrained (U–Th)/He isochron with zero intercept, 
whereas the former does not (Fig. 2). Calculation of the 
isochron age, including error propagation, can easily be done 
using the Isoplot Excel add-in. 

 
The central age 

The (U-Th)/He age equation does not specify the 
measurement units of [U], [Th] and [He]. These can be 
expressed in moles or moles/g, but they can also be non-
dimensionalized by normalization to a constant sum: 
[U′]≡[U]/([U]+[Th]+[He]), [Th′]≡[Th]/([U]+[Th]+[He]) and 
[He′]≡[He]/([U]+[Th] +[He]) so that [U′]+[Th′]+[He′]=1. 
Therefore, U, Th and He form a ternary system, can be 
plotted on a ternary diagram, and are subject to the peculiar 
mathematics of the ternary dataspace. In a three-component 
system (A+B+C=1), increasing one component (e.g., A) 

causes a decrease in the two other components (B and C). 
Another consequence of so-called data closure is that the 
arithmetic mean of compositional data has no physical 
meaning. Following the nomenclature of compositional data 
analysis, the ternary diagram is a 2-simplex (Δ2). The very 
fact that it is possible to plot ternary data on a two-
dimensional sheet of paper tells us that the sample space 
really has only two, and not three dimensions. As a solution 
to the compositional data problem. Compositional data can 
be transformed from Δ2 to �2 using a ‘logratio 
transformation’. After performing the desired (‘traditional’) 
statistical analysis on the transformed data in �2, the results 
can be transformed back to Δ2 using the inverse logratio 
transformation (Fig. 3). 

The logratio transformation provides a fourth and 
arguably best way to calculate the average age of a 
population of single-grain (U–Th)/He measurements. The 
central age is calculated from the ‘average’ U–Th–He 
composition of the dataset, where ‘average’ is defined as the 
geometric mean of the single-grain U, Th and He 
measurements. The geometric mean of compositional data 
equals the arithmetic mean of logratio transformed data (Fig. 
3). It can be shown that, for a typical external reproducibility 
of ~25%, the expected difference between the central age and 
the arithmetic mean age is <1%. 

Ternary diagrams and logratio plots are useful tools for 
visualizing U–Th–He data and the (U–Th)/He age equation. 
For example, Fig 4 represents a warning against applying the 
α-ejection correction after, rather than before the age 
calculation. This causes a partial ‘linearization’ of the age 
equation and results in a loss of accuracy. For example, 
dividing an uncorrected (U–Th)/He age by an α-retention 
factor Ft of 0.7 results in a misfit that is 30% of the linear age 
equation misfit. Instead one must divide [He] by Ft before 
calculating the (U–Th)/He age. 

 

 

 
Figure 3: Ternary U–Th–He data (a) can be mapped to two-dimensional logratio-space (b) without loss of information. The 
arithmetic mean in logratio-space equals the geometric mean in compositional data space, forming the basis of the central age. 
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Figure 4: Misfit caused by making the α-ejection correction 
after the age calculation (with Ft =0.7). 
 

 
 

The effects discussed in this paper are relatively minor, 
affecting the calculated ages by at most a few percent. 
Nevertheless, the added computational cost of following the 
above recommendations pales in comparison with the cost of 
collecting, separating and analyzing samples Therefore, there 
is no reason why not to gain the extra percent of accuracy. To 
facilitate the calculation of the central age, a web-based 
calculator is provided at http://pvermees.andropov.org/central  
(Fig. 5). It implements the calculations of central ages with or 
without Sm, and offers several options for propagating 
internal or external uncertainties. The web-calculator also 
allows the calculation of error-weighted central ages, and 
includes two dataset for testing purposes: the inclusion-
bearing (U–Th)/He data from Naxos, and (U–Th–Sm)/He 
data from a Fish Lake Valley apatite lab standard. 

 

 
 
 Figure 5: The web-calculator for calculating central ages. Options are available for the inclusion of Sm, and the propagation of 
internal and/or external uncertainties. A standalone application for the generation of ternary (U-Th)/He diagrams is currently being 
developed. 
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Introduction 

The Northern Andean Zone spans Ecuador, Colombia, 
and Venezuela, and is characterized by three sublinear 
topographic ridges, referred to as the Western, Central and 
Eastern Cordillera. The basement of the Western Cordillera 
of Colombia and Ecuador is composed of oceanic terranes, 
which mainly accreted during the Mesozoic; the terranes are 
juxtaposed against the paleo-continental margin (Central 
Cordillera) across the Romeral Fault Zone. This work aims to 
provide a temporal framework for the syn- and post-
accretionary tectonic history of Western Colombia. Our study 
is based on multiphase thermochronological methods 
(40Ar/39Ar, apatite and zircon fission-track), 
geochronological (zircon U/Pb LA-ICPMS) and geochemical 
(ICPMS and XRF) analyses of crystalline, sedimentary and 
mafic volcanic rocks from several traverses across the 
Colombian Andes. Work is currently in progress and will be 
completed (including (U-Th)/He dating) at the time of 
presentation. 
 
Paleocontinental Margin 

In Colombia the continental province crops out in the 
Central Cordillera, west of the Otú-Pericos Fault (Figure 1). 
This province (the so-called Tahami terrane (Touissant and 
Restrepo, 1994)) is partly composed of medium- to low-
pressure Paleozoic metamorphic rocks (detrital U/Pb zircon 
ages of 270-380 Ma), which are intruded by syn- and post-
collisional granitoids and granitic gneisses with U/Pb zircon 
ages between 200-300 Ma (Vinasco et al., 2006; this work). 
These granitic sequences formed during the Permian 
assembly of Pangea, and its subsequent Triassic 
fragmentation. All these pre-Triassic rocks are intruded by 
Jurassic calc-alkaline granites of the Ibague Batholith (160 ± 
3Ma, U/Pb) and Late Cretaceous intrusive rocks of the 
Antioquia Batholith (U/Pb ages between 83.75±0.36 and 94.5 
±1.7 Ma; Ibañez-Mejía et al., 2007; this work). 
 
Allochthonous terranes 

Accreted Cretaceous oceanic terranes occur to the west 
of the regional-scale Romeral Fault zone (more specifically 
the Cauca-Almaguer Fault) along the western flank of the 
Central Cordillera (Figure 1), and are of oceanic plateau 
geochemical affinity. They consist of basalts, gabbros and 
ultramafic cumulates, which are characterized by flat, 
mantle-normalized REE patterns (Kerr et al., 1997, this 
project) and represent a part of the large, late-Cretaceous 
Colombian-Caribbean oceanic plateau (CCOP, Kerr et al., 
1997). 

Mafic hornblende-bearing pegmatites from oceanic 
rocks of the Western Cordillera, which have been described 
as an internal part of the CCOP (Bolivar Complex, Kerr et 
al., 2004), yield U/Pb (zircon) ages of 94.0±2.4 and 95.5±1 
Ma. New U/Pb analyses of granites of the Buga Batholith 
yield ages of 90.6±1.2 and 91.5±1.3 Ma, and may represent 
the initial stages of east-facing island arc activity that formed 
at the juvenile active margin of the eastward migrating CCOP 
(and thus may be genetically related to the coeval Aruba 
Batholith in the Southern Caribbean). In addition, the arc-

related Cordoba Batholith that intrudes and hence post-dates 
the mafic terranes yields a U/Pb (zircon) age of 79.3±1.5 Ma, 
which constrains the minimum age of the accreted terranes. 
Therefore, the age of the accreted terranes is likely to be 
between 95 and 80 Ma. 
 
Thermochronology of the buttressing paleocontinental 
margin: constraints on the collision of the allochtonous 
terranes 

Several fission track (FT) ages have been obtained from 
the Tahami Terrane in the Central Cordillera (Figure 1) of 
Colombia. Apatite fission track (AFT) data has been acquired 
at ETH-Zürich and the state-of-the-art FT laboratory at the 
University of Geneva using the external detector method, and 
incorporates acquisition of the Dpar parameter (i.e. track 
etching with 5.5M HNO3(aq) at 21°C for 20s), which allows 
us to account for multi-kinetic variations in track annealing, 
using the annealing model of Ketcham et al., (2007) via the 
HeFTy software. 

AFT ages from 4° N to 6.5 °N latitude range between 
~77 and ~36 Ma. An older group of nearly indistinguishable 
AFT ages (errors ±1σ) of 77±6, 71±5, 69±4, 60±8, and 
59±10Ma are representative of the region, and were obtained 
from samples located relatively far (>8 km) from local and 
regional faults. Samples close to sheared rocks yielded 
younger AFT ages of 31±3 and 36±3 Ma (within the Ibagué 
Fault) and 40±2 Ma (close to Otú-Pericos Fault). Zircon 
fission track (ZFT) ages from the same samples are 
indistinguishable within error (78±5, 81±5, 85±9, 88±6 Ma; 
Fig. 1). 

Inverse modeling was performed on some samples in 
order to constrain potential thermal history solutions, using 
when possible their ZFT ages as time constraints 
(~250±50°C). 
 
1) Latitude 4°N - 5°N: Jurassic granites of the Ibague 
Batholith (sample DV82, apatite FT age of 69±4, P(χ2) 45%, 

mean track length of 14.54±0.76µm), located 20 km from the 
Ibagué Fault (Figure 1 and 2), cooled rapidly through ≥ 
250˚C to ~ 60˚C at ~ 80-70 Ma. The same lithology from 
another sample located closer to the Ibagué Fault (Figure 1 
and 2) hosts partially annealed FT lengths in apatite (sample 
DV06, apatite FT age of 36±3, P(χ2) 12%, mean track length 
of 13.60±1.62 µm), which indicates a rapid cooling through ~ 
250˚C to ~ 90˚C between 80-70 Ma, followed by slower 
cooling from 70-10 Ma and finally renewed rapid cooling 
from ~ 60˚C to ~25˚C between 10 Ma to present.  
 
2) Latitude 5.5°N – 6.5°N: A Late Cretaceous intrusive rock 
of the Antioquia Batholith located at the western flank of the 
Central Cordillera (sample DV54, apatite FT age of 71±5, 
P(χ2) 99%, mean track length of 14.03±0.83µm) cooled at 
elevated rates at ~80-70 Ma (Figure 2) whereas a Paleozoic 
gneiss (sample DV65, apatite FT age of 40±2, P(χ2) 50%, 
mean track length of 13.67±1.22 µm) from the eastern flank 
of the Central Cordillera experienced slower rates of cooling 
during the Tertiary. 
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Figure 1: Geological map of the Central and Western cordilleras of Colombia (see inset), showing radiometric ages obtained during 
this study.  
 

Preliminary Conclusions 
Our study indicates that Jurassic (Ibagué Batholith) and 

Late Cretaceous (Antioquia Batholith) granitoids emplaced 
along the Central Cordillera in Colombia cooled rapidly 
through ~ 250˚C to ~ 60˚C between 80-70 Ma. This suggests 

that an important tectonic event drove exhumation in the 
paleocontinental margin during the late Cretaceous 
(Campanian), which may have been the accretion of the 
CCOP. Initial stages of interaction between the CCOP and 
the Ecuadorian margin took place during the Late Campanian 
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(75-70 Ma, Vallejo et al., 2006, Jaillard et al., 2008). Our 
preliminary results suggest that this event could have 
occurred slightly earlier in Colombia (80-70 Ma). This 
Campanian accretion was coeval with the cessation of the 
late Cretaceous arc in Northern Colombia (Antioquia 
Batholith) due to the clogging of the subduction zone caused 
by the collision of the CCOP with the South American Plate. 

This collisional event was synchronous with accelerated 
surface uplift and exhumation within the buttressing 
continental rocks and is temporally corroborated by the onset 

of clastic sedimentation derived from the Central Cordillera 
into the Upper-Middle Magdalena Valley (UMV-MMV, 
Figure 1) located immediate to the east. Sediment 
progradation to the east and the initiation of eastward shifting 
of the axis of deposition of the MMV began during 
Campanian time (Villamil, 1999). AFT ages younger than 
Middle Miocene (Figure 1) exclusively occur on the borders 
of the Central Cordillera (Figure 1) possibly suggesting a 
temporal relation with the tectonic development of the 
present depressions at both sides of the Cordillera. 

 

 
 

Figure 2: Modeled T-t paths for samples which crop out in the Central Cordillera. Monte-Carlo inverse modeling following 
procedure of Ketcham et al. (2007) and multi-kinetic approach (based on Dpar). APAZ = apatite partial annealing zone. 
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Exhumation rates deduced from age-elevation 

relationships (AER) of fission track (FT) data are widely used to 
characterize geomorphic and tectonic histories. The slope of 
AER along very steep profiles is a direct measure of the local 
mean exhumation rate. The big advantage of this measure is that 
it does not rely on an a priori knowledge of the geothermal 
gradient, which is generally difficult to determine. The FT data, 
however, bear errors and therefore the slope of the regression 
from age on elevation has an uncertainty, which has to be 
considered in geological studies to gain reasonable estimates of 
exhumation rates with confidence. This endeavor, that is 
sometimes referred to as “restriction”, shall be expanded upon. 
Gallagher (1995) and Gallagher et al. (2005) have already 
introduced the application of Bayesian statistics to 
thermochronological data, but their approach was criticized by 
Goutis and Galbraith (1996). We present a compromise that is 
similar to suggestions of Aichison and Ho (1989).  

FT ages are reported as some kind of average estimate of 
single grain ages (typically 20 to 40) of a sample. Using the 
external detector method and the zeta calibration approach one 
has to count spontaneous FT (Ns) in the selected grain and 
induced FT (Ni) for the same area in the print on the mica. The 
ratio of Ns to Ni is proportional to age with some proportionality 
factor containing the fission decay constant of 238U, the neutron 
flux in the reactor, and the zeta calibration factor. From such 
grain ages a weighted geometric mean (i.e. 'central age') is 
computed as grains have different numbers of fission tracks and 
thus different precisions of their respective age estimates 
(Galbraith and Laslett, 1993). Linear regression from central 
ages on elevation will yield a slope that is interpreted as the 
reciprocal value of the exhumation rate. We suggest to employ 
weighted linear regression, as samples may have different U 
content or include different amount of counted grains. While 
assuming a lognormal distribution of grain ages within one 
sample, it seems quite plausible to assume a lognormal 
distribution of sample ages conditional on the median age 
modeled by the regression line.  

Galbraith (2005) gives the details of the estimation of 
central age including the estimation of variability. In particular, 
he suggests that counts of spontaneous and induced tracks often 
follow Poisson distributions and that the ratios of the counts 
often follow a lognormal distribution. Other assumptions are 
discussed, e.g. that the number of spontaneous fission tracks in a 
grain follow a binomial distribution, if the total number of 
fission tracks is given. That is the usual approach of Gallagher 
et al. (2005). Goutis and Galbraith (1996) already have 
improved on that by using a mixture of bivariate Poisson-
distributions, so that the correlation between expected counts 
could become negative as for crystals with very low Uranium 
content. As that situation is rare, and the estimation is difficult 
then, we present a compromise. The spontaneous counts are not 
seen as binomial conditional on induced counts, but the 
unconditional bivariate Poisson-distribution is modeled with 
lognormal random effects (Aichison and Ho, 1989) as a mixture 
of the first kind rather than of the second (Karlis and Xekalaki, 
2005). 

We present a hierarchical statistical model to account for 
the variability between grains and between samples for the 
estimation of exhumation rates from AER profiles and the 
application to FT data sets from various settings in the Alps. We 
propose to use Bayes-estimates computed by Markov-Chain 

Monte Carlo (MCMC) techniques. We discuss in what respects 
our model is a generalization of standard thermochronology and 
how different the precision estimates are from a less elaborate 
procedure. We stress the know-how side of the work to show 
the ease of use, the flexibility and a sound account of 
assumptions made.  

To consider the marginal distributions of single 
parameters, the estimates are calculated from the posterior 
sample generated by the sampling algorithm (WinBUGS; 
Spiegelhalter et al., 2003). Central 95%-credibility limits are 
given that are quantiles of the posterior sample. We suggest to 
specify the prior distributions with medians equal to published 
values. Consequently, marginal posterior medians are reported. 

There are numerous generalizations that could easily be 
made. First, a population model for grains could be formulated. 
Second, samples from one site may be assumed to differ by 
random effects. Third, the dispersion of grain ages could differ 
between samples. Fourth, the regression model can be more 
complicated. One could sample from the posterior of the change 
point caused by some event.  

The different distributional assumptions lead to very 
similar estimates of precision, but the Poisson-lognormal model 
has the narrow limits of the single grain analysis without using 
mean age. And the samples are weighted differently, as the 
grains had different numbers of FTs, so that samples with more 
informative grains have smaller credible intervals for points on 
the regression line.   

Assuming Poisson-distributions for the number of FT is 
parsimonious in parameters. The association between the counts 
of spontaneous and induced FT restricts parameters even 
further. While Goutis and Galbraith (2003) estimate the 
correlation of the bivariate Poisson count and discuss the need 
for an overdispersion parameter, we assume a fixed ratio of 
expected values and compare models with different 
overdispersion structures. It turned out, that not much 
overdispersion needed to be modelled. As long as there was 
some prior information pointing to the order of magnitude of the 
parameters to be estimated, the MCMC-method converged 
rapidly.  
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The Greater Himalayan Slab (GHS), which makes up 
the core of the Himalayan orogen, structurally overlain by the 
Southern Tibetan Detachment System (STDS) and the lower 
bound of the GHS is defined by the Main Central Thrust 
(MCT). The regional tectonic setting of this part of the 
orogenic belt shows that this structural order has been largely 
constructed since the Miocene, although the ongoing plate 
convergence initiated well before in the early Cenozoic. The 
GHS is among the most important tectostratigraphic units in 
the orogen, and because of is position and history it has a 
wealth of information related to the development of the 
orogen. Zircon and apatite fission-track (ZFT, AFT) dating 
were carried out at a GHS-root-zone transect in Nyalam, 
central Himalaya in southern Tibet, to constrain the timing of 
cooling since middle Miocene.  

FT analysis along this structurally continuous transect 
through the GHS yield ZFT ages between 16.1-3.0 Ma and 
AFT ages between 8.2-0.9 Ma. A ZFT sample at the hanging 
wall of STDS, directly above the uppermost rocks of the 
GHS, yields an essentially unreset age of Jurassic in Jurassic 
strata, which suggest that this exposed part of the hanging 
wall of STDS was not heated above the ZFT closure 
temperature by southward extrusion of the hot rocks of the 
GHS in middle Miocene.  In the transect across the GHS, the 
ZFT and AFT ages allow identification of two discrete rapid 
cooling processes of middle-Miocene and Pliocene to 
Quaternary respectively. The middle Miocene cooling was 
almost certainly driven by tectonic unroofing, which was 
dominated by of down-to-the-north movement on the STDS.  
This movement history is supported by existing muscovite 

and biotite 40Ar/39Ar cooling data (e.g. Wang et al., 2006). 
Our ZFT data indicate a structural thickness of 6-7 km rock 
that cooled below ZFT closure temperature isotherm at top of 
the GHS, which could correspond to about 23-27 km of 
down-dip extension on the STDS middle Miocene, if one 
assumes a constant dip angle of 15° for STDS. Middle 
Miocene tectonic unroofing of the STDS is also supported by 
different thermochronological systems at different structural 
positions. 

FT age patterns suggest that the Pliocene-Quaternary 
rapid cooling, which is mainly concentrated in the lower part 
of the GHS, may have been driven by a different mechanism 
from that in middle Miocene. The coincidence between FT 
cooling ages and the present surface morphology is striking.  
This observation combined with the increase in sediment 
delivery to the foreland and the clear change in climate may 
suggest that the Pliocene-Quaternary exhumation was 
essentially driven by erosion. However, the possibility of 
GHS Thrusting along the MCT in late Miocene-Pliocene 
likely facilitated rapid cooling. 

Collectively, it is suggested that STDS as an active 
detachment initiated in the middle Miocene that was largely 
complete by the late Miocene.  The tectonic juxtaposition of 
the GHS was likely accomplished in the middle Miocene. 
The external dynamics dominated exhumation of the 
Himalayan orogen in Pliocene-Quaternary. The transition of 
rapid exhumation mechanisms supports the idea that the 
Himalayan morphology occurred in this area since the 
Pliocene. 

 

 
Fig. 1. Spatial distribution of thermochronological data and swath topographic profile of the Nyalam transect (NE20°). FT Data are 
plotted to the right axis; topographic data are plotted to the left. Hollow circles and triangles indicate data cited from Wang and 
Wang et al., 1998; Wang and Li et al., 2006, while filled indicate data from this study. Topographic data were extracted from SRTM3 
(Fielding and Isacks et al., 1994) by a 30 km wide and 80 km long swath covering the Nyalam transect. The lower solid line is the 
total relief. 
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There are three kinds of distinct structures in the south 
Tibetan Plateau, which include east-west striking thrust 
faults, the South Tibetan detachment (STD), and graben or 
rifts with north-south striking bounding structures. The east-
west striking thrust faults are represented by the Main Central 
thrust (MCT) and the Main Boundary thrust. It has been 
widely suggested that the high-grade metamorphic rocks of 
the Greater Himalayan lower-crust sequence were exposed 
by the combined movement of the MCT and STD through 
the wedge-shaped extrusion or channel flow model during 
Miocene.  

On the southern part of the Tibetan plateau, a series of 
NS trending grabens have resulted from the lateral EW 
extension in response to the flow of thicken mid-lower crust 
since the Late Miocene. The spatial and temporal relationship 
between these structures is an important clue to 
understanding the intra-continental tectonic processes, 
including the uplift of the Tibetan Plateau, and the 
continental dynamics driven by collision of the Indian plate.  

Here we present fission-track data from the bedrock and 
detrital sediments in the Gyirong-Nyalam area, where both 
contractional and extensional structures are well developed 
(Fig.1).  With these data we try to constrain the timing of 

development of the STD and the NS-striking grabens.  In 
addition, we use these data to understand the exhumation 
processes of the Greater Himalayan metamorphic rocks and 
this exhumation may be related to uplift of the Tibetan 
Plateau.  

The Neogene Gyirong basin is a NS striking half-
graben on the southern Tibetan Plateau. We sampled a 
number of strata to understand the thermotectonic evolution 
of the source rocks. The youngest peak age of the detrital 
zircon fission-track (DZFT) from six sediment samples in the 
Neogene Gyirong basin are between 17.9-15.3 Ma and 
appear to be static peaks as the depositional ages of the strata 
range from 8-1.7 Ma (Fig. 2). Modern sediment of the 
upstream part of the Gyirong Tsangpo river, is clearly 
derived from Miocene granite pluton with ages of 16.1-17.4 
Ma (Fig.1), also have a dominant ZFT population at 16.5 Ma. 
These results indicate that: (1) the source rocks to the 
Gyirong basin rapidly cooled from 17.9-15.3 Ma, and these 
source rocks most probably related to the intrusion of 
Miocene granites; and (2) these rocks dominated the source 
region in the Miocene and Pliocene (8-1.7 Ma - Bernet & 
Garver, 2005). 

 

 
 
Figure 1: Sketch geological map and sample location of fission-track dating in Gyirong-Nyalam area. 
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Figure 2: P1 age of detrital ZFT and AFT age vs. 
depositional age of the samples in the Gyirong basin 
 
Nyalam and Gyirong transects  

There is considerable published work on the Ar/Ar and 
U-Pb chronology of the deformed migmatite-granites in STD 
zone and the Greater Himalayan metamorphic rocks of the 
footwall of the STD (see Wang et al., 2006; Scharer et al., 
1986; Searle et al., 1997; Hodges et al., 1998; Murphy and 
Harrison, 1999).  Our ZFT and AFT dating of the Nyalam 
and Gyirong transects, which cross the STD and the Greater 
Himalayan sequence, suggest that the STD was active during 
17-15 Ma, approximately coincident with the intrusion of 
middle Miocene leucogranites. A temperature drop of about 
110°C or a cooling rate of 52°C/Ma between 15.5-13.4 Ma is 
calculated based on the average age of the previous published 
muscovite 40Ar/39Ar by Wang et al (2006) and our ZFT ages 
near the Nyalam detachment fault. Relatively slow cooling 
occurred during ~13-5 Ma based on the ZFT ages from the 
Nyalam transect, consistent with AFT data that decrease in 
age away from the Nyalam detachment fault. Only the 
uppermost part of the Greater Himalayan yielded AFT ages 
11.7 ±1.3 Ma (Wang et al., 2001) slightly younger than 12.6 
± 1.0 Ma of the middle Miocene ZFT ages, indicating a clear 
spatial decrease in cooling in the upper part of the Greater 
Himalayan from below ZFT closure temperature to above 
AFT closure temperature at about 12.6-11.7 Ma. Therefore, 
middle Miocene cooling driven by STD tectonic unroofing 
appears to have slowed in the late Miocene, perhaps implying 
that the Nyalam detachment motion slowed as well. 

 

 
Figure 3: Elevation vs FT ages along south slope the 
Greater Himalayan of the Gyirong section. 
 

 
 
Figure 4:  FT ages vs. latitude distribution of the FT samples 
in the transects of Greater Himalayan. A) Gyirong transect; 
B) Nyalam transect (see Wang et al., this volume).  X-axis is 
latitude in degrees (N). 
 

The series of ZFT and AFT ages from rocks of the 
Greater Himalayan metamorphic rocks of the south slope of 
the Himalayan in the Gyirong transect reveal a simple linear 
relationship between the FT age vs elevation for both ZFT 
and AFT (Fig.3). The ZFT age vs elevation suggest a slow 
average apparent exhumation rate of 0.16 km/Myr during 
13.7~2.4 Ma, but the AFT age vs elevation reveal a rapid 
average apparent uplift rate of 1.27 km/Myr during the last 2 
Ma (1.9-0.6 Ma). The lowest two ZFT samples with about 
170 m difference in elevation are identical within error (2.4 ± 
0.5 and 2.7 ± 0.4 Ma). Therefore, it is possible that there has 
been a distinct accelerated in exhumation since about 3-2 Ma 
in the south slope of the Himalayan. The ZFT age vs 
elevation of the samples in the Nyalam transect also reveal an 
accelerated exhumation and cooling since about 3 Ma in the 
south slope of the Himalayan. 

 
Discussion 

Our preliminary data suggests that the differential 
between the ZFT ages and AFT ages decreases from north to 
south with the decrease of the elevations in both Gyirong and 
Nyalam transects (Fig.4). This trend might indicate that the 
cooling rates to the south of the STD increased from north to 
south with the decrease of the elevations in the south slope of 
the Greater Himalayan since 13 Ma.  It is possible that this 
trend reflects the relationship between southward increasing 
precipitation and erosion, but not the wedged-thrust or 
channel flow uplift, drove the southward increasing of the 
cooling rate. 
 

A key question is the timing of extension and graben 
formation.  The Gyirong basin is a half-graben basin with a 
NS striking normal fault at the eastern edge. The strata of the 
basin fill were dated in 7.2-1.67 Ma by paleomagnetism 
analysis (Wang Baofu et al., 1996; Yue Leping et al., 2004). 
However, these studies did not completely constrain the age 
of the entire section because the sequence of thick 
conglomerates in the lower part of the sequence remain 
undated.  As such, the timing of the initiation of the basin is 
unclear as is when the east-west extension began. Our 
fission-track age dating of the bedrock of both sides of the 
fault provide some constraints. Three samples from the 
basement bedrock of the basin, hanging wall of the fault, give 
the concentrated ZFT age of 17-16 Ma, showing a rapid 
cooling, which can be related to the intrusion of the 
leucogranites and activity on the STD. However, the ZFT age 
from the footwall nearby area of the fault sharply decreases 
to 13.4±1.9 Ma although this sample is located higher than 
the hanging wall samples. Farther eastward, the ZFT ages 
increase again along with away from the fault and increasing 
of elevation. So, it is possible that the 13.4 Ma age is related 
to movement along that fault. Detrital AFT ages from the 
basin sediments show pronounced peak ages that are nearly 
identical (11.4±1.4, 11.7±1.5 and 11.6±1.5 Ma - Fig.2), 
suggesting a rapid exhumation in the flanking source rock at 
~12-11 Ma. Several detrital samples from modern drainage 
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system also have AFT peak ages of 13.5-11.2 Ma. With these 
data in mind, we suggest that activity on the bounding normal 
fault, became active at about 13-11 Ma. This is consistent 
with the other NS striking rifting basin in nearby area, for 
example, the Thakkhola rift basin in Nepal (14 Ma, Coleman 
et al., 1995), the Dinggyê rift basin in the north Himalayan 
(13-11 Ma, Zhang et al., 2007) and the Shuanghu graben in 
the hinterland of the Tibetan Plateau (13.5 Ma, Blisniuk et 
al.,2001). So, if this interpretation is correct, it seems that a 
series of NS striking grabens began to develop in about 14-12 
Ma, closely following the cessation of the STD system.  

 
The detrital AFT age dating to four samples with 

deposit ages of about 9-6.2 Ma from sediments of the lower 
part of the Gyirong basin show a stable lag-time of average 
7.7 Ma (Fig.2). The average exhumation rate of the source 
area can be calculated as about 0.43 km/Myr during 16.7-4.1 
Myr by the lag-time (assuming average geothermal gradient 
30oC/km, closure temperature of apatite fission-track 110o C 
and surface temperature 10o C). However, pairs of detrital 
ZFT and detrital AFT peak ages, suggest that the average 
cooling rate of the source area was ~50-55o C/Ma during ~17-
12 Ma and <10o C/Ma since 12 Ma. Although there is a lag in 
the change in isotherm in rocks rapidly cooled by 
exhumation, these data indicate that average rock uplift rate 
of 1.5 to 2.0 km/Myr during 17-12 Ma. Then, an average 
exhumation rate of ~0.3 km/Myr since ~12 Ma. This rapid 
decrease in exhumation is likely related to the end of 
significant movement in the SDS, which drove uplift of this 
area. If is this the case, this area obtained its high elevation at 
about 12 Ma, and the series NS striking rifts initiated as due 
to the extensional collapse of the high-elevated plateau.  
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The Earth's surface and its evolution are among the most 
important factors that affect the thermal structure of the 
uppermost crust, to which low-temperature 
thermochronological systems, such as (U-Th)/He or fission 
track dating in apatite and zircon, are most sensitive. In the 
last decade, there have been several studies to constrain 
paleotopography using data from low-temperature 
thermochronology and some of these studies are based on 
numerical modeling and require a topography evolution 
model that links the paleotopography with the present-day 
topography. For example, the model by Braun et al. (2002a) 
hypothesized that the ancient and the current topography had 
the same shape but different relief. However, so far no model 
can offer detailed description of the long-term topography 
evolution, because many factors that may influence the 
evolution of topography are difficult to constrain. Here we 
present a new method to reconstruct the shape of 
paleotopography from the thermochronological data. This 
method is independent of the relationship between the 
ancient and the present-day topography, but requires that the 
paleotopography maintains its shape and the subsurface 
thermal field is invariant with time during a period in the 
past, e.g. during the period when a set of samples passing 
through the closure temperature 
 
Methods 

Surface topography can be approximately expanded into 
Fourier series:  
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Where h(x) is the height of ground surface at the 
horizontal position x, λ is the length of a given transect, an 
and bn are amplitudes of cosine and sine functions whose 
wavelength are λ/n, cn (=√[(an)2+(bn)2]) and n! are 
amplitude and phase of the wave component of the 
topography whose wavelength is λ/n. The steady state 
solution for topography in Eq. (1) can be expressed as 
(Mancktelow et al. 1997): 
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Where u is exhumation rate, κ is thermal diffusivity and 
ф is the lapse rate of surface temperature with altitude. T0(y) 
describes the geotherm in the absence of any surface 
perturbations, and can be fixed according to the temperature 
at the surface and at the lower boundary of a slab (see Eq. 
(23), Mancktelow et al., 1997). 

During the period when a set of samples passing through 
their closure temperature (Tc), if the paleotopography 
maintains its shape and the subsurface thermal field is 
invariant with time, the isotherm of Tc maintains its shape 
and depth. Assuming the exhumation rate (u) is constant, the 
difference in the depth of paleoisotherm of Tc at the 

horizontal position of two samples, Sample1 (Age1, 
Elevation1) and Sample2 (Age2, Elevation2), is 

Dh=u(Age1-Age2)-(Elevation1- Elevation 2)                     
(4) 

 

The shape of paleoisotherm is determined by Eq. (4) and 
the average depth of paleoisotherm ( y ) can be estimated 
through the following equation: 

c0 T)y(T =                                 (5) 

Thus, the depth of paleoisotherm at the horizontal 
position of each sample can be obtained. Then, for each 
sample, we have: 

cii T)y,x(T =                                (6) 

Where, xi and yi are the horizontal position and the 
depth of paleoisotherm at the position of the i-th sample 
respectively. Expanding Eq. (6), a system of linear equations 
with unknown values of an and bn (0≤n≤N) as variables is 
obtained. These unknown values can be fitted by multiple 
linear regression. Then an and bn (0≤n≤N) can be used in Eq. 
(1) and the paleotopography is reconstructed. 

The calculated paleoisotherm (by Eq. (4) and Eq. (5)) 
can also be broken down into different wave components in 
the form as in Eq. (1). Given that samples were sampled at 
equal interval and one standard errors of all sample ages were 
the same, it can be proven that, if the actual amplitude of a 
wave component in the paleoisotherm is zero, the 
corresponding calculated amplitude (e.g. cn) satisfy the 
following formula and may be much great than zero. 

)2(~
/2

2

2

s

!
"
"

#

$

%
%

&

'

Nuó

c
n                                (7) 

Where, u is the exhumation rate, σ is one standard 
error of sample ages, Ns is the number of the samples, χ2(2) is 
Chi-square distribution. Therefore, if a calculated amplitude 
is small, it may be noises induced by limited sampling 
density and uncertainties in the sample ages. Based on model 
experiments and formula (7), a threshold value of 

s
N/u5.3 !=TV                                 (8) 

is selected to help us discern whether a wave component of 
the calculated paleoisotherm is noise or not, i.e., if the cn 
>TV, then the corresponding wave component of the 
calculated paleoisotherm can be thought to be discernible 
from noises. The wavelength of the shortest discernible wave 
component of the calculated paleoisotherm is named as the 
precision of topography reconstruction (PTR) and all wave 
components of the topography whose wavelengths exceed the 
PTR should be reconstructed. 

According to model experiments, if the samples do not 
come from locations of the same height, an exhumation rate 
other than the real value is inclined to boost up the short 
wave components much more than that of long wave 
components of the calculated paleoisotherm. This will lead to 
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a ‘rougher’ calculated paleoisotherm than the real one, as 
shown in Fig. 1, where the real exhumation rate is 50m/Myr.  

u=30m/Myr 

u=50m/Myr 

u=80m/Myr 

 

Figure 1: If the samples do not come from locations of the 
same height, an exhumation rate (u) other than the real one 
(50m/Myr) is inclined to boost up the amplitude of short 
wave components much more than that of long wave 
components of the calculated isotherm and lead to the 
calculated paleoisotherm rougher than the real 
paleoisotherm. 

Therefore, a smoother calculated paleoisotherm is usually 
(although not always) more preferred. For a given dataset and 
different exhumation rates (e.g. u1, u2), the corresponding 
PTRs (e.g. PTR1, PTR2) can be determined by the threshold 
value. After eliminating the wave components, whose 
wavelengths are shorter than the PTR, of the calculated 
paleoisotherm, smoothed paleoisotherms are obtained. 

(a) If PTR1>PTR2, the smoothed paleoisotherm with u1 
contains less short wave components and is therefore 
smoother, then u1 is preferred.  

(b) If PTR1=PTR2=PTR, reconstructing the topography 
with u1 and u2 respectively, and calculating the corresponding 
root mean square (RMS) of the difference between the 
predicted and the observed ages: 
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Where, Agepi and Ageoi are the predicted and observed 
ages for the i-th sample, respectively. Note that RMS is the 
‘distance’ between the calculated paleoisotherm and the 
smoothed paleoisotherm, a small RMS means the short wave 
components (<PTR) in the calculated paleoisotherm are less 
remarkable and the calculated paleoisotherm is smoother, so 
the corresponding exhumation rate is more preferred. 
 
The example of the Sierra Nevada, California 

One of the most successful attempts to directly constrain 
the paleotopography by low-temperature thermo-
chronological data was undertaken by House et al. (1998) in 
Sierra Nevada of northern California. In the study, 36 
samples were collected at the approximately same height of 
2km along a 200km range-parallel transect. As shown in Fig. 
2a, the average sampling interval is about 6km and most of 
the mean apatite (U-Th)/He ages range from 50 to 80 Myr. 
The one standard error of sample age is approximately 3Myr. 

We reinterpret the data of House et al. (1998) using our 
methods. The parameters are set as: the surface temperature 

Ts=0oC, the thickness of the layer being exhumed L=100km, 
κ=10-6 m2/s, ф=-4.5oC. Because heat production is not 
considered in this model, the temperature at low boundary is 
set as TL=2500� to ensure a near surface geothermal gradient 
of 25oC/km or so. In addition, we assumed that the closure 
temperature of apatite (U-Th)/He thermochronological 
system is 75oC (e.g., Wolf et al., 1996). 

The exhumation rate in this area is between 40m/Myr-
100m/Myr (House et al., 1998; Braun 2002b). We first select 
an exhumation rate of 40m/Myr, and calculate the 75oC 
paleoisotherm, as shown in Fig. 2b. Under this circumstance, 
the threshold value is 0.074km, so the PTR is 38.5km. Same 
value of the PTR is also obtained when the exhumation rate 
is set anywhere between 10-100 m/Myr. 

We try to constrain the exhumation rate while 
reconstructing the paleotopography. As shown in Fig. 2c, the 
exhumation rate should not be less than 40m/Myr. However, 
the RMS is not affected significantly by the change in 
exhumation rate when the exhumation rate is greater than 
40m/Myr. Therefore, the exhumation rate cannot be well 
constrained with this dataset. 

The topography at 50-80Ma was reconstructed for 
different exhumation rates, as shown in Fig. 2d. If 
exhumation rate is 40m/Myr, the paleorelief would be 2-3km, 
and an exhumation rate of 100m/My would give a relief of 4-
6km. Nevertheless, the reconstructed topography has a larger 
relief compared to the present-day topography. In addition to 
paleorelief, other valuable information on the 
paleotopography of the studied area can be revealed. For 
example, by comparing the current topography and the 
reconstructed topography, we note that the ancient mountain 
ridge between valley S and K is narrower than its current 
state. 

 
Conclusions 

In the tectonically stable region, assuming the 
paleotopography maintains its shape and the thermal field is 
invariant with time during the period when a set of samples 
passing through the closure temperature, the shape of 
paleotopography can be reconstructed from the 
paleoisotherm derived from the low temperature 
thermochronological data. While deriving paleoisotherm and 
reconstructing paleotopography, the exhumation rate may be 
constrained. 

Because of the inherent uncertainties in sample age and 
the limited sampling density, errors are inevitable in the 
calculated paleoisotherm. If amplitudes of the wave 
components of the calculated paleoisotherm are small, they 
may be noises induced by uncertainties in the sample ages 
and should be eliminated from the calculated paleoisotherm 
while reconstructing paleotopography. A threshold value, 
based on model tests and the statistic characteristics of the 
calculated amplitudes, is needed to help us discern whether a 
wave component of the calculated paleoisotherm is noise or 
not. 

By reinterpreting the (U-Th)/He data from Sierra 
Nevada, California, we show that this method can reveal 
more details, in addition to the relief (i.e. the unevenness), of 
the paleotopography. 
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Figure 2: Application to Sierra Nevada. (a) Apatite (U-Th)/He ages from a transect through the Sierra Nevada (House et al., 1998) 
and the predicted ages for different exhumation rates. (b) The amplitudes of wave components of the 75� isotherm calculated from 
the (U-Th)/He age and a exhumation rate of 40m/Myr. (c) The RMS of the difference between the predicted and the observed ages for 
different exhumation rates. (d) The present-day topography and the reconstructed topographies for different exhumation rates. T, S, 
M and K are four valleys in the transect. 
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Introduction 

This experiment aims to investigate the range deficit of 
etched ion tracks in co-irradiated apatite and a muscovite 
external detector, its implications on the track formation and 
the influences on track observation. For this purpose a wedge 
shaped Durango apatite and a muscovite track detector at the 
back is irradiated with 132Xe- and 238U-ions with kinetic 
energies of 11.1 MeV/u at the GSI in Darmstadt 
(Gesellschaft für Schwerionenforschung). The created ion 
tracks are similar to fission tracks. The apatite wedge as 
irradiation target is used to investigate at which condition 
after etching an ion track becomes visible at the back of the 
apatite and/or in the muscovite external detector.  The 
frequency distributions of ion tracks in both materials are 
used to investigate the registration thresholds of apatite and 
in muscovite. Besides this quantification, the etch pits at the 
ion track extremities are correlated with fission track 
intermittencies. The numerical range calculations are 
performed with SRIM (Stopping and Range of Ions in 
Matter; Ziegler et al.,1985 and Ziegler, 2008). 
 
Experiment 

A thin 0.5 cm² basal section of a Durango apatite crystal 
is embedded in epoxy resin and the exposed surface is 
ground and polished with a Struers® RotoPol-35 using 
standard techniques. Next, the polished surface is covered 
with tape and embedded again in epoxy resin at a small 
inclination. Afterwards the mount is ground and polished on 
the reverse side to produce an apatite wedge with a thickness 
ranging from 40 µm to 200 µm.  

A muscovite external detector is mounted at the back of 
the wedge and the whole is irradiated with 2.0 × 106 /cm² 
11.1 MeV/amu 132Xe and 238U ions perpendicular to the back 
of the wedge. The ion range is about 80 µm, so that there is 
no need to use degraders. After irradiation the apatite wedge 
is etched for 15 sec in 5.5M HNO3 at 25.0±0.2°C and the 
muscovite external detector is etched in two steps: at first for 
60 min and later for additional 120 min in 40% HF at room 
temperature. 

For evaluation of the irradiated mount an Olympus® 
BX 51 optical microscope together with an SIS Altra 20 
CMOS camera is used. At first, incident light images of the 
muscovite are taken at a magnification of 200x covering the 
whole area of the apatite wedge. Then, the images are used to 
create a single mosaic by using the “Merge”-module of 
Adobe® Photoshop™ CS2. A stack of 6 exposures each with 
a different focus depth, is used to create a sharp composite 
image by using the free software CombineZM by Alan 
Hadley. All images were taken under incident light with 
immersion oil (n=1.516) at the same magnification (200×) as 

for the muscovite. Again a mosaic of the composite images is 
generated as described above comprising the total area of the 
apatite wedge. Before starting the coincidence mapping both 
mosaic images of the muscovite and apatite have to be 
manually arranged to fit to each other. The edges of the 
apatite wedge and a distinct crack are used as reference 
points. The expected 1-to-1 correlation between apatite and 
external detector is diffiult to achieve partly due to different 
etch pit sizes and shapes, but mainly to a small distortion 
induced by the composite images. However, it is possible to 
get a 2D consistency within less than 2 µm offset. 

The total investigated area in apatite and muscovite is 
about 962’586 µm². These areas are divided into 18 identical 
AOI’s (Areas Of Interest), each of them 17.7 µm by 3026.7 
µm or 53’475 µm²; with AOI 1 at the thickest and AOI 18 at 
the thinnest position. 

The true apatite thickness over the AOI’s is determined 
under the microscope using the z-scale. It ranges from 65 µm 
at AOI 18 to 98 µm at AOI 1. According to SRIM’s mean ion 
range calculation in apatite for Xe ≈76.3 µm and U ≈81.1 µm 
the occurrence of etchable tracks from both ions should be 
granted. 

The Durango apatite has not been pre-annealed before 
ion irradiation so that the measured density of etch pits ρi has 
to be corrected for spontaneous track density ρs which was 
determined in an area free of ion tracks, e.g. where the apatite 
thickness exceeds 85 µm. 

The number of etch pits is manually counted in each 
AOI in apatite and muscovite resulting in track density 
distributions for both materials. 

In the muscovite external detector, the track density in 
each AOI is counted twice, after 60 min and after 180 min 
etch time. After the first etching, the etch pits’ area is small 
about 2.1 µm² and its typical rhombic shape is hard to 
identify even at higher magnification (1000x). After the 
second etching the area has increased to 21.4 µm² with 
perfectly shaped rhombic etch pits. 

After the second etching superposition of tracks 
especially at higher track densities leads to an 
underestimation of the true track density. The larger the etch 
pits the higher the probability of overlap. 
The density distributions of tracks in apatite and in muscovite 
external detector across the wedge are shown in figure 1. The 
trend is fitted by a Boltzmann equation in the form: 
 

f(x) = A2 + (A1 - A2)/(1 + e(x - x
0
)/dx) 

 
while A1 and A2 determine the lower and upper limit and the 
inflection point is given by [x0; (A1+A2)/2]. 
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Figure 1: Frequency distribution of etched ion tracks registered on the backside of a Durango apatite wedge and its co-irradiated 
muscovite external detector. Boltzmann best-fit curves were generated for interpolation. The dotted line represents the occurrence of 
“anomalous” etch pits. 
 

 
 
Figure 2a, b: Expected offset between Xe and U ion tracks at the back of a Durango apatite wedge and the co-irradiated muscovite 
external detector simulated by using SRIM (2008) by Ziegler. 
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It is known that etched induced fission tracks registered 
in muscovite (mu) are longer than in apatite (ap) given by the 
mean length ratio ap/mu ≈ 0.960 + 0.007 (Jonckheere, 2003). 
In contrast to this observation in our experiment the etching 
threshold of the ion tracks is lower in apatite than in 
muscovite. The measured offset between the margins of the 
etched regions in apatite and muscovite is about 13.2 µm, 
which is correlated to an effective range deficit of about 1.37 
µm. This could be an indication that ion tracks that exit the 
detector react differently under the same etching conditions 
than tracks confined within the host material. 

According to the SRIM calculations shown in Figure 2a, 
b and the unequal mean range of Xe- and U-ions  is expected 
to create a two-stepped rise in the cumulative range 
distribution (Figure 2b). However, from AOI 1 to 18 only 
one rise in the number of tracks can be recognized, although 
the measured track density of ≈ 4.0 × 106 tracks/cm² at AOI 
18 corresponds to the expected combined track density from 
both irradiations which mean that both the Xe- and U-ion 
tracks were counted. Assuming that the theoretical 
calculation of SRIM are valid, one explanation might be that 
Xe- and U-ion tracks have different etching behaviour so that 
the distributions of their etched track lengths overlap. 
 
Observations 

The general hexagonal shape of the etch pits is typical 
for a basal apatite surface. Besides the fact of a single track 
density step across the apatite wedge, several interesting 
observations can be made. The ion track distribution across 
the wedge from thick to thin comprises a first small zone of 
spurious track etch pits followed by a zone from whereon the 
number of tracks rises until a maximum is reached. Further, 

the apatite structure is totally perforated by ion tracks which 
lead after the etching process to a total structural failure of 
the apatite crystal lattice. In this area the number of tracks 
cannot be determined because the etch pits have developed 
into large hole clusters. 

The most interesting zone in both the apatite wedge and 
the muscovite external detector is the area where the first ion 
tracks become visible, i.e. they are etched, and the wedge 
thickness equals the maximum ion track range. Tracks within 
this zone show unique properties compared to the known 
regular etch pits. In general they are smaller and shallower, 
but also the inner pattern of these etch pits differs. They 
appear unlike a single etch pit discontinuously etched with a 
normal big etch pit outside and up to 1 to 3 smaller 
successive pits inside. Especially the smallest etch pits have 
no etched track channel or it is often randomly oblique and 
displaced from the etch centre which is in strong contrast to 
the expected and observed regular bigger etch pits resulted by 
the ion irradiation perpendicular to the surface.  

These features could be linked to known physical 
effects that occur at ion track terminations close to the 
nuclear stopping regime. There, the straggling effect causes 
an irregular ion-path direction that might be responsible for 
asymmetric etch pit shapes and the discontinuous etch effect 
can be an indication for the occurrence of unetchable gaps at 
the end of an ion track (Figure 3a-d). There, the outermost 
etch pit corresponds to a first etchable track segment 
followed by a stable unetchable track segment arresting 
etching along the ion track for a moment before continuing to 
etch the following deeper track segment and so on (Green et 
al. 1986, Carlson, 1993). 

 

 
 
Figure 3a-d: “Anomalous”, discontinuously etched track pits at the back of an ion-irradiated Durango apatite wedge. a) Plan view; 
b) Profile; c) SEM image of the muscovite surface after etching for 3h in 40% HF ; d) Nomarski incident light differential interference 
contrast image of apatite basal section. 
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Introduction 

Monazite [Ce,La,REE(PO4)] contains a suitable amount 
of uranium for isotopic and chemical dating with the FT, 
U/Th-Pb and U/Th-He methods and is thus a promising 
mineral for both multi-method and multi-mineral 
geochronology. This contribution reports data related to its 
potential for reconstructing the low-temperature thermal 
histories of geological samples from confined fission-track 
length measurements. The low fossil track densities for 
uranium concentrations of the order of ~1% argue for a low 
track retention temperature of monazite (Shukoljukov and 
Komarov, 1970). A high annealing rate is also supported by 
the fact that the mean length (~10 µm) of the fossil confined 
tracks in ~1 Ma monazite (Figure 1) is much shorter than the 
calculated length of the latent tracks (~19 µm; SRIM 2008; 
Ziegler et al., 2008).  

 

 
 

Figure 1: Transmitted-light photomicrograph of fossil fission 
tracks in a ca. 1Ma monazite of unknown provenance 
 

It is also known that monazite is capable of a 
considerable measure of self-repair at low temperatures 
(Weber et al., 1998). The present aim is not to establish 
definitive equations describing the fission-track annealing 
kinetics but to provide a first numerical estimate of the 
temperature range within which fission track annealing takes 
place. To this end, annealing experiments were performed on 
300 MeV 86Kr-ion tracks from an ion accelerator and 
annealing equations were fitted based on assumed similarities 
with apatite. 
 
Experiment 

The monazite crystal used in the experiments is a 
(Ce(Nd,La))-phosphate with substantial Si/P substitution, 
from a pegmatite near Antsirabe (Madagascar). The 
monoclinic crystal was cut into sections parallel to the 
prominent (100)-face. These sections were heated at 400 °C 

for 24 h to erase the self-irradiation damage and fossil fission 
tracks, mounted in epoxy resin and polished. The sample set 
was irradiated at the HMI in Berlin with ~1.5 106 cm-2 300 
MeV 86Kr ions at 50° from the normal to the surface. Three 
isochronal (1h; 20h; 100h) annealing sequences were 
performed. 

 

 
 
Figure 2: Composite transmitted light photomicrograph of 
etched Kr-tracks in monazite 
 

Shukoljukov and Komarov (1970) etched fossil and 
induced fission tracks in monazite for 20-25 min in 37% HCl 
at 90°C and similar conditions were used in more recent 
experiments (Fayon et al., 2005; Gleadow et al., 2005). 
However, it cannot be ruled out that some annealing of the 
tracks takes place at 90°C and it is difficult to avoid 
evaporation of the acid for more than a few minutes in an 
open beaker. Experiments aimed at establishing more 
suitable etching conditions led us to settle for a temperature 
of 50°C and an etching time of 18 h (Figure 2). It is not 
certain that these conditions are more favourable in terms of 
track annealing since it can be assumed that annealing and 
etching follow similar rate laws. The resulting annealing 
equations nevertheless suggest that the selected etch has 
somewhat less effect on the length of induced tracks that the 
etch used by Shukoljukov and Komarov (1970). 

 
Results 

Figure 3 shows the track length distribution for the 
unannealed sample superimposed on a range calculation of 
300 MeV 86Kr-ions in monazite (SRIM 2008; Ziegler et al., 
2008). It appears that the mean unannealed etched track 
length is ~5.5 µm shorter than the calculated latent track 
length. No more than ~1 µm of this difference can be 
ascribed to annealing before or during etching; the remaining 
~4.5 µm must then be interpreted as a length deficit 
(Fleischer et al., 1975). Recent data suggest that the length-
deficit is inversely correlated with the atomic mass of the 
track-forming particle (Weise et al., 2006; Guedes et al., 
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2008). It is therefore considered that the value for a track 
from an average light fission fragment is somewhat less than 
~4.5 µm and that for a track from a representative heavy 
fission fragment is somewhat less again (Table 3). Using this 
relationship, the total length deficit for a fresh fission track in 
monazite is estimated to be 6-7 µm. The calculated mean 
length of a latent fission track in monazite is ~19 µm, giving 
a mean etchable length for induced fission tracks of ~12-13 
µm. This benchmark is broadly consistent with the measured 
length of fossil confined tracks (~10 µm). 

 

 
 
Figure 3. Length distribution of etched Kr-tracks in monazite; 
range (R) and linear energy transfer from the projectile to the 
target; [dE/dx]e: electronic; [dE/dx]n: nuclear; [dE/dx]t: total; 
[dE/dx]c: etching threshold; N = number of measured lengths; l 
= mean and s = standard deviation of the length distribution; 
Δlt = ¼ µm. 

 

 
 
Figure 4. Length distribution of etched Kr-tracks in monazite; 
range (R) and linear energy transfer from the projectile to the 
target; [dE/dx]e: electronic; [dE/dx]n: nuclear; [dE/dx]t: total; 
[dE/dx]c: etching threshold; N = number of measured lengths; l 
= mean and s = standard deviation of the length distribution; 
Δlt = ¼ µm. 
 
 

The standard deviations of the track-length distributions 
are consistent with a common mean of ~0.7 µm. A single- or 
two-segment linear fit suggest a small increase with decreasing 
mean length (Figure 4) although the scatter is too great for 
meaningful correlations. The standard deviation is close to the 
calculated straggle of 300 MeV 86Kr in monazite (0.54 µm; 
SRIM 2008). From the calculated straggling of the fission 
fragments, it is predicted that the standard deviation of the 
fission-track length distribution in monazite will be in excess of 
[0.622 + 0.522]1/2 = ~0.8 µm. This is comparable to the value for 
tracks of fixed orientation in apatite (Donelick et al., 1999; 
Ketcham et al., 2007) and just below the value for fossil tracks 
in monazite (1.1 µm; K. Gögen, unpublished).  
 
Conclusions 

The starting point for fitting annealing equations is the 
accepted fanning linear model for apatite (Laslett et al., 1987): 

 
 g(l, CG) = f(t, T, CF)   (1) 

with:  g(l, CG) = [((1-rβ)/β)α -1]/α   (2) 

 f(t, T, CF) = C0 + C1 [ln (t) - C2] / [(1/T) - C3]   (3) 

Because 300 MeV Kr-ions have higher initial kinetic 
energies than fission fragments, their ion tracks are longer. The 
absolute or relative lengths of the shortened Kr-tracks are thus 
not comparable to those of fission tracks annealed under the 
same conditions. The shortening of the Kr tracks is 
nevertheless expected to be the same as at the end of semi-
tracks from light fission-fragments. For this reason and based 
on data driven statistical simplifications:  
 g(l, CG)  = Δl = l0 - l  (4) 

C3 is set to 0, so that: 

 Δl = C0 + C1T [ln(t) - C2]  (5) 

In order to facilitate fitting with standard procedures (5) was re-
parameterised to a linear model (with C'2 = -C1C2): 
 
 Δl = C0 + C1T ln(t) - C'2 T  (6) 

A least squares fit gives C0 = -3.35±0.32, C1 = 
0.000209±0.000062 and C'2 = 0.00860±0.00082, with a 
correlation coefficient r = 0.90 (r2 = 0.81), indicating a good 
agreement between the observed and fitted lengths. Certain 
more complex models give a better fit and an increased 
correlation coefficient (up to r2 = 0.86) and less structured 
residuals but the greater number of fitted parameters involved 
leads to larger prediction errors for the extrapolation to 
geological timescales. 

 

 
 
Figure 5: Arrhenius diagram of the length reduction of Kr-
tracks in monazite as a function of annealing temperature (T) 
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and duration (t); black symbols: experiments; horizontal bars: 
predicted uncertainties (1σ). The dashed lines represent 
corresponding data for a representative low-Cl apatite [rmr0 = 
0.80; κ = 0.24]; 

 
Figure 5 shows model (6) fitted to the data in an 

Arrhenius-plot and its extrapolation to geological timescales. If 
within the limits of the present first-order approximation, 86Kr-
ion tracks are considered representative for both the light and 
heavy fission-fragment tracks, then extrapolation of the 
monazite annealing data predicts that: (1) track accumulation 
in geological samples sets in at <100°C; (2) the initial 
etchable track length is 12-13 µm; (3) upon annealing, ~5 µm 
length reduction takes place before the appearance of 
unetchable gaps and ensuing erasure of the tracks; (4) on a 
geological time scale, ~2.5 µm shortening can take place at 
ambient and lower temperature (<20°C) and (5) another ~2.5 
µm occurs under the annealing conditions prevailing in the 
earth's upper crust (20-100°C); (6) the fission-track closure 
temperature (TC; Dodson, 1973; 1979) is in all likelihood 
<50°C and perhaps not much above ambient. On a practical 
level: (7) elevated etching temperatures can cause a 
shortening of the induced tracks but have no effect on the 
fossil tracks; (8) the etching conditions led us to 
underestimate l0 by < 1 µm. 

 
The absence of a (virtual) total stability zone might make 

the calculation and interpretation of monazite fission-track ages 
more ambiguous than for other minerals. The short range of 
"geological" length reduction combined with a similar length 
resolution (standard deviation of the track length distribution) 
as in apatite might conspire to render the modelled thermal 
histories less informative than is the case for apatite.  
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Advances in our understanding of the coupling between 
tectonics and surface processes have shown that erosion and 
sedimentation do not simply respond passively to tectonics 
but have a significant impact on the tectonic evolution of 
compressional belts. Recent studies using numerical 
modelling demonstrate the interaction between belt 
deformation and surface mass transfer. Results indicate that 
high rates of surface processes promote (1) development of 
the foreland basin;  (2) widespread exhumation of the fold-
thrust belt; and (3) eventual draping and slowing of frontal 
thrust propagation. This study focuses on the Southern 
Pyrenean thrust system, where the halting of thrust belt 
advance is synchronous with the deposition of a thick 
piedmont of conglomerate over the foreland fold-thrust belt 
during the Oligocene.  This study area thus provides an 
excellent field test of numerical models of fold-thrust belt 
evolution and helps to answer the question “What causes a 
Mountain belt to cease frontal tectonic propagation and 
become buried in its own detritus?” 

As part of a broader sediment routing systems project, 
we use detrital zircon fission track thermochronology from 
samples taken from wedge-top basins of the Spanish 
Pyrenees. This strategy of work helps to constrain sediment 

provenance and rates and patterns of exhumation and aids 
understanding of the entire integrated erosion-transport-
depositional system from source to sink. 

The new detrital zircon fission track ages obtained in 
this study can be divided into four basic tectonic events 
which have been previously described for the Pyrenees: the 
main orogenic phase (~50-30 Ma); the early orogenic phase 
(~90-50 Ma); the opening of the Bay of Biscay (~110-90 
Ma); and the Hercynian period (~340-290 Ma). Preliminary 
results allow calculation of lag times and exhumation rates 
which indicate an increase in the rate of exhumation at ~50 
Ma and between ~40-35 Ma. The sequence of events 
revealed here, indicate that rapid exhumation during the late 
Eocene, succeeded by deposition of substantial conglomerate 
units, precedes halting of the deformation front during the 
late Oligocene. Further data are required to fully constrain 
the detailed temporal evolution of events. However, these 
new data provide  an insight into the control of surface 
processes on the dynamics of frontal thrust propagation and 
cessation in the Pyrenees and indicate that surface processes 
can actively influence tectonics rather than responding 
passively to the tectonic signal, as is commonly perceived. 
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Fuerteventura is the second largest and easternmost of 
the Canary Islands. It forms together with the island of 
Lanzarote and the submarine Conception Bank the emergent 
crest of the so called Eastern Canary Ridge (Fig. 1). The 
island is built out of three volcanic complexes. Southwards 
two additional submarine edifices are known and the island 
of Lanzarote to the north also consists of two volcanic 
complexes. These volcanoes form a northeast-southwest 
oriented volcanic structure that runs sub-parallel to the 
African coast and to the trend of ocean floor spreading. It is 
further the oldest of the islands and the stratigraphy preserved 
in the Basal Complex on its western side extends from the 
Jurassic to the Miocene. The suite contains oceanic sediments 
of Mesozoic and Cenozoic age, volcanic materials, and 
several types of intrusions, as well as several generations of 
dyke swarms crosscutting most of these materials (Muñoz; 
2005, Fernandez et al., 2006). The time of the beginning of 
magmatic activity in the Canary archipelago and hence the 
onset of the islands growth has been a subject of interest for a 
long time. While some authors dated the onset of the 
magmatism to late Cretaceous – early Palaeocene (Robertson 
and Stillman, 1979; LeBas et al. 1986; Balogh et al. 1999) 
others claimed that it was initiated in the Oligocene (Fuster et 
al., 1980; Cantagrel et al.,1993; Sagredo et al. 1996, Muñoz, 
2005). Ancochea et al. (1996) showed that massive shield 
stage volcanoes were built by subsequent subaerial volcanism 
in the early Miocene. Contrary to the younger western islands 
where the volcanoes are still preserved as high mountains 
such as the 4000 m high Mount Teide on Tenerife, 
Fuerteventura displays a subdued topography. The highest 
points rarely exceed 400 m. They are however estimated to 
have originally been up to 3300 m in altitude. The islands 
exhumation and erosional history is not very well understood 
and the processes that formed today’s surface are the subject 
of speculation and on-going research (Wipf et al. 2008). 
Thermochronometric data acquired through fission-track and 
(U-Th)/He analysis on the mineral phases apatite and zircon 
are presented. Intrusives as well as sediments were analysed 
and the obtained data provides important information that 
allows a better understanding of the islands exhumation 
history.  

 
Results and Discussion 

Apatite crystals from sediment samples have been dated 
with the apatite (U-Th-Sm)/He technique. The ages range 
from 15.4±0.9 to 18.8±1.5 Ma and the youngest grains of 
each of the two samples are within error indistinguishable 
(Fig. 2). Similarly apatite fission-track ages from sandstone 
samples (Fig. 2) are within error indistinguishable. The 
zircon (U-Th)/He ages for these samples are again very 
similar in age ranging from 19.9±1.6 to 18.0±1.4 Ma (Fig. 2). 
Zircon fission track ages were obtained on two of these 
sediment samples and are with 39.0±6.1 and 50.0±9.3 Ma 
also indistinguishable within error (Fig. 2). It is therefore 
concluded that the recorded cooling history is very similar for 
all these sediments. After passing through the zircon fission 
track closure temperature of 240 °C (10°C/Myr) at around 
50-40 Ma the Late Cretaceous sediments cooled very slowly 
at a rate of around 1.5-2.5 °C/My. At ~18 Ma the cooling 

rates increased to 20-30°C/My. The increase in the rate of 
cooling of these sediments occurs simultaneously with 
intrusions in the basal complex. As shown by basalt flows 
deposited at ~5 Ma on top of palaeosols covering the 
Cretaceous sediments they reached the surface prior to the 
Pliocene. 

 

 
Figure 1: Geological map of Fuerteventura after Ancochea 
et al. (1996). The inset refers to the basal complex presented 
in more detail in Figure 2. 
 

The cooling paths for the two sampled magmatic rock 
bodies can be constrained very well as these samples have 
been dated by five dating techniques respectively. They yield 
very reproducible He ages for apatite of 12.5±0.8 and 
13.5±0.9 Ma and for zircon of 13.3±1.1 and 15.0±1.2 Ma. 
Apatite fission-track ages are 12.0±2.1 and 14.0±2.1 and 
zircon fission-track analysis gives ages of 15.6±3.6 and 
19.3±2.3Ma. According to Balogh et al. (1999) these rocks 
have hornblende and whole rock K-Ar ages of 18.7-21.0 Ma 
confirming that they are intrusives significantly younger than 
Late Cretaceous. It is interesting to observe that the ages 
obtained for two dykes also fall into the same time frame. All 
these intrusives are likely to be associated with the Central 
Volcanic Centre that according to Ancochea et al. 1996 has 
an age of 21.5-14.7 Ma. The intrusive rock bodies have 
cooled through their respective closure temperatures very 
rapidly at rates of ~50-65°C/My. At ~14 Ma this cooling rate 
slowed down significantly. It is however very difficult to 
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convert these cooling rates into rates of uplift and erosion as 
it is unclear at which depth the intrusions occurred and up to 
which altitudes the volcanic centre had been built on top of 
them. The exact timing when these rocks reached the surface 
is unclear because unlike the sediments no dated basalt flows 
have been observed overlying these intrusive bodies. Based 
on the similarity with the cooling path of the sediments it is 
assumed however that the intrusive also were at the surface at 
~5 Ma.  

The cooling history of the intrusives was decoupled 
from the sediments at ~19-16 Ma. Fernandez et al. (2006) 
and Ancochea et al. (1996) showed that long lived Miocene 
activity affected the Basal Complex of Fuerteventura. Listric 
faults have been described by Fernandez et al. (2006) and 
Muñoz (2003) in the area of the basal complex and could 
explain the observed thermochronometric data. Tectonic 
activities along these faults around 20-17 Ma have been 
reported by Fernandez et al. (2006) as well as by Ancochea 
(1996). Subsequently tectonic activities lead to the ascent of 
the plutonic cores of the large Miocene volcanoes to the level 
where they are exposed today. Additional erosion and the 
possible lateral collapse triggered by these listric faults 
helped further in unroofing the Miocene edifices (Stillmann, 
1999).  

The low-temperature thermochronometry presented is 
in contradiction to apatite fission track ages reported by de 
Ignacio et al. (2002). The two ages of 25.4±3.5 and 29.3±3.6 
Ma from an alkaline pluton in north-western Fuerteventura 
indicate in combination with K-Ar ages also rapid 
exhumation. The ages are however clearly older than the data 
obtained in this study from central Fuerteventura and are 
difficult to incorporate into the cooling history observed in 
central Fuerteventura. It is concluded that the exhumation of 
Fuerteventura is more heterogeneous and complex than 
previously believed.  
The relatively low values for the χ2 test for the zircon fission-
track data of the sediments indicate that they have been 
partially reset. The upper limit of the observed ages is ~100-
80 Ma while the younger ages are middle to upper Eocene 

(~45-40 Ma). These sediments are believed to be turbiditic 
material with Albian depositional ages (Steiner et al., 1998) 
and the Cretaceous fission-track ages are therefore probably 
only slightly reset. The young Eocene ages on the other hand 
are likely to represent a thermal event that caused a resetting 
of the respective grains. According to several authors (Fuster 
et al., 1980; 1984; Le Bas et al., 1986, Ibarrola et al., 1989; 
Ancochea et al., 1996) the initial island forming phase of 
submarine volcanism occurred at 36.3-29.0 Ma. This initial 
phase is assumed to have been accompanied by significant 
regional heating that lead to the observed partial resetting of 
the zircon fission-track ages.  
  
Conclusion 

Thermochronometric data obtained from Cretaceous 
sediments of the Basal Complex show a slow cooling rate of 
1.5-2.5°C/My from ~40-18 Ma. Later this rate increased to 
20-30°C/My. The increase occurred simultaneously with 
intrusions associated with the central volcanic complex of 
Fuerteventura that has an age of 21.5-14.7 Ma. The 
thermochronometric data obtained for these intrusives 
indicate a phase of rapid cooling in the order of 50-65°C/Myr 
starting at ~20-17 Ma. At around this time the exhumation of 
the intrusive bodies was also decoupled from the sediments. 
This decoupling is likely to be initiated by early Miocene 
tectonic activity along listric faults located within the basal 
complex. Subsequent enhanced erosion as well as lateral 
collapse lead to the unroofing of the Miocene central 
volcanic complex (Stillmann, 1999). The data further 
indicates that the rate of cooling slowed down to ~3-6°C/My 
at ~15 Ma for both sediments and intrusives before the rock 
bodies reached the surface in the early Pliocene. 
Zircon fission-track data indicates a reheating event in the 
Eocene. This event is likely to be linked with the initial 
island forming phase through submarine volcanism that 
occurred at 36.3-29.0 Ma. The thermal input was however 
not sufficient to fully reset the zircon fission-track ages and 
older ages are still preserved. 

 
 

 
 

Figure 2: Geological map of the Basal Complex of Fuerteventura after Fúster et al. (1984) with modifications by Muñoz et al. (2003). 
Sample locations as well as thermochronometric results (Wipf et al, 2008) have been added for dateable thermochronometric systems. 
* Fu-02-07 apatite fission-track age is based on one grain only and **Fu-04-07 apatite (U-Th-Sm)/He age is unrealistically high. 
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The timing of the exhumation in central Fuerteventura 
obtained is in contradiction to data reported in a previous 
study (de Ignacio et al., 2002) from the north-western part of 
the island. This implies that the exhumation and/or tectonic 
history of the island is more complicated than previously 
believed and needs to be studied further. 
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Rutile (U-Th-Sm)/He Thermochronology 

Although the established (U-Th-Sm)/He thermo-
chronometers, apatite, titanite, and zircon, are common 
accessory minerals in many geological settings, (U-Th-
Sm)/He application has typically been limited to felsic to 
intermediate intrusive rocks and siliciclastic sedimentary 
samples. A metamorphic accessory-phase thermo-
chronometer could provide an important new tool to 
constrain the thermal histories of high-pressure and high-
temperature metamorphic terranes.  Rutile (TiO2) is such a 
promising thermochronometer since it is U-, Th- and Sm- 
bearing, resistant to weathering, and a common accessory 
mineral in alkali-rich magmatic and high-grade metamorphic 
rocks (Mezger et al., 1989).  The main attraction of rutile is 
its presence in the latter lithologic setting, i.e. high-pressure 
and high-temperature rocks (HP and HT), such as eclogites, 
granulites and blueschists.  In the past, time-temperature (T-t) 
histories of metamorphic rocks have been primarily 
constrained by the 40Ar/39Ar method, but for HP metamorphic 
rocks excess radiogenic 40Ar is consistently a problem 
(Kelley, 2002).  

The development and calibration of any new (U-Th-
Sm)/He thermochronometer is dependent upon the precise 
and accurate knowledge of diffusion kinetics and any 
mineral-specific physical or chemical characteristics that may 
affect diffusion kinetics.  Primary investigations must be 
followed by empirical calibration of long-term (>106 years) 
diffusion behavior to validate the experimentally determined 
He retentivity (e.g., Stockli and Farley, 2004). The research 
presented here focuses primarily on the latter step, empirical 
calibration of rutile as a (U-Th-Sm)/He thermochronometer 
by means of down-hole (U-Th-Sm)/He analysis of samples 
from the German Continental Deep Drill Hole (KTB).   
 
KTB Drill Hole  

The KTB drilling project consisted of two boreholes, a 
pilot hole (VB) and a main hole (HB), with the HB reaching 
a final depth of 9 km.  The temperature profile of the KTB is 
well documented with a maximum bottom-hole temperature 
of ~260ºC (Clauser et al., 1997).  The KTB lies on the 
western edge of the Bohemian Massif (BM) in the Zone of 
Ebendorf-Vohenstrauss (ZEV) (Figure 1).  The BM is 
composed of Variscan fault-bounded metamorphic terranes, 
which include the Saxothuringicum, Moldanubicum and 
Bohemicum, each having a distinct tectonic and metamorphic 
history (Hirschmann et al., 1997).  The ZEV is a series of 
stacked alternating metapelitic paragneisses and amphibolitic 
fault blocks, bounded by zones of reverse faulting (O’Brien 
et al., 1997) (Figure 2).  The post-Variscan thermal history of 
the drill hole has been thoroughly studied by means of apatite 
(Coyle et al., 1997) and titanite fission track (Hejl, et al., 
1997), 40Ar/39Ar (Warnock and Zeitler, 1998), K-Ar (Wagner 
et al., 1997) and titanite (U-Th)/He (Stockli and Farley, 
2004) thermochronology.  The lack of down hole variation in 
the high temperature thermochronometric analyses (~350 Ma 
for K-Ar and 40Ar/39Ar) provides evidence for slow cooling 
of unstacked metamorphic units (Warnock and Zeitler, 1998), 
while the fission track data record two periods of uplift and 
consequent stacking of the metamorphic units, in the Triassic 
and Cretaceous (Coyle et al., 1997, Hejl, et al., 1997).  The 
combination of bottom hole temperature, a well constrained 

thermal history, and presence of rutile as an accessory 
mineral in various amphibolite grade lithologic units makes 
the KTB borehole uniquely suited for in situ calibration of 
rutile diffusion kinetics and documentation of a natural rutile 
Helium partial retention zone (HePRZ).  Rutile (U-Th-
Sm)/He results also provide additional data on the 
intermediate temperature evolution of the KTB drill hole and 
will allow direct comparison with previous fission track, 
40Ar/39Ar, and (U-Th)/He thermochronology studies. 

 
Figure 1: Down hole profile of the KTB drill hole, including 
both the pilot hole (VB) and main drill hole (HB).  The 
simplified lithologic columns are after Hirschmann et al., 
1997 and display repetition of gneissic (g), variegated (v) 
and metabasic (b) units.  Major fault zones are noted on the 
far left and indentify the boundaries producing the stacked 
metamorphic units.  
 
Results 

Preliminary investigations of rutile as a (U-Th-Sm)/He 
thermochronometer estimate a rutile He closure temperature 
(Tc) of ~220-230ºC, with an activation energy (Ea) between 
40-45 kcal/mol (Crowhurst et al, 2002; Stockli et al., 2005).  
Diffusion experiments on samples adjacent to the KTB drill 
site from the Bohemian Massif (BM) and Erzgebirge (EGB) 
regions exhibit diffusion kinetics (Tc ~220-235°C and Ea 45-
47 kcal/mol) that are consistent with those of previous studies 
as well as reproducible rutile (U-Th-Sm)/He ages of ~190-
220 Ma for granulites from the BM region and ~250-270 Ma 
for granulites and eclogites from the EGB region (Figure 1).  
Similar to published titanite (U-Th)/He data (Stockli and 
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Farley, 2004), rutile and zircon (U-Th-Sm)/He ages young 
downhole, identifying the regions of partial He retention for 
both rutile and zircon.  The zircon data display a systematic 
decrease in ages from ~95 Ma at -52m to 1 Ma at -8080m 
and a well-behaved HePRZ.  While initial rutile data are less 
well behaved and show scatter in ages, the overall trend is 
promising with a decrease in ages from ~120 Ma near the 
surface to 3 Ma at -9000m.  Challenges with rutile (U-Th-
Sm)/He thermochronology, such as low parent nuclide 
concentrations (<2 ppm), chemically complex rutile (i.e. 
ilmenite lamellae) as well as rutile’s opaque nature, make 
routine (U-Th-Sm)/He analysis more intensive than apatite or 
zircon.  To overcome these challenges, each sample has been 
characterized in its petrologic and mineralogic context by 
thin section and SEM/BSEM analysis to identify any 
properties which may affect He diffusion and lead to 
unreliable ages.  Hypotheses to the age scatter seen in initial 
KTB rutile data include He implantation by a ‘bad’ neighbor 
such as zircon (e.g. Stockli and Farley, 2004) producing old 
ages or unseen cracks acting as a fast diffusion pathway 
producing young ages.  Another possibility under 
investigation is the amphibolite grade metamorphism of the 
KTB samples, which may produce chemically unstable rutile 
in comparison to granulite or eclogite grade rutile, which 
demonstrated reliable (U-Th-Sm)/He ages from the BM and 
EGB regions surrounding the KTB.   

 

  

 
 
Figure 2: Regional geologic map of KTB region and 
surrounding BM (modified from Franke, 1989), as well as 
sample localities used for rutile (U-Th-Sm)/He  

thermochronometry from eclogites and granulites in southern 
Bohemia and Erzgebirge.    

 
In addition to petrologic and mineralogic character-

ization of rutile for (U-Th-Sm)/He analysis from KTB 
samples, we are also experimentally quantifying He diffusion 
kinetics on selected samples from the KTB drill hole with the 
intention that a complete down-hole rutile (U-Th-Sm)/He age 
profile will confirm the laboratory determined He diffusion 
kinetics.  Along with empirical calibration of He diffusion 
kinetics the new zircon and rutile (U-Th-Sm)/He analyses 
presented here complement preexisting KTB thermo-
chronometric data (apatite and titanite FT and titanite (U-
Th)/He) and help further constrain the thermal history of the 
KTB drill hole and surrounding Variscan metamorphic 
blocks. 
 
References 
Blackburn, T., 2006, Development of new applications in volcanic 

(U-Th)/He geochronology, M.S. Thesis Kansas University. 
Clauser, C., Giese, P., Huenges, E., Kohl, T., Lehmann, H., Ryback, 

L., Safanda, J., Wilhelm, H., Windloff, K., Zoth, G., 1997.  The 
thermal regime of the crystalline continental crust : implications 
from the KTB.  Journal of Geophysical Research, v. 102, p. 18417-
18441. 

Coyle, D.A., Wagner, G.A., Hejl, E., Brown, R., and Van den Haute, 
P., 1997, The Cretaceous and younger thermal history of the KTB 
site (Germany). apatite fission-track data from the Vorbohrung. 
Geol. Rundschau, v.86, p. 203-209. 

Crowhurst, P., Farley, K., Ryan, C., Duddy, I., and Blacklock, K., 
2002, Potential of rutile as a U-Th-He thermochronometer.  
Geochimica et Cosmochimica Acta, v. 66, p. A-158. 

Franke, W., 1989, The Geological Framework of the KTB Drill Site, 
Oberpfalz, in the German Continental Deep Drilling Program  
(KTB), Eds. Emmerman, R. and Wohlenberg, J., Springer-Verlag, 
1989, p. 37-54. 

Hejl, E., Coyle, D., Nand Lal, P., Van den Haute, P., and Wagner, 
G.A., 1997, Fission-track dating of the western border of the 
Bohemian massif: thermochronology and tectonic implications. 
Geol. Rundschau, v. 86, p. 210-219. 

Hirschmann, G., Duyster, J., Harms, U., Kontny, A., Lapp, M., de 
Wall, H. & Zulauf, G. (1997). The KTB superdeep borehole: 
petrography and structure of a 9-km-deep crustal section. Geol. 
Rundsch , v. 86, p. 3-15. 

Kelley, S., 2002, Excess argon in K-Ar and Ar-Ar geochronology.  
Chemical Geology, v. 188, p. 1-22. 

Mezger, K., Hanson, G.N., and Bohlen, S.R., 1989, High-precision U-
Pb ages of metamorphic rutile: application to the cooling history of 
high-grade terranes.  Earth and Planetary Science Letters, v. 96, p. 
106-118. 

O’Brien, Patrick J., Duyster, Johannes, Grauert, Borwin, Chreyer, 
Werner, Stockhert, Bernhard and Weber, Klaus, 1997, Crustal 
evolution of the KTB drill site: From oldest relics to the late 
Hercynian granites.  Journal of Geophysical Research, v. 102, p. 
18203-18220. 

Stockli, D., Farley, K.A., Walker, J.D., Blackburn, T.J., 2005, Helium 
diffusion and (U–Th)/He thermochronometry of monazite and 
rutile, Geochimica et Cosmochimica Acta, v. 69, A8. 

Stockli, D. F. and Farley, K. A., 2004, Empirical constraints on the 
titanite (U-Th)/He partial retention zone from the KTB drill hole: 
Chemical Geology, v. 207, p. 223-236.   

Wagner, C. A., Coyle, D.A., Duyster, J., Henjes-Kunst, F., Peterek, 
A., Schroder, B., Stockhert, B., Wemmer, K., Zulauf, G., Ahrendt, 
H., Bischoff, R., Hejl, E., Jacobs, J., Menzel, D., Ll, N., Van den 
haute, P., Vercoutere, C., Welzel, B., 1997.  Post-Variscan thermal 
and tectonic evolution of the KTB site and its surroundings.  
Journal of Geophysical Research, v. 102, p. 18221-18232.  

Warnock, A.C. and Zeitler, P.K., 1998. 40Ar/39Ar thermochronometry 
of K-feldspar from the KTB borehole, Germany. Earth and 
Planetary Science Letters. 158, 67-79. 

 

 



 
In Garver, J.I., and Montario, M.J. (eds.), Proceedings from the 11th International Conference on thermochronometry, Anchorage 
Alaska, Sept. 2008. 
 276 
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The Gangdese terrane is between Yarlung Zangbo 
suture zone and Bangong-Nujiang suture zone and is also 
called as Gangdese tectono-magmatic belt because of 
significant magmatic rocks, that occur along the ~1500 km 
long in EW and ~70-80 km wide belt. The granitoid and 
volcanic rocks are distributed in the same area (~1.1×105 km2 
each) in the belt. The Gangdese terrane was subjected to four 
tectono-magmatic episodes:  island arc orogeny in Indosinian 
epoch, epicontinental arc superimposed in the Cretaceous, 
collision orogeny in Paleogene, and tectono-magmatic event 
in Neogene (Hou et al., 2006).  

The Gangdese terrane can be divided into 3 belts 
according to tectonic characteristics and magmatic 
distribution (northern, middle and southern belts) as a result 
of the evolution of Neo-Tethyan Bangonghu-Nujiang ocean 
and Yarlung Zangbo ocean (Mo et al., 2005). Our study area 
in in southern belt (southern Gangdese terrane) is an island 
magmatic complex belt (Copeland et al., 1995). It consists of 
batholiths moderately acid volcanic rocks. There are four 
types of rocks: subduction granitoid (127-70 Ma), 
syncollision granitoid (65-45 Ma), syncollision-postcollision 
peraluminous granitoid (56-8 Ma) and Cu-porphyry zone 
(~18-12 Ma) (Mo et al., 2005). The entire area is locally 
covered by Cenozoic volcanic rocks and volcanic-
sedimentary rocks (Fig.1).  

 

 
 
Figure 1: Simple geological map and sample locations in 
Nanmulin area, Gangdese terrane 1-Pliocene volcanic 
breccia, 2-Eocene tuffaceous sandstone, 3-Paleocene 
andesite, 4-Eocene porphyritic granite, 5-Fault, 6-Sample 
location and number 
 

Sampling analysis and results 
The samples were collected from near northeastern 

Nanmulin County (Fig.1). After separation using standard 
magnetic and heavy liquid techniques, apatite grains for FT 
analysis were sufficient from five samples.  

Apatite fission track (AFT) results are achieved for four 
samples (Table 1). The fission track ages range between 5.2 
Ma and 46 Ma. The fission track ages of the sample LLR2, 
LLR3 and LLR4 have χ2 values >5% and all grains counted 
belong to a single population. Central Ages coincide with 
peak ages they have symmetric distributions in composite 
probability density plots. Mean track lengths of three samples 
range between 12.1 µm and 14.2 µm with standard ±2.2-2.4 
µm. Samples LLR2 and LLR3 have unimodal distributions of 
the length distributions (Fig.2). Detailed magnetostratigraphy 

of the red clay formation in northern China provides evidence 
that eolian dust accumulation in the central Chinese Loess 
Plateau began about 8.35 Ma (Qiang et al., 2001). This 
indicates that the East Asian and Indian monsoon started at 
about the same time as the Indian monsoon (Molnar et al., 
1993; Prell et al., 1992) and that the Tibetan Plateau was 
sufficiently uplifted as early as ca. 8 Ma to trigger both the 
East Asia and Indian monsoons (Qiang et al., 2001). 
Meanwhile, Jolivet et al. (2001) confirmed that a major 
compression event occurred in late Oligocene–Miocene 
times, initiating the formation of the high relief of north 
Tibet. A final compressional event took place at 9-5 Ma and 
is well correlated with high sedimentation rates in the basins 
of this region. Therefore, we consider that the AFT ages of 
5.2-8.7 Ma for LLR2, LLR3 and LLR4 resulted from 
cooling-uplifting thermal event and were the major epoch of 
the uplifting-exhumation.  
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Figure 2: Histogram of the apatite fission track length 
distributions, showing a single peak for LLR2 and LLR3 and 
a overlap peak for LLR6. 
 

Meanwhile, samples LLR6 and LLR1 have apparent 
age of 19 Ma and 46 Ma respectively with χ2 values of 0. The 
LLR6 consists of two age groups of 4.9 Ma and 29 Ma based 
on the histogram of the single grains (Fig. 3) and 7.1 Ma and 
30 Ma after binomial fitting (Brandon, 1996).  Similarly, 
LLR1 shows three mixed ages of 9.6 Ma, 51 Ma and 100 Ma. 
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Therefore, there are 4 age groups of 5.2 ~ 9.6 Ma, 30 Ma, 51 
Ma and 100 Ma in the working area that likely correspond 
better to rapid uplift of the syncollision-postcollision 
peraluminous granitoid, syncollision granitoid and 
subduction granitoid. 
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Figure 3: Histogram (left) and radial plot (right) of the 
single grain ages from sample LLR6. Both of them present 
two groups of ages, 4.9 Ma and 29 Ma.  
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Figure 4: Time-temperature histories of representative 
samples calculated by inverse modelling of the observed 
apatite fission track parameters, based on the annealing 
model (Ketcham et al., 1999)) 
 

Thermal history and uplift rate 
Based on the annealing model of Ketcham et al. (1999), 

thermal histories of samples that best predict the observed 
data were modelled using the Monte Carlo method with the 
AFTSolve software program (Carlson et al., 1999; Donelick 
et al., 1999; Ketcham et al., 1999, 2000). The only 
constraints placed on modelling were a requirement to reach 
surface temperatures (~12oC) at the present time and to cool 
from temperatures (~130oC) higher than the apatite PAZ 
temperatures. Fig. 5 shows examples of modelled thermal 
histories. In each plot the bold line represents the best-fit 
history and the dashed lines and dotted lines delineate 
envelopes of “good-fit” and “acceptable-fit” thermal history 
models which statistics for all populations are above 0.5 and 
0.05 respectively.  

Modelling demonstrates that the sample FT data can be 
produced by a three stages of cooling history (Fig.4). First 
the higher temperature of 120-110 oC kept from ~50 Ma to 
~28 Ma; then a cooling was minor during ~28-6 Ma at the 
temperature of 110-80oC; following stage is a requirement 
for rapid cooling from ~100-80oC to surface during ~6 Ma 
and 0 Ma. In last stage had the mean cooling rate of 11.3-
16.7° C/Myr or the uplift rate of 0.85-0.99 mm/a, and total 
uplift reached 5100-5900m according to a paleogeothermal 
gradient of 38 oC /km (Copeland et al., 1995). 
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Introduction 

Noble-gas geochronology requires that any daughter 
product present in a sample at the time of its formation be 
known prior to making an age calculation. Current practice in 
U-Th/He dating is to assume that no initial 4He is present, 
owing to the low concentrations of 4He in the atmosphere, the 
shallow depths at which the commonly dated minerals apatite 
and zircon close to helium diffusion, and the (assumed) high 
values of gas-solid partition coefficients for such minerals. 
Certainly the large number of successful dating studies of 
young samples suggests that excess 4He is not a problem, but 
this fundamental set of assumptions has not been thoroughly 
tested. Given interest in extending U-Th/He dating to 
challenging environments such as shear zones and high-
pressure terranes (where 40Ar/39Ar dates are often 
compromised by excess argon) and given the burgeoning 
interest in U-Th/He dating in general, greater knowledge of 
He systematics is certainly warranted. Here, we report 
preliminary results from in-diffusion experiments suggesting 
that in apatite, trapping of ambient 4He is unlikely to be a 
significant issue for U-Th/He geochronology. 
 
Methods and Data 

We outgassed 90-180 µm and 180-250 µm size 
fractions of a crushed Durango apatite crystal by heating at 
700°C for 48 hours in a muffle furnace. Aliquots of apatite 
were loaded into Nb-foil packets, taking care to first remove 
thin shards and to avoid crushing grains during loading. The 
samples were loaded into a conventional helium-extraction 
line. After bakeout, the furnace temperature was set and 
equilibrated, pure 4He was bled into the extraction line, and 
the pressure (measured with capacitance manometers to 
within 0.5%) was allowed to stabilize for 30 minutes. 
Successive aliquots were then dropped into the crucible at 
pre-determined intervals resulting in exposure times that 
ranged from 10 minutes to 32 hours. Experiments were run at 
temperatures of 200˚C, 425˚C, 500˚C, with applied 4He 
pressures of either 5 or 10 mbar. Over this range of 
conditions, existing diffusion data for 4He in apatite would 
suggest complete equilibration (by far) of concentration 
profiles to any effective surface concentration. 

After retrieval from the extraction line, splits of each 
aliquot were created, weighed in a microbalance, reloaded 
into fresh packets, and then analyzed for 4He content. In 
additional to standard line blanks, we analyzed blanks for the 
niobium packets as well as outgassed apatite aliquots that had 
not been exposed to 4He. 

Figures 1 and 2 summarize our results. In general, 
samples showed very low 4He values, close to but slightly 
above blank levels. Concentrations did not vary 
systematically with exposure pressure, duration, or 
temperature, although the one intermediate-temperature run 
that used a smaller grain size yielded higher values. 

 
Discussion 

To first order, our results suggest a very low solubility 
for 4He in apatite, on order 1.0 x 10-7 cc-STP/g/mbar, which 
would have little impact on apatite samples exposed to 
normal atmospheric gases at mid- or shallow-crustal depths 

during closure. We suspect at this point that the small amount 
of 4He we detected in our aliquots represents adsorbed gas, 

 

 
 

Figure 1: Summary of the in-diffusion experiment, showing 
measured helium concentrations (log scale) as a function of 
the duration (a) and temperature (b) of the experiment (error 
bars are 1σ). 

 
not helium that partitioned into the apatites and was then 
redistributed by volume diffusion. This might explain why 
the experimental run using a smaller grain size yielded 
somewhat higher 4He concentrations, as these grains would 
have had a higher surface area. As such, our data would 
represent an upper bound on 4He solubility in apatite. 
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Figure 2: Measured signal of extracted helium (log scale) as a function of time (a) and temperature (b) (error bars are 1σ). The grey 
bar represents the measured signal for hot blanks and for analyzes of degassed apatite samples not exposed to 4He. For reference, the 
two dashed lines show helium signals for typical analyses of samples ~30 Ma in age (Durango apatite) and ~3 Ma in age. 

 
While these data lend support to the assumption that 

trapped helium can be ignored for the purposes of age 
calculations, there are several caveats. First, the pressures we 
used were equivalent to the 4He partial pressure that would 
result from exposure to gas of atmospheric composition at 
depths of up to ~40 km. However, in some settings, ambient 
4He concentrations in the crust could be far higher, whether 

dissolved in fluids or merely localized in shear zones. Given 
that we think our measurements did not detect any volume-
incorporated 4He, it is not possible to extrapolate our results 
to higher helium partial pressures. Second, it is important to 
keep in mind that our experiments were conducted under dry 
conditions, and thus cannot address the role that water might 
play in modifying diffusion and partitioning behaviour.
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Introduction  

The Stolz Thrust is a major structure in Axel Heiberg 
Island, Canadian Arctic Archipelago (Nunavut) crossing the 
island from its southeast tip to the northwest (Fig.1). It is part 
of an array of structures that formed during the Eurekan 
Orogeny (e.g. Vesle Fiord Thrust: Arne et al. 1998; 2002 ; 
Grist & Zentilli 2005), as a response to Late Paleocene and 
Eocene convergence of northern Greenland with Arctic 
Canada (e.g. Harrison et al 1999; Tessensohn & Piepjohn 
2000; Grist and Zentilli 2004). The Stolz Thrust puts 
Mesozoic (Triassic-Jurassic) sedimentary and basaltic 
igneous rocks over Paleocene and Eocene sediments, and is 
the backbone of the Princess Margaret Range (max. elevation  
2,210 m) which remains partially covered by the Muller Ice 
Cap. Several evaporite diapirs pierce the hanging wall of the 
thrust including the Stolz Diapir, with exposed halite. It is 
likely that the Stolz Thrust is partially rooted in and evaporite 
canopy, with salts migrated from a Carboniferous source 
stratum (e.g. Jackson and Harrison 2006).  

 
Clastic sediments, shed into a foreland basin formed 

by the advance of the Stolz Thrust (e.g. Christie & McMillan 
1991) host the famous Tertiary Fossil Forest  of the Geodetic 
Hills.  Stump fossils in growth position (Fig. 2), some 1 m in 
diameter, are similar to modern Pinacea and Taxodiaceae 
genera that grew in temperate climates, and leaf-litter floras 
are dominated by Metasequoia (e.g. Basinger 1991; Christie 
and McMillan 1991).  The age of the fossil forest has been a 
subject of controversy (Paleocene to early Oligocene), but 
Jahren and Sternberg (2002) prefer a middle-to-late Eocene 
age and Harrison et al. (1999) place it in the Middle 
Eocene. The Fossil Forest locality is centered at 79˚55'N, 
89˚02'W. Irving and Wynne (pp. 209-211 in  Christie and 
McMillan 1991) concluded the fossil forest grew at a 

paleolatitude of 80.2ºN. Ricketts (1991) suggested that the 
fossil forest developed in a densely vegetated floodplain, 
fed by high sinuosity rivers in a broad meander plain 
flanked by a sparsely vegetated braidplain and alluvial fans 
originating in the Princess Margaret Range. Stratigraphic 
organization of the basin fill indicates continued migration 
away from the source terrain. Ricketts (1987; 1991) 
suggested up to 10 km of structural shortening across the 
Stolz Thrust; the forests grew at a distance from 10 to 18 km 
from the mountains.  

 
 

 
 

Figure 1: Location Map of Stolz Thrust fault and the 
Geodetic Hills Fossil Forest in Axel Heiberg Island, 
Canadian Arctic Archipelago.  
 
 

 

 
 

Figure 2: Fossilized tree stump in growth position in clastic sediments of the (Eocene) Buchanan Lake Formation at the Geodetic 
Hills locality (left). Scale is 9 cm. Fossil trees are similar to modern genera that grow in temperate climates, and leaf-litter floras in 
the same sequence are dominated by Metasequoia (e.g. Basinger 1991; Christie and McMillan 1991; Jahren and Sternberg 2002). 
 



 
In Garver, J.I., and Montario, M.J. (eds.), Proceedings from the 11th International Conference on thermochronometry, Anchorage 
Alaska, Sept. 2008. 
 281 

A suite of samples was collected (2003-2005) across 
the Princess Margaret Range from Expedition Fiord through 
Eureka Pass to the Fossil Forest  (Fig. 3); 15 successful 
samples have been dated by apatite fission track (AFT). The 
objectives of the study were: a) to date the age of the Stolz 
Thrust and consider the possible relationships between 
structural development and the formation of the Tertiary 
Fossil Forest; b) to assess the thermal effects of the 
Cretaceous basaltic sill intrusions on the sedimentary 
sequence and the petroleum system (e.g. Jones et al. 2007); 
and c) to appraise the thermal effects of evaporite diapirs, 
some of which are associated with paleogeothermal 
anomalies (e.g. Zentilli et al. 2006). 

 

 
 
Figure 3: Simplified geological map showing the samples 
collected for the fission track study. The Stolz Thrust placed 
Triassic-Jurassic (Tr-J) rocks over Tertiary (T) sediments. 
Evaporite structures in black. Modified from Geological 
Survey of Canada maps by Thorsteinsson, Tozer & Fricker 
(1971).  

 

Two apatite samples (SF-20 & 23) represent coarse 
fluvial sandstones collected at the Fossil Forest. Both yield 
Permo-Triassic zircon fission track ages (Paul O’Sullivan) 
similar to those of strata Mesozoic strata where devoid of 
contact metamorphic effects by Cretaceous igneous sills.  
Apatite fission track ages are 48 ± 4.8 Ma (mean track 
length 13.9 µm) and 49 ± 5 Ma (mean track length 13.6 µm) 
respectively, indistinguishable from samples on the 
hangingwall of the Stolz Thrust (e.g. SF-28). The data 
represent the apparent fission track age of the source, given 
that the upper coaly member sampled is one of the youngest 
Tertiary strata in the region (Christie and McMillan 1991). 
The sandstones have not been buried/heated much since the 
Eocene, judging from the random reflectance (Ro) of 0.24 
to 0.29 % of the lignite (on eu-ulminite B; Hawke & Stasiuk 
2000). 

 
Apatite fission-track ages from rocks within or within 

or above evaporite diapirs in the Expedition Fiord area 
(lower left in Fig. 3; e.g. SF-59, SF-66) yield apatite fission 
track age of 41 Ma (mean track length 12.51-12.92 µm), 
indicating that these apatite samples cooled later than other 
regional rocks, as a result of thermal effects from the highly 
conductive diapir (e.g. Zentilli et al. 2006). 

 
The fission track data are being formally published 

elsewhere, but some representative results are presented 
below. Sample SF-28, was collected near the edge of the 
hanging-block of the Stolz Thrust zone (upper right in Fig. 
3). It is a basaltic sill of ca. 120 Ma age (dated at 117±11 
Ma by zircon fission track by Paul O’Sullivan). The 
Triassic-Jurassic sediments have been thermally reset by 
contact with these mafic sills, and they had a severe thermal 
effect on the petroleum system (Jones et al. 2007). The 
apatite sample yields an apatite fission track age of 47.5 ± 
5.2 Ma, (mean track length 14.05 µm). Modelling of that 
sample (Fig. 4) suggests relatively fast cooling from ca. 50 
to 30 Ma, fully consistent with data we have obtained for the 
Eurekan Orogeny in the Canadian Arctic Archipelago 
(Arne et al. 1998; 2002; Grist 2004; Grist and Zentilli 2005; 
2006). Other igneous samples in the hanging wall of the 
Stolz Thrust give AFT ages between 60.4 to 48.1 Ma, 
representing one population of apatite, whereas sandstones 
yield central ages of 65 to 55. One sample of igneous rock 
in the footwall of the Stolz Thrust (sample SF-16) gave an 
AFT age of 75.0 ± 6.6 Ma (mean track length 13.50 µm). 

 

 
 
 
Figure 4: Monte Carlo inverse thermal history models using AFTINV (Willett 1997, Issler 1996). Parameters as in Grist et al. (2005; 
2006). The right panel shows the upper and lower bounds of time-temperature solution space explored by the 250-300 acceptable 
model solutions (middle panel) defined by a K-S goodness of fit statistic as well as the exponential mean solution, or preferred model 
(thicker line). The left panel shows the measured length histograms and the exponential mean probability distributions, as well as the 
upper and lower bounds of the model distributions in the solution set. See text for discussion.  
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Discussion 

Apatite fission track ages of 60 to 48 Ma and time-
temperature modelling suggest that the hanging-wall of the 
Stolz Thrust was exhumed relatively rapidly between 55 and 
30 Ma, probably shedding sediments to the adjacent basin to 
the northeast (Fig. 5). This interval encompasses from the 
Paleocene-Eocene boundary to the end of the Eocene. 
There is agreement that the Fossil Forest grew during a 
relatively brief period with an unusually warm and humid 
climate (e.g. Christie and Macmillan 1991), and represent 
“dramatic and unusual rates of annual growth” (Jahren & 
Sternberg 2002). There is agreement in the literature that the 
Paleocene-Eocene thermal maximum (PETM; ~55 Ma) was 
unusually warm, especially for Arctic regions. A 
“greenhouse” effect may have been triggered by massive 
mafic volcanism associated with hot spot activity (e.g. Storey 
et al, 2002). The presence of high abundances of the fresh-
water fern Azolla fossils in Eocene marine sediments suggest 
that the Arctic Ocean must have been a big warm pond at 
about 48.5 Ma (Brinkhuis et al., 2006); this unusual warming 
was followed by gradual cooling after the Middle Eocene (44 
Ma).  

 

 
 
Figure 5: Cartoon of the proposed model; not to scale. 
Middle Eocene ancestral Princess Margaret Range shed 
sediments onto the foreland basin created by the advance of 
the Stolz Thrust. Anomalously warm and humid Arctic 
climate during this time fostered both growth of Metasequoia 
forests and fast exhumation and erosion of the hangingwall of 
the Stolz Thrust. Evaporite diapiric structures were involved 
in the deformation, and include rafted mafic sills of 
Cretaceous age. Modified from Ricketts (pp. 1-27 in Christie 
& McMillan 1991). 
 

In addition to enhancing Metasequoia forest growth at 
Latitude 80 N, we propose that such anomalously warm, 
humid climate would have accelerated denudation of the 
advancing Stolz Thrust, thus changing the gravitational 
forces responsible for its advance and accelerating 
exhumation (e.g. Koons 1989; Beaumont et al. 2000). The 
advance of the Stolz Thrust would have favored the 
formation of accommodation space in a foreland basin 
permitting cyclic formation of peat beds. Compressive 
forces generated by the convergence of Greenland and 
Arctic Canada resulted in an array of inverse faults that 
seem to be relatively older than the Stolz Thrust in the 
vicinity of the Nares Strait (Grist and Zentilli 2006; 2005). 
The growth of Arctic mountains during this pulse probably 
led to the development of alpine glaciers responsible for 
ice-rafted sediments encountered in Middle Eocene deep 
sea sediments in the Lomonosov Ridge (e.g. Moran et al. 
2006). As Fig. 4 suggests, cooling rates (exhumation rates) 

decreased greatly from ca. 30 Ma, allowing imposing 
>2,000 m mountains to remain high.  
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