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Preface 
 

 
 
 
 
 
Union College welcomes you to campus for the 24th Annual Keck Geology Consortium.  We are excited to have an 
opportunity to offer two different and distinct field trips that highlight some of the unique geology of this part of 
eastern NY State.    
 
In coming up with the framework for these trips we originally came up with a short list of must-see sites that 
represent some of most classic localities in the Capital District.  Some of these sites, however, are not accessible in 
April – the Lower Devonian rocks of Thacher Park among them.  We also wanted to highlight some of the important 
locations that we use in teaching our introductory and advanced courses in the Geosciences.  This guide was a group 
effort and some of the material in this guide was taken directly from our papers, guides, or class handouts. 
 
No matter which trip you are on, you will likely see a nice mix of rocks, surficial features, and views.  So, grab your 
box lunch and your rock hammer and enjoy the day! 
 
 
 
 
John Garver (Field Trip Chair) 
 
Kurt Hollocher  
Don Rodbell 
Holi Frey  
Matt Manon 
David Gilliken 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
On the cover:  Amanda Bucci (Union 2009) takes a core from a tilted Hemlock on a landslide in Schenectady County.  This work was part of a 
study to better understand the temporal pace of landsliding in the area. Image: J.I. Garver, Union College. 
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SOUTH TRIP 
 

SURFICIAL GEOLOGY AND GEOMORPHIC EVOLUTION OF THE 
PLOTTERKILL PRESERVE, SCHOHARIE CREEK AND THE MOHAWK 

LOWLANDS (NEW YORK) 
 

FIELD TRIP LEADERS: 
D.T. RODBELL  AND J.I. GARVER, 

GEOLOGY DEPARTMENT 
UNION COLLEGE, SCHENECTADY, NY 

 
This excursion will visit some important teaching and research localities underlain by Ordovician-Devonian 

sedimentary rocks and their Quaternary cover.  We will explore the development of incision in the Plotterkill where 
stream terraces, landslides, and waterfalls reveal an important post-glacial story of incision.  At the confluence of the 
Schoharie Creek with the Mohawk River at Fort Hunter we see evidence for catastrophic flooding and failed 
bridges.  The trip then works south into the Catskills were we will climb Vroman's nose which is underlain by 
Devonian clastic strata.  This distinct geomorphic feature is a key overview of the glacial history of the northern 
Catskill mountains.  This guide is written as short stand-alone pieces that accompany each of the sites that we will 
visit on this trip.  We have added latitude and longitude for important locations if you are trying to do this trip on 
your own. 
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MOHAWK RIVER TERRACES - AN OVERVIEW OF THE LATE GLACIAL 
HISTORY OF THE EASTERN MOHAWK VALLEY 

 
D.T. RODBELL, UNION COLLEGE 

 
The late glacial history of eastern N.Y. State was marked by rapidly retreating ice margins punctuated by 

several re-advances, the formation and dramatic drainage of proglacial lakes, and the subsequent southeastward 
migration of dune sand over part of the region.  The evidence for this rich history is evident in the regional 
stratigraphy, which is marked by multiple tills interbedded with proglacial outwash and lacustrine sediment, and in 
the surficial landforms that are present throughout the region.  Modern streams and hillslopes in the region are still 
adjusting to some of the dramatic events that occurred in the eastern Mohawk and adjacent Hudson Valleys ~16 to 8 
ka (ka=kilo anno, or 1000 yr ago). 

 

 

The age of moraines in N.Y. State (all ages in thousands of years before 
present; figure courtesy of D.A. Franzi, modified from Ridge, 2003). 

 
There have been numerous published works on the Quaternary stratigraphy of this region, and here, I 

summarize some of them.  Woodworth (1905) first coined the term Lake Albany for the post glacial lake that 
occupied the portion of the Hudson Valley as far south as Kingston, and he was also the first to recognize an avulsed 
reach of the Mohawk River, which he termed the Ballston Channel, located between Schenectady and Ballston Spa.  
Stoller (1911) focused on the origin of the Ballston channel, the stratigraphic relationship between lacustrine and 
glacial deposits, and the economic potential of sediment deposited in Glacial Lake Albany (GLA).  He also noted 
the presence of widespread eolian deposits, which he attributed to Holocene deflation of Lake Albany shorelines 
(Stoller, 1911).  In later papers, Stoller (1918, 1919, 1922) rejected the notion advanced by Fairchild (1918) of a 
marine strait in the Hudson and eastern Mohawk Valleys.  Cook (1924) asserted that deglaciation of eastern New 
York did not involve the steady northward retreat of discrete ice margins; instead, he proposed that regional 
deglaciation generated large regions of dead ice, which he viewed as consistent with the absence of large moraines 
and the abundance of glacial meltwater features.  This is not consistent, however, with observations made by Stoller 
(1916) of well-defined recessional moraines near Saratoga, NY or with a moraine(s) from a late glacial readvance in 
the Luzerne region (Connally and Sirkin, 1971).  Chadwick (1928) envisaged clear northward-retreating  ice 
margins that enabled the progressive northward development of numerous postglacial lakes in the Hudson Valley.  
Cook (in Ruedemann, 1930) picked up on observations made by Stoller (1922) and others in focusing on the 
evolution of the region’s surface hydrology.  He concluded that there must have been more than one lake level 
associated with Lake Albany and asserted that Round Lake and Saratoga Lake owe their origin to the existence of 
local ice blocks. 
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Proglacial lakes at the southern margin of the 
Laurentide Ice Sheet ~13.5 ka (figure courtesy of 
D.A. Franzi, and modified after Chapman, 1938; 
Connally and Sirkin, 1973; Denny, 1974; 
Eschman and Karrow, 1985; Hansel et al., 1985; 
Huges, 1987; Muller and Prest, 1985; Pair and 
Rodreguez, 1993; Ridge et al., 1984; Teller, 
1987). 

 
More recent work has focused on the chronology of glacial lakes in the eastern Mohawk and central Hudson 

Valleys (e.g., LaFleur, 1965; DeSimone, 1985; Wall and LaFleur, 1995 and references therein), and on the age and 
significance of glacial deposits in the region.  Of the latter studies (summarized in Dineen and Hansen, 1995, and 
Rodbell, 2002), much emphasis has been placed on determining the history of lobes of the Laurentide Ice Sheet 
(LIS) during the last deglacial cycle.  The Mohawk Valley witnessed a dynamic interaction between two such lobes, 
the Hudson-Mohawk Lobe, which flowed down the Hudson Valley and westward up the Mohawk Valley, and the 
IroMohawk lobe, which flowed southward out of the Ontario Basin and eastward down the Mohawk Valley. 

Between ca. 16 and 13 ka, various proglacial lakes occupied the Mohawk Valley drainage basin, and the 
latest of these, and one of the largest, was Glacial Lake Albany (GLA).  GLA formed in response to retreat of the 
Hudson lobe of the Laurentide Ice Sheet, and the subsequent damming of the Hudson River near Rosendale, NY.  
GLA expanded northward as the Hudson lobe retreated, and the western edge of GLA invaded the eastern Mohawk 
Valley, leaving behind up to several meters of glacial varves that span more than 1000 yr.  During this interval, the 
Mohawk River was a braided meltwater channel that drained the LIS through Glacial Lake Iroquois, the much larger 
and higher predecessor to Lake Ontario.  Being overwhelmed with sand and gravel, the Mohawk was forced to 
aggrade its channel with tens of meters of coarse-grained alluvium. 

 
Digital elevation model of the eastern 
Mohawk and Central Hudson Valleys.  
“U” is the location of Union College. 

 
Where it drained into GLA, the Mohawk formed a delta that rapidly prograded eastward due to the 

combination of high sediment load and a progressively lower level of GLA.  The resultant delta is known as the 
Scotia Delta, and the thick alluvium that it contains forms the Great Flats Aquifer, one of the most productive 
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aquifers in N.Y. State.  By ~ 13 ka, GLA had drained out of the eastern Mohawk Valley, and Glacial Lake Iroquois 
drained through its outlet at Covey Hill into the Hudson River Valley, to a level below the elevation of the 
northwestern boundary of the Mohawk Valley drainage basin.  Thus, this disconnected the Mohawk River from the 
Great Lakes, and discharge and sediment yield would have dramatically fallen at this time. 

GLA served as base level for the Mohawk River for several millennia.  The progressive drainage of GLA 
coupled with isostatic rebound generated a progressively lower base level for the Mohawk, and this resulted in 
fluvial incision and the generation of strath terraces throughout the region.  In the eastern Mohawk Valley these 
terraces range from 2-20 m above the modern Mohawk River.  Incision propagated rapidly up tributary channels, 
which were graded to the Mohawk, and the large volume of material that has been removed from the base of hill 
slopes has been one of the key factors in the acceleration of mass wasting processes on these hill slopes. 
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SOUTH TRIP, STOP 1 
GEOMORPHIC EVOLUTION OF THE PLOTTERKILL PRESERVE, 

SCHENECTADY COUNTY 
 

D.T. RODBELL, UNION COLLEGE 
 
The Plotterkill, a second order tributary to the Mohawk River ~ 18 km southwest of the Union campus, is 

located in a county preserve that offers an outstanding outdoor laboratory for several Union Geology courses 
including Geomorphology, Sedimentology and Stratigraphy, and Watershed Hydrology.  Rapid incision by the bed-
load dominated Plotterkill into the Schenectady Formation (shale and interbedded greywacke, Ordovician) has left 
in its wake rapidly migrating nickpoints, spectacular waterfalls, flights of stream terraces, and destabilized hillslopes 
(parking on Coplen Rd. 42.82966, -74.036694 - terraces well exposed upstream and downstream from the parking 
area). 

 
BASE LEVEL FALL AND TERRACE FORMATION 

 
The valley floor along the lower portion of the Plotterkill is marked by up to 4 prominent terraces that range 

from 0.5 to 5 meters above the active channel.  Limited exposures into the lower terraces reveal 0.5 to 1.5 meters of 
very coarse alluvium overlying fluvially eroded bedrock surfaces.  Thus, these terraces appear to be strath terraces, 
and explanations of their origin must involve changes in the ratio of stream power to critical power (Bull, 1979), and 
the potentially complex response of streams to multiple forcing factors (e.g., Merritts et al., 1994).  In spite of the 
absence of any radiometric age control for the formation of these terraces, we can consider several plausible 
explanations for their formation. 

 
Terraces along the east side of the 
Plotterkill between the toe of the 
prominent alluvial fan and the base of the 
waterfalls.  Data from the 2009 
Geomorphology class (Union College). 

  
The distribution of strath terraces along the lower portion of the Plotterkill suggests that these terraces were 

graded to higher base levels.  Given the former presence of Glacial Lake Albany up to ~30 meters above the modern 
elevation of the Mohawk River, and the prominent fill terraces present along the Mohawk today, a conceptual case 
can be made that the terraces along the Plotterkill were formed in response to episodically lower base levels in the 
eastern Mohawk Valley.  We have yet to find any radiocarbon-dateable material in the alluvium that underlies the 
strath terraces, thus correlation of the Plotterkill terraces to events in the eastern Mohawk valley remains 
speculative.  However, two lines of evidence suggest that stream incision along the Plotterkill was forced by base-
level fall in the eastern Mohawk Valley. 

The ubiquitous presence of terraces along eastern Mohawk tributaries and their gradients point to base level 
fall as a probable explanation for their presence.  Between one and six strath terraces are common to all tributaries of 
the eastern Mohawk Valley.  The presence of terraces in multiple tributaries indicates that the cause of terrace 
formation must be allocyclic - that is, a forcing factor that is external to individual drainage basins.  Where we have 
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surveyed these terrace remnants, longitudinal profiles appear to diverge downstream from modern stream gradients.  
Such divergence is typical of terraces formed by base-level fall. 

 
STREAM INCISION AND SLOPE DESTABILIZATION 

 
Regardless of the underlying cause, the presence of strath terraces attests to long-term stream incision.  This 

incision has had a profound destabilizing effect on hillslopes in the Plotterkill.  From soil creep as evidenced by “J 
Profile” tree trunks to rotational landslides (slumps), the Plotterkill is replete with evidence of slope failure.  Many 
of the most active slumps are located on the cut-bank of the Plotterkill where the combination of lateral stream 
migration and vertical incision has removed the toe from hillslopes.  The most prominent mass wasting feature in the 
Plotterkill is located along the trail from the Coplon Road entrance to the base of the waterfalls (42.830893, -
74.042537). 

Repeated surveying of this mass wasting feature, surficial features present, and evidence from the tilt 
direction of steel stakes placed vertically in the hillslope in 1995 all suggest that this mass wasting feature is a 
hybrid slump-earth flow, with the former dominating the upper 1/3 of the hillslope and the latter affecting the lower 
1/3.  The presence of a prominent head scarp at the top of the hillslope along with numerous scarplets below coupled 
with slight back rotation of steel stakes suggests the presence of a concave-up slide surface beneath the thinly 
vegetated upper 1/3 of the hillslope.  The line separating the upper thinly vegetated part of the hillslope from the 
lower vegetation-free portion is marked by prominent springs that may reflect the intersection of the concave-up 
slide surface with the hillslope surface.  During rain events, significant water seeps out of the ground at this point 
feeding a network of rills that extend to the base of the slope.  The abundance of water provided to the lower 2/3 of 
the hillslope acts to increase pore water pressure to the point where earth flow occurs.  Stakes in this lower part of 
the hillslope are rotated in a downslope direction, consistent with earth flow. 

 
The angle of rotation of steel stakes placed vertically in the 
surface of the prominent mass-wasting feature in the Plotterkill 
Preserve in October 2008.  Stakes were measured in October 
2009; data from 2009 Geomorphology class (Union College). 

 
The Plotterkill has been charged with removal of the material added to it from this active mass wasting 

feature.  The toe of the hillslope varies in position from year to year, but, in general, the Plotterkill has had the 
capacity and competence to keep up with the substantial sediment yield from this hillslope.  This, however, has not 
always been the case. 

Immediately downstream from the landslide is an abandoned channel that appears to have been formed by 
avulsion of the Plotterkill in response to blockage of the channel by the slump-earth flow.  This avulsion occurred 
when the Plotterkill was flowing approximately 0.5-1 meter above its present level.  Channel blockage caused the 
Plotterkill to migrate westward and incise through the 2-2.5 m high terrace to form a new channel.  Continued 
degradation by the Plotterkill has left the abandoned channel ~0.5 m higher than the active channel and separated 
from it by the 2-2.5 m high terrace remnant. 

This mass wasting feature is the most prominent in the Plotterkill Preserve.  The reason for its size and 
continued activity lie, in part, in the material composing it.  Unlike much of the rest of the Plotterkill, the hillslope at 
this location is composed entirely of lodgement till.  The clay matrix, abundance of exotic clasts from the Canadian 
Shield, and high percentage of striated boulders attest to direct glacial deposition.  The presence throughout much of 
the rest of the Plotterkill of hillslopes nearly devoid of glacial till raises the question of the origin of this thick 
deposit.  One plausible explanation for the presence of an isolated thick body of glacial drift in the hillslope here is 
that it fills a preglacial valley that was oriented at some angle to the modern Plotterkill.  Rapid postglacial incision 
by the Plotterkill intersected this ancient filled valley, thus exposing it in cross section.  
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SOUTH TRIP, STOP 2 
TIMING OF SLUMPING DETERMINED FROM GROWTH ASYMMETRY IN 

TSUGA CANADENSIS, MOHAWK RIVER WATERSHED, NY 
 

JOHN I. GARVER , UNION COLLEGE 
 
Slumping and downslope mass movement introduces sediment to rivers and streams, and therefore the 

occurrence and frequency of these events affects sediment transport and siltation in the Mohawk watershed.  We 
have used the tilting and subsequent annual ring asymmetry in Tsuga canadensis to determine the timing of ground 
movement of three slumps developed in glacial till in two small tributaries in the Mohawk River watershed of 
eastern N.Y.  All three slumps show a clear and significant ring asymmetry with reaction wood growth likely related 
to tilting and slip between 1972-77, which coincides with an extremely wet interval well documented in local river 
discharge records.  In the Plotterkill Creek, a main slide (PKm; 42.830893, -74.042537) has active and continuous 
earth flows over a large fraction of its surface, and a small slump occurs immediately to the south and is 
unconnected with the main feature (PKs; 42.830263, `74.043059).  The small PKs initiated in 1943.  The larger 
PKm appears to have been initiated in 1955, but experienced significant movement in 1972.  Since that time, there 
has been nearly continuous movement of small surface flows.  The Bowman Creek slump (Bw; private land, 
42.802768, -74.254927) is a large, slow-moving slide that has three prominent slip planes that have clear surface 
expression.  Slip in July 2008 of the lowest part (c. 10% of the total area) resulted in exposure of a 1-2 m scarp and 
partial blockage of the creek.  This is the latest movement on what appears to be a complex history over the last 125 
years.  The most significant tilting on the hillslope appears to have been between 1941-1945, and the onset of slip 
might have been c. 1886-1989.  The uppermost trees cored on the Bowman slide show pronounced eccentricity in 
the past few years.  This finding, combined with the higher than normal precipitation during this time, suggests we 
are entering a new period of enhanced slope instability. 
 

 
Landslide Susceptibility Pilot Study completed in 2007 as a collaboration between N.Y. State Emergency 
Management Office, N.Y. State Geological Survey, U.S. Geological Survey, and Schenectady County (project 
outlined in the N.Y. State Hazard Mitigation Plan, available online from the N.Y. State Emergency Management 
Office; Kappel and others, unpublished).  Locations: 1) Tel Oil on Broadway, 2) SI Group, Broadway, 3) Plotterkill, 
4) Sandsea Kill, 5) Wolf Hollow, 6) Bowman Creek, 7) Burtonsville, 8) Lisha Kill. 
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Example of tree cores from a landslide-tilted hemlock on the Bowman landslide.  In this case the downslope side of 
the tree (A1b) shows dramatic changes in ring growth inferred to be related to ground movement and tree response.  
The cored tree is shown in a figure below. 

 

 
Simplified view of a tilted tree on a slip face on the Bowman slip.  This fresh scarp (the grey strip in the middle of 
the slope) is part of the lowermost part of the slide (A).  The tree shown in the picture has tilted as a response to slip 
on this lower block.  This tilting has resulted in asymmetric ring growth. 

 
The Bowman slide is best studied (Bucci, 2007).  Ring asymmetry from trees on the lower part of the slip 

shows relatively rapid onset of eccentricity starting at c. 1975, and that eccentric growth tapers by 2000.  The 
eccentricity pattern is different on the upper part of the slide where onset of eccentricity occurred at about 1975, but 
it has been ongoing and increasing until 2008, when the trees were cored.  This pattern from the bottom to the top of 
the slip suggests that initiation in 1975 caused mid-slope release that is currently being reconciled near the crown.  
Earlier episodes of tree tilting likely related to slip occurred in 1942-46, 1881-83, and 1828-1833.  The inferred 
event in 1881-83 is partly based on the interpretation that a long-lived canopy gap from 1881-1910 and release-
from-suppression growth resulted from slip on the lower slopes that toppled trees.  The last decade (1998-2010) has 
been the wettest ten year interval in this area since 1878 and it is likely that we are entering a period of enhanced 
hillslope instability.  Hillslopes with a history of instability should be monitored closely for renewed activity so that 
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damage and costs can be partly contained with proper regional planning and policies for landslide mitigation. 
A landslide is the downslope movement of a mass of rock, soil, or colluvium and they occur on a variety of 

spatial and temporal scales.  Failure occurs when the force of gravity exceeds the strength of the surface material on 
a slope, and this condition is commonly facilitated by high pore pressures resulting from saturated conditions 
(Spiker and Gori, 2003).  The northeastern U.S. has historically had a number of relatively small and infrequent 
landslides and, because of property damage and loss of life this hazard, is widespread and problematic.  The U.S. 
Disaster Mitigation Act of 2000 resulted from a national recognition that pre-disaster planning was necessary to 
reduce losses, and because of the funding available at the state and local level, this act has fostered an increased 
attention on landslides, and other natural hazards that affect local municipalities. 

For a number of years we have been using tree-tilting on slumps and earthflows to decipher the temporal pace 
of movement of a small landslides in Schenectady County, N.Y.  Schenectady County had been involved with 
landslide mitigation efforts that started in a small but fatal slip that occurred in downtown Schenectady in January 
1996.  Since that time, the county and the city of Schenectady have been involved in mitigation efforts that were 
largely driven by several new landslides that caused dramatic damage to residential areas in the City. 

Therefore, much of the impetus of our work has been driven by the intense interest by the county and the city 
in the occurrence and historical framework of landsliding in Schenectady County.  In this note, we first frame the 
policy considerations for this concern, and then we present the results of our analysis of tree rings on one slide in the 
southwestern part of the county.  In doing this, we hope that the science will help policy makers better understand 
and plan for the continuing effects of this hazard that are likely being affected by a dynamic climate. 

Policy Considerations.  The science in this project was partly driven by a local interest by the county 
because the last decade has seen a number of significant landslide events, and partly because Federal mandates have 
resulted in attention being focused in disaster mitigation.  The U.S. Disaster Mitigation Act (DMA) of 2000 resulted 
from recognition at the national level that pre-disaster infrastructure mitigation planning was necessary nationwide 
to reduce disaster losses (Spiker and Gori, 2003).  DMA 2000 includes funding for mitigation activities, developing 
hazard maps, and creating a Hazard Mitigation Grant Program (HMGP).  The HMGP is a national program in the 
U.S. where counties can apply for grant money to use towards natural hazard mitigation and relief, provided the 
county has created an All Hazard Mitigation Plan (AHMP).  Because landslides are a major topic in almost any 
hazard mitigation plan in the U.S., they have received recent attention nationwide because many counties across the 
country have written Hazard Mitigation Plans.  Counties in New York State are no exception. 

As part of the national effort to understand the occurrence and hazards, landslides have been mapped and 
evaluated at the national, state, and county level.  Overall, New York has a relatively low landslide potential with the 
exception of failure-prone glacial lake clays that occur widely in the Hudson lowlands, and locally elsewhere, 
especially in the Finger Lakes area.  The best known and well studied is the Tully Farms Road landslide, which 
occurred in Onondaga County in 1993 (Fickies, 1993).  This famous landslide has been evaluated with respect to 
site-specific geological factors, but also historic landsliding in that area has been studied to aid planning by federal 
and state environmental agencies (see Pair and Kappel, 2006). 

A slip in January 1996 in Schenectady was small, but it was one of the most significant in recent history 
because it resulted in a fatality.  With heavy precipitation on top of snowmelt during this mid-winter thaw, a 
landslide was triggered on the Broadway slope next to I-890 at the Tel Oil Co gasoline station.  This slide resulted in 
the death of a man pumping gas, and trapped a woman in her car for hours.  The street, Broadway, was closed for 
approximately one week, and the total storm damage in the city was $2.6 M (Kalohn et al., 2007). 

On March 8th, 2004, there was a landslide by the SI Group (Schenectady International) building located just 
south of the Tel Oil Co. incident.  This event (SI Slip) is related to a month-long period of higher than normal 
precipitation and available surface water.  The SI Slip has estimated immediate property damages of $0.2 M and 
eventually forced the evacuation or destruction of eight homes due to land movement and creep at the crown.  In 
January 2008, the City was awarded FEMA grant of $1.13 M for this project after slides along this hill caused a 
number of homes at the top (near the crown) were seriously affected. 

In the wake of all this activity, Schenectady County participated in a unique Landslide Susceptibility Pilot 
Study in 2007 in which a landslide susceptibility map was produced for the county (Kappel et al., unpublished).  
This map has been a key factor in focusing attention on the geology and mechanisms of landslides throughout the 
country.  On this map, the Bowman Creek area and the Plotterkill areas were mapped as having the highest hazard, 
based on a combination of five relevant factors including soil composition, relief, and slope aspect.  This project was 
an outgrowth of efforts related to development of the Schenectady County AHMP (Kalohn et al., 2006) and was 
done as a collaborative effort between N.Y. State Emergency Management Office, N.Y. State Geological Survey, 
U.S. Geological Survey, and Schenectady County (project outlined in the N.Y. State Hazard Mitigation Plan, 
available online from the N.Y. State Emergency Management Office). 
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Eroded toe of the Bowman slide looking downstream (Nov. 2008).  There are six trees above the person that were 
toppled in the July 2008 slip event, which involved only the lower fraction of the landslide. 

 
BOWMAN CREEK LANDSLIDE 

 
This study investigates the timing of slumping along the slopes of Bowman Creek, which is a small tributary 

that empties into Schoharie Creek at Burtonsville - we will not stop at this site on this trip due to logistical 
considerations, but we will see an active slip in the Plotterkill.  The Bowman slip occurs on both sides of the creek, 
but the feature we have focused on (north side) affects a much larger area compared to the feature on the south side 
of the creek.  Removal of material from the toe of the feature by the creek is constant and ongoing.  The slip is best 
envisioned as a hybrid between a translational and rotational earth slide (Varnes, 1978) has evidence of repeated 
movement, but for the most part only minor failure has occurred as indicated by three main scarps with about 1-2 m 
of apparent offset.  The affected hillslope is ~27 m high and ~53 m horizontally along the base.  It occurs entirely in 
poorly sorted boulder-rich glacial till rich in outsized boulders of brown-weathering sandstone that is undoubtedly 
from the underlying Ordovician Schenectady Formation.  Tsuga canandensis (Eastern Hemlock) was the principal 
tree cored, as they are abundant and have proven to show extremely good, long records, and they produce clear 
distinct annual rings.  Other trees on the hillslope are Fagus grandifolia (American Beech), Acer saccharum (Sugar 
Maple), and Betula alleghaniensis (Yellow Birch).  Pinus strobus (White Pine) also occurs on the slopes of Bowman 
Creek, but not directly on the slide. 

In this study we examine the movement history of the Bowman Creek landslide, which was partly mobilized 
during a torrential rainfall event in July 2008.  The overall morphology of the slow moving earthflow would suggest 
that it has had a number of early slip events because there are three clear steps in the hillslope that are likely related 
to slip planes that daylight and cut the surface.  In addition, the slide is populated by a number of trees with bent, 
curved, or tilted stems, which clearly indicates instability.  To study the movement history of this feature, we cored 
Tsuga canadensis with curved and tilted stems to relate ring eccentricity to tilting and ground motion. 
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Tree ring widths and difference for tree A1, which is on the lower part of the Bowman slide.  Plot showing the ring 
width comparison of upslope versus down slope ring width.  Dotted lines show time of inferred disturbance and 
likely ground movement on this part of the slide. 

 
DISCUSSION 

 
One remarkable aspect of this slow moving earth slide is that there appears to be repeated slip and movement 

for nearly 170 years, but catastrophic collapse of this hillslope has not occurred in this time frame.  As such, this 
feature provides an exceptional long-term record of slip and hillslope movement.  We suspect that trees respond to 
disturbance rapidly, but then growth is followed by a long period of recovery that in some cases appears to last for 
more than a decade (Carrara and O’Neill, 2003).  Eccentric growth can precede significant slip that causes ground 
breakage, and that growth is eccentric for some time after slip in the recovery phase.  We think that this response 
and subsequent recovery is well represented by tree A1.  It is possible that the late ring pattern in A2 represents slip 
in 1972 followed by a 20 year period of recovery, but it is also possible that additional slip occurred in that interval.  
As such, assignment of slip or significant ground movement from asymmetry requires the evaluation and synthesis 
of many individual trees.  In using this approach, we extract these following key periods of slip. 

The most recent period of record, 2005-2008, appears to be a period of eccentric growth and ground 
instability.  This instability is manifested in part by the small-volume slip with actual ground breakage in July 2008 
where approximately 10% of the slide experienced minor down slope movement.  The wildly eccentric growth of 
trees on the upper part of the slope, which did not appear to move in the July 2008 event, suggest instability that is 
the most dramatic that many of these trees have experienced in over 175 years. 

A period between 1972-1975 shows that tilting and slip was pervasive and acted progressively upslope over 6 
years, and this period corresponds to a well known, extremely wet period in this area.  Sharply eccentric growth in 
1972 in A1 and A4 suggest that this year saw the first ground movement, whereas B1 becomes eccentric starting in 
1973.  Much of the slope appears to have been mobilized in this interval, and this is similar in timing to movement 
of comparable features in the Plotterkill Preserve (c. 15 km east; Bucci, 2009).  Between 1942-1946 appears to be a 
single, short-lived event also recognized in the Plotterkill Preserve (Bucci and Garver, 2009). 

Recent slip.  Of the eleven trees analyzed, one was a T. canadensis that was toppled and killed in the slip 
event that affected the lower part of the landslide in July 2008.  For this tree (A6), a full slice was taken and 
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analyzed.  One of the most impressive aspects of this record is that some of the most eccentric growth and most 
prominent reaction wood was during a three year period of 2005-2007.  This growth of reaction wood and the most 
eccentric growth of this tree occurred for three years before the ground actually failed in an event that ultimately 
killed the tree.  One likely explanation is that ground motion occurred for several years, and that trees begin to react 
to internal ground movement before actual ground breakage.  One implication from this finding is that rapid 
eccentric growth of trees on a slope may be used to predict future failure.  Another important point is that the tree-
ring record on landslides with slow and progressive movement may be complicated because tilting may precede 
actual ground breakage. 

 
IMPLICATIONS 

 
This active slow-moving landslide at Bowman Creek shows a 175 year record of deformation and tree tilting 

and as such it is ideally suited to reveal subtle clues as to the relationship between ground movement and 
precipitation.  There are clearly periods of ring asymmetry inferred to relate to enhanced slip.  This study serves as a 
starting point for developing a regional evaluation of the historic significance of landslides in this area. 

The last decade (1998-2009) has been the wettest ten-year interval in Albany N.Y. since 1878 as revealed by 
NOAA records.  In addition, this part of the Northeast has seen an increase in the number of extreme precipitation 
events - defined as total precipitation per event >2 inches (5 cm; Frumhoff and others, 2007).  We have seen from 
the data that there is currently movement on the hillslope and precipitation data and discharge data from this area 
show that we are in a period of enhanced precipitation (Burns et al., 2007).  Together, these findings imply that we 
are entering a period of enhanced hillslope instability, similar to the 1970’s, if not more dramatic. 
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SOUTH TRIP, STOP 3 
MIDDLE ORDOVICIAN SCHENECTADY FORMATION IN THE PLOTTERKILL 

PRESERVE 
 

J.I. GARVER, UNION COLLEGE 
 
The Plotter Kill preserve in Schenectady County is one of the scenic gems in the Capital District because the 

creek flows over several impressive 40-60 foot (12-18 m) waterfalls cut into resistant beds in the Middle Ordovician 
Schenectady Formation.  The word “kill” is Dutch for stream  and many of the local creeks retain their names from 
the original Dutch settlement in the mid to late 17th century.  The Schenectady Formation is Mohawkian in age 
(upper Middle Ordovician) and it is part of a flysch belt that is well exposed from Virginia to Newfoundland.  In this 
part of N.Y. State, most of the formation (and the Utica Shale) is restricted to the Nowadagan stage but the lower 
beds belong to the Canajoharian stage (i.e. the top of the Mohawkian; exposed widely in the creek bottom, best 
exposures at 42.830481, -74.046890). 

 

 
Wall of interbedded sandstone and shale of the Middle Ordovician Schenectady Formation at the upper waterfalls 
of Plotterkill Preserve.  These clastic strata were derived from the Taconic orogenic belt to the east and they make 
up the main part of the Taconic foreland basin (Photo: J.I. Garver). 

 
The geology of the Hudson and Mohawk Valleys of eastern upstate New York is defined by the events of the 

Ordovician Taconic Orogeny, which was dominated by the collision of the west-facing Taconic arc with the passive 
margin of eastern North America.  The Taconic orogenic belt resulted in the formation of a foreland basin filled 
largely by turbidites and other deep-marine clastic sedimentary rocks.  The Taconic foreland basin is well exposed 
in the Hudson and Mohawk valleys, and both north and south for several thousand kilometers.  To the west 
(Schenectady and west) are undeformed autochthonous rocks that accumulated in this tectonically active foreland 
basin.  To the east, para-autochthonous rocks are comprised of foreland basin strata that were deformed in the 
frontal boundary of the Taconic Thrust Belt (Bradley and Kidd, 1991). 

The geometry of the Taconic foreland basin can be examined using paleocurrent data from Middle 
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Ordovician units including the undeformed Schenectady Formation and the deformed Austin Glen Formation.  
Paleocurrent data from flutes and grooves from autochthonous turbidites indicate a relatively simple NE transport 
direction parallel to the thrust front.  Paleocurrent data from the deformation front (para-autochthon) show primary 
transport directions to the NE as well as the NW and flow directions are highly variable, even in a single outcrop.  
Kinematic analysis of folds and thrusts in the frontal part of the Taconic thrust belt have a northwest vergence and 
tectonic transport to 290-300 degrees (northwest).  Together these data indicate that sediment transport along the 
deformation front may have been influenced by thrust topography in the deformation front, producing sediment 
transport perpendicular and parallel to the thrust complex. 

 

 
Stratigraphic reconstruction of the Middle Ordovician basin fill in eastern NY State (see Garver et al., 1995). 

 
In the Plotterkill the Middle Ordovician Schenectady Formation is beautifully exposed, and we know that this 

unit lies above the Utica Shale which is fast becoming a target for shale gas in NY State (along with its Devonian 
big brother the Marsellus Shale).  Together the Schenectady Formation and the Utica Shale are nearly 1000 to 1800 
meters thick, although the top is not well exposed.  This shale/sandstone package thins gradually to the west and 
thickens dramatically to the front of the Taconic Range (east edge, near Troy - see Figure above).  The extreme 
thickness and the composition of these strata is an important pattern of the regional stratigraphy as this is the main 
part of the Taconic orogenic wedge. 

 

 
Inferred basin setting of the Middle Ordovician Taconic basin after Bradley and Kidd, 1991.  Paleocurrennt 
distribution after Powers and Garver  (2004).  The Taconic thrust wedge is to the east and the thrust belt includes 
allochthonous rocks (far right) and also imbricated and thrusted basin strata. 

 
The accommodation space for these strata was greatest near the thrust load.  We suspect that the 

accommodation space was greatest from here east to the Troy area where the unit thickens considerably from about 
1000 m to about 3000 m, but in both places the top is not exposed, so the thickness is an estimate.  Farther to the 
west, true known thickness tapers dramatically to ~500 m or less.  The overall dramatic eastward thickening (and 
continuity of marine rocks to the west) suggests that the source area lay to the east of the basin.  The nature of that 
source has been the focus of a number of studies, but one thing is clear: the source was not the Taconic Arc.  In fact, 
no one has found direct evidence of the arc, which doesn’t mean it wasn’t there, but just that sediment shed off the 
Taconic arc didn’t make it this far to the west in the Foreland basin.  The same thing now occurs in Taiwan. 

Sandstones contain coarse-clastic material that represents identifiable fragments of the source region.  
Sandstones of the Schenectady Formation contain quartz, feldspar, rock fragments (mainly sedimentary rock 
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fragments), and minor detrital muscovite (Rowley and Kidd, 1981).  The geochemistry of shale in the Taconic 
foreland suggests that there was more ophiolitic material in the source areas north to Quebec and Newfoundland as 
opposed to here directly adjacent to the Taconic Range of New York and Vermont (Garver et al., 1996). 

In the Hudson lowlands, the age equivalent Austin Glen Member of the Normanskill Formation has 
compositional components and geochemistry inferred to indicate that the source was dominated by recycled, 
sedimentary components.  Major and trace element data indicate that the provenance of both shales and sandstones 
was the same (Bock et al. 1998).  Detrital zircon in the Austin Glen Member of the Normanskill Formation are 
predominantly of Grenville age (Pb/Pb ages of 1.46-0.94 Ga) (McLennan et al., 2001).  None of the zircon are 
Ordovician in age, which is consistent with the interpretation by many that the Taconic thrust belt in this area was 
comprised almost entirely of imbricated strata of the former passive continental margin, which was exclusively 
derived from the Grenville and other rocks of eastern North America. 
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SOUTH TRIP, STOP 4 
SCHOHARIE CROSSING - FLOOD HAZARDS AND ENGINEERING 

 
J.I. GARVER, UNION COLLEGE 

 
What happens when transportation corridors get constricted into narrow flood-prone zones?  The Schoharie 

Crossing area is a type example an area where key infrastructure arteries impinge on areas with flood hazards.  The 
most significant recent event in this area is the collapse of the I-90 Schoharie Creek Bridge in 1987 and the resulting 
death of ten motorists.  But the hazardous history of this area extends well back into the 18th century.  The two 
transportation arteries that we will consider here are the Erie Canal (1825 to the present) and the I-90 corridor 
(parking for aquaduct: 42.938897, -74.289497) 

 
Simplified LiDAR image of the Schoharie Crossing area (Marsellos and Garver, unpublished).  After the 
devastating floods of 2006, NY State, with federal assistance, contracted to cover almost all of the Mohawk River 
with LiDAR.  This image shows a key problematic transportation nexus that has nearly 200 yr of history of bridges 
and disasters.  [1] Schoharie Crossing State Historic; [2] "Clinton's Ditch" Erie Canal; [3] an Old Erie Canal 
guard lock (to keep flood water out of the canal); [4] the Enlarged Erie Canal 'Empire' Lock No. 30;  [5] Schoharie 
Creek Aqueduct; [6] 'Tribes Hill' Lock No. 12 of the Barge Canal (modern); [7] the I-90 detour (now abandoned 
and overgrown, used for about 1 year after collapse of the I-90 bridge); [8] the I-90 Bridge crossing (built 1987-88 
after the 1987 collapse). 
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The confluence of the Schoharie Creek and the Mohawk River have presented engineering challenges in the 
face of floods and ice jams for nearly two centuries.  As we have seen, the Schoharie Creek is a major north-flowing 
tributary that drains the northern Catskill Mountains, and floods, commonly with ice jams.  Therefore the confluence 
has a unique and special natural hazard that has presented problems for river-crossing bridges since they were first 
build in this area. 

The Erie Canal was first proposed and executed in the early 1800’s by NY Governor DeWitt Clinton, and 
many skeptics referred to this effort as “Clinton’s Ditch”  (now the name of a restaurant on Erie Boulevard in 
Schenectady).  The Erie Canal was finished in 1825, and with much fanfare, a barge that crossed the state delivered 
a cast of Lake Erie water to the Hudson (in NYC), and the transfer of contaminated water has yet to cease.  The 
opening of the Erie Canal allowed the transfer of goods and commerce between NYC and points inland west of the 
Appalachians, and the economic implications of this were enormous - thus the Empire State was born (this and the 
following historic summary largely drawn from ErieCanal.org and NY State Parks - see references). 

The Schoharie Crossing State Historic Site (42.938897, -74.289497) is the only designated National 
Landmark on the Erie Canal and the highlight of this landmark are the rapidly collapsing ruins of the Erie Canal 
aqueduct that crossed Schoharie Creek near the confluence with the Mohawk River (see [5] on figure).  The 
aqueduct was opened in 1845 as part of the canal enlargement and reorientation (cf. Erie Canal I and Erie Canal II 
on figure). 

In 1916-1918 the transfer was made from Erie Canal II to Erie Canal III (the current situation, now know as 
the Barge Canal), and in making this transfer most of the original arches of the Aqueduct were demolished to 
facilitate flow of water and ice in times of flooding.  Since then three other arches have collapsed, including the 
most recent in the event of 1998.  There is now an active effort to catalog and save the remaining spans, and if you 
look closely at the limestone blocks you can see inventory numbers painted in orange. 

Crossing the lower reaches of the Schoharie Creek has been an engineering challenge for nearly two 
centuries.  The first solution was to dam the river to form a pool and then cross the pool with ropes and a windlass.  
After many disasters during high water, a toll bridge was built and operated by the Florida Bridge Company and this 
was used on the original canal from 1829 to 1845 (Erie Canal I).  The 624-foot Aqueduct opened in 1845, and 
replaced the Florida Company bridge (Erie Canal II).  When you stand on the Aqueduct you can see the original 
towpath on one side next to the now empty canal itself. 

The I-90 bridge over the Schoharie Creek was an important element of the state and national effort to develop 
the I-90 corridor, the longest interstate highway in the U.S.  The bridge was completed and open for traffic in 
October of 1954, and the timing couldn’t have been worse because the next year the river would see its highest 
discharge on record. 

To make the actual bridge span as short as possible, an enormous half-mile-long, shallow-ramped incline was 
built across the floodplain to allow a relatively narrow crossing point (yellow arrow on figure), which is where the 
former bridge resided.  The ramp, like a dike on the floodplain, resulted in narrowing the high-flow channel to less 
than 20% of the original width.  Two large abutments anchored either end of the bridge, and the 509-foot bridge sat 
on four pier frames made of tapered columns and tie beams.  The columns were fixed in place on a thick section of 
glacial till within a lightly reinforced plinth that was positioned on a shallow reinforced spread footing.  The 
engineering design called for armoring of the plinth and spread footing with rip-rap.  In the flood of October 16, 
1955 the spread footing was damaged and the rip-rap was transported down stream.  In 1957 reinforcement was 
added to the plinths, but it appears that the rip-rap was not replaced. 

 
I-90 BRIDGE COLLAPSE IN 1987 

 
During the spring flood of 1987, on the morning of April 5, the Schoharie Bridge collapsed killing ten people 

who were in vehicles during the collapse or who drove over the edge after collapse.  This is one of the most 
significant bridge disasters in US history in the last 100 yr  (NTSB, 1988).  The recent collapse of the I-35W 
Mississippi River bridge (Minneapolis, 1 August 2007) was nearly four times the span and resulted in the deaths of 
13 people. 

The event that drove the collapse of the Schoharie Bridge was a significant flood, and it stands today as the 
third largest on record for this river.  The event resulted from snowmelt combined with rainfall of 5-6 inches across 
the drainage basin.  The river had a mean daily discharge of 45,000 cfs in this event, which is the third highest flow 
on record (since 1940).  The first was the flood of 1955 (54,000 cfs), and the second was the very damaging flood of 
1998 (49,000 cfs).  Peak instantaneous discharge at Burtonsville (about 15 miles upstream) was recorded as 64,900 
cfs at 645 AM on 5 April (USGS): collapse occurred four hours later at 10:45 AM (NY Times, 6 April, 1987). 

Much of the subsequent forensic analysis would indicate that failure was driven by deep scour and loss of 
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basal support of Pier three, which sat in the main channel of the river (NTSB, 1988).  Loss of this support doomed 
the other sections, and about 90 minutes after the collapse of pier three, pier two and span two collapsed and two 
hours later pier one and span one shifted.  Because some time elapsed between the initial collapse and the later 
failures, part of the event was well documented by video (see YouTube). 

 

 
View to the northwest of the Schoharie Bridge Collapse of April 1987.  Note the difference in water elevation 
between upstream (left) and downstream.  This difference is caused by near full constriction of the flood plain 
(Source: NYS DOT). 
 

At the time of the collapse, one car and one tractor-trailer were on the bridge.  Before the road could be 
closed, three more cars drove off into the new-formed gap.  During the following three weeks, nine bodies were 
recovered from the river, one discovered 50 miles downriver in the Hudson near New Baltimore (NY Times, 24 
April, 1987).  The body of the 10th victim was recovered in the Mohawk River, two years later, in July 1989 
(Albany Times Union, 18 July, 1989).  The bridge re-opened on 27 May, 1988, more than a year after the event.  Six 
days after the I-90 bridge failure the Mill Point Bridge collapsed, which allows Rt 161 to cross the river about 3 
miles upstream.  There were no casualties or injuries in the Mill Point collapse because the bridge had been closed 
because of concern that it too may fail because of foundation scour. 

It has been widely concluded that the I-90 bridge collapsed due to scour under pier three.  But considerable 
finger pointing went on for some time because there was concern that the bridge was not inspected properly and that 
rip-rap was not in place to armor the base.  Conrad Lang, the chief engineer for the Thruway Authority, testified in 
front of the National Transportation Safety Board that although the bridge was 33 years old and there were disputes 
about its stability, the bridge ''failed because of scour and for no other reason.'' (NY Times, 1 July 1987).  This 
analysis ignores the broader issue that construction of the ramp leading up to the abutments cut the flood plain width 
to allow for a shortened span. 

The Schoharie Creek Bridge disaster has become an international engineering case study in bridge failure.  In 
study after study there has been intense scrutiny of pier design, scour, rip rap, underlying geology, and other factors 
related to bridge collapse, and virtually nowhere is there any discussion about the half-mile long ramp used so that a 
shorter bridge span could be used.  This flood plain modification had the direct consequence of blocking flood water 
and forcing it through one very narrow reach.  That action focused erosion, which then resulted in pier failure. 
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The new bridge over I-90 is well built, but there are other infrastructure arteries over the Schoharie.  A key issue is 
if the hydrology of the southern Mohawk watershed changing.  Shown here is maximum mean discharge of the 
Schoharie Creek spilt into pre-1976 and post 1976 intervals.  Data are ordered from minimum to maximum.  The 
top ten floods in the recent interval are labeled and all but two have occurred since 1980.  Another way to look at 
these data is that since the devastating flood of 1996, the Schoharie Creek has experienced flow events greater than 
15 kcfs every year except 2002 and 2009.  This change in the mid to late 1970’s coincides with a change in a weak 
Atlantic storm track in the early 1970’s to a strong Atlantic storm track in subsequent years (see Chang and Fu, 
2002; from Garver and Cockburn, 2011 - Mohawk Watershed Symposium). 
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SOUTH TRIP, STOP 5 
GLACIAL GEOLOGIC SIGNIFICANCE OF VROMAN’S NOSE 

 
D.T. RODBELL, UNION COLLEGE 

 
Vroman’s Nose is an asymmetric hill in the Schoharie Valley just southwest of Middleburgh, NY (parking for 

trailhead: 42.594706, -74.358289).  Underlain by calcareous sandstone of the Panther Mountain Formation 
(Hamilton Group,  Devonian), Vroman’s Nose has a gently sloping northern slope that is glacially polished and 
heavily striated, and a near vertical south face.  It is a classic roche moutonnee that was formed by ice scour and 
polish on the upstream (north-facing) slope and plucking and quarrying on the downstream (south-facing) slope.  
Upstream pressure melting and downstream regelation are often suggested as the primary processes that create 
asymmetric hills in a sub-glacial environment. 

 
Vroman’s Nose photograph from just south 
of Middleburgh, NY, looking to the 
southwest. 

 

 

Rose diagram of the orientation of approximately 25 striae on the summit of 
Vroman’s Nose.  Striae are interpreted as unidirectional flow indicators (ice 
flow to the west southwest) due to similar regional drumlin orientation.  Red 
arrow is orientation of Vroman’s Nose perpendicular to top of cliff, which 
represents the direction of ice flow that sculpted Vroman’s Nose; divergence 
in ice flow directions reflect a largely N-S ice flow when ice was thick, and a 
short-term, late glacial ice flow direction to the west. 

 
The long axis of Vroman’s Nose is oriented at 200°, which reflects the dominant direction of ice flow that 

sculpted the hill.  Striae on the summit, however, are oriented at ~255°, significantly more westward than the 
orientation of the landform itself.  The west-southwest orientation of drumlins in the region enable interpretation of 
the striae on Vroman’s Nose unidirectionally.  The dominantly N-S orientation of the long axis of Vroman’s Nose 
likely reflects the direction of ice flow of the Laurentide Ice Sheet (LIS) when it was at or near its maximum 
thickness.  A subsequent shift in ice flow direction to the west may have occurred when the LIS was thinner and was 
being funneled by the regional topography around prominent nunataks, such as the Catskill Mountains to the south. 

The view to the south from the summit of Vroman’s Nose reveals a spectacular glacial valley with a very flat 
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floor.  During the waning stages of the last Ice Age, a small distributary of the Hudson Lobe of the LIS spilled 
westward into the upper reaches of the Schoharie Valley and flowed northward at least as far as the village of 
Breakabeen, just to the south of Vroman’s Nose.  At the same time, the northern end of the Schoharie Valley was 
plugged by another distributary lobe that extended westward up the Mohawk Valley and across the mouth of the 
Schoharie.  With ice at both ends of the Schoharie Valley, the intervening reach of many kilometers would have 
been flooded.  This long finger lake is known as Glacial Lake Schoharie, and it existed on the landscape until the 
northern outlet was deglaciated and the Schoharie could begin to drain northward, at least by ~14 ka.  Proglacial 
lake sediments underlie much of the floor of the southern Schoharie Valley and are the reason for its striking lack of 
relief. 
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NORTH TRIP 
 

PRECAMBRIAN ROCKS, CAMBRIAN STROMATOLITES, AND BUBBLING 
MINERAL WATERS OF THE SOUTHEASTERN ADIRONDACK REGION 

(NEW YORK) 
 

FIELD TRIP LEADERS: 
KURT HOLLOCHER 
MATTHEW MANON 

GEOLOGY DEPARTMENT 
UNION COLLEGE, SCHENECTADY, NY 

 
On this trip we will visit some classic research, teaching, and just plain great field trip localities in crystalline 

and sedimentary rocks of the southeastern Adirondack region.  We will see amphibolites with garnets up to 10 cm 
across, a variety of metamorphic rocks transitional between the amphibolite and granulite facies, the profound 
unconformity between Precambrian gneisses and Cambrian sandstones, and spectacular stromatolites in upper 
Cambrian limestone.  As a special treat we will see the famous, though not tasty or good-smelling, bubbling 
Saratoga mineral springs and travertine deposits. 
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NORTH TRIP, STOP 1 
WALL ST. BIG GARNET OUTCROP, WARRENSBURG 

LOCATION: 43.4995°N, 73.7460°W 
 

KURT HOLLOCHER, UNION COLLEGE 
 

INTRODUCTION 
 
This stop is sometimes called “the poor man’s Gore Mt.” outcrop (McLelland and Wong, 2008).  Though the 

garnets are not as abundant as those at Gore Mtn., nor as large, petrologic and structural relationships are similar 
though the Warrensburg rocks are somewhat more Mg-poor and Fe- and Ti-rich (more evolved) than those at Gore 
Mtn.  The big garnet rocks at both locations are orthopyroxene-garnet-biotite amphibolites that are unremarkable for 
the Adirondacks except for garnet size, and the coarse-grained zones in which the garnets mostly reside.  Based on 
structural, petrologic, and, geochemical similarities with Gore Mtn., and other work (e.g., McLelland and Wong, 
2008) the big garnet amphibolite is derived from a corona gabbro parent rock. 

 
CORONA GABBRO PARENT ROCK 

 
Corona gabbro is abundant in the Adirondack ~1155 Ma AMCG suite (Anorthosite, Mangerite, Charnockite, 

Granite), and these plutons are thought to be examples of the mantle-derived mafic magmas that were parental 
magmas for the anorthosites (A) and supplied heat for crustal melting (MCG).  Corona gabbros are well exposed on 
the northbound I-87 exit 23 ramp (Warrensburg) that we were just on, photos of which are shown in Figure 1.  The 
fresh gabbro (Fig. 1A) consists of green, blocky, interlocking plagioclase that has a relic igneous cumulate texture 
(Fig. 1B).  The black patches (Fig. 1A) are coronas around magnetite and the pink patches are coronas around 
olivine (though in this outcrop it seems olivine has been largely reacted out).  The coronas are the result of Ottawan 
1080-1050 Ma fluid-absent (= dry) granulite facies metamorphism that occurred during crustal thickening associated 
with continent-continent collision (McLelland and Wong, 2008).  Estimated metamorphic conditions are ~750-
800°C and ~8 kbar (McLelland and Wong, 2008).  The coronas grew as a result of solid state reactions in these dry 
rocks.  In magnetite coronas (Fig. 1C) Si, Al, K, Ca, Na, and Mg diffused in, and Fe and Ti diffused out to produce 
the concentric shell mineral sequence: magnetite-titanian biotite-titanian hornblende-garnet-exterior plagioclase.  In 
the olivine coronas (Fig. 1D) Si, Al, Ca, and Na diffused in and Mg and Fe diffused out to produce the mineral 
sequence: olivine-OPX-CPX-moat plagioclase-garnet-exterior plagioclase.  Excess Mg, Fe, and Al from the 
reactions resulted in precipitation of tiny green spinel crystals inside relic igneous plagioclase (Fig. 1E). 

Pegmatites crosscut the corona gabbro on the exit ramp, hydrating the corona gabbro within 0.5-1 meters of 
the dikes, producing amphibolites with garnets only ~1 mm in diameter (Fig. 1F).  These pegmatites, at least, seem 
not to be related to the big garnet growth event.  At least some of these pegmatites are early, as indicated by garnet 
garlands around pyroxenes that grew under granulite facies conditions.  Amphibolitization of the corona gabbro 
around the pegmatites, and the fact that some pegmatites don’t seem to have garnet garlands around pyroxene, may 
indicate that some of the pegmatites post-date granulite facies metamorphism (i.e., two generations of pegmatites). 

 
BIG GARNET AMPHIBOLITE 

 
The big garnet amphibolite at this stop was apparently derived from the corona gabbro under upper 

amphibolite facies conditions during the influx of aqueous fluids.  Pb/Pb, Sm/Nd, and Lu/Hf dating of different 
components in the Gore Mtn. big garnet ore rock (Scherer et al., 2000; similar in many respects to the Wall St. 
outcrop) yields a weighted average age of 1049 ±4 Ma, which is during the late Ottawan extensional collapse of the 
Grenville orogen (McLelland and Wong, 2008).   

In contrast to the corona gabbro, the Wall St. outcrop is a coarse-grained hornblende-plagioclase-biotite-
orthopyroxene-ilmenite amphibolite (Figs. 2A and B) with big garnets occurring mostly in coarse patches that also 
contain extra-large versions of the other minerals.  The large size of the minerals resembles pegmatite and suggests 
that fluids, melts, or both were present during coarse patch formation.  We interpret these coarse patches as being 
primarily dialational features that opened during moderate deformation, filling with fluids or melt at lithostatic 
pressure.  It may be that the dialational features nucleated on garnets that were already growing large.  Remarkably, 
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Figure 1.  Corona gabbro at the outcrop on the northbound I-87 Exit 23 ramp.   A and F are outcrop photographs, 
B-E are thin section photos (all plane light).  This rock is probably parental to the big garnet rock, though actual 
contact relations are hidden.  A) Fresh corona gabbro containing black coronas around magnetite, pink coronas 
around olivine, and blocky, green, igneous plagioclase.  B) Relic igneous textures, including plagioclase and 
primary CPX cores clouded with numerous inclusions.  C) Coronas around magnetite.  From corona inside to 
outside the sequence is: magnetite, titanian biotite, titanian hornblende, garnet, plagioclase.  D) Coronas around 
OPX (all olivine is reacted out here).  From corona inside to out the mineral sequence is: (olivine), OPX, CPX, 
moat plagioclase, garnet, primary plagioclase.  E) Green spinels that cloud primary igneous plagioclase crystals.  
F) Amphibolitized corona gabbro adjacent to a clinopyroxene-bearing pegmatite. H=hornblende, M=magnetite, 
B=biotite, G=garnet, P=plagioclase, C=CPX, O=OPX. 
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Figure 2.  Thin section micrographs (all plane light) of rocks at Stop 1, Wall St.  A) Edge of a large garnet in direct 
contact with matrix hornblende, plagioclase, and biotite.  Note that, in this outcrop, plagioclase-OPX-hornblende 
symplectite rims around garnets are not developed as they at Gore Mtn. and some other large garnet localities.  B) 
Orthopyroxene in the matrix of the same thin section as A.  C) Orthopyroxene-bearing migmatitic tonalitic gneiss 
near the north end of the outcrop, between the thick pegmatite and the pink granitic gneiss.  D) Pink, migmatitic 
granitic gneiss near the north end of the outcrop.  H=hornblende, G=garnet, P=plagioclase, I=ilmenite, B=biotite, 
O=orthopyroxene, Q=quartz, K=K-feldspar. 
 
mineral compositions in the coarse patches are little different from those in the matrix, suggesting that temperatures 
were high and supporting the idea that a fluid phase was present allowing near-homogenization of mineral 
compositions over meter scales.  High temperature during garnet growth is supported by the fact that the big garnets 
are nearly, but not quite, homogeneous with a composition of Alm60Py24Gr13Sp3 (plagioclase is An37).  We have not 
completed thermodynamic modeling at this site, but at a nearby big garnet locality modeling suggests that the big 
garnets grew at ~4.5 kbar and 750°C, meaning that these rocks had undergone considerable, approximately 
isothermal decompression from ~8 kbar at the time of garnet growth. 

No transition zone is exposed between the nearby corona gabbro and the big garnet amphibolite, but at Gore 
Mtn. the transition zone is about 2 m thick.  Over this distance garnets grew from ~100 µm diameter to ~100,000 
µm (~10 cm), a factor of 1000 increase in diameter and a billion in volume.  The garnets maintain about the same 
chemical composition throughout the transition from parental gabbro to big garnet amphibolite (approximately 
Al47Py40Gr12Sp1, Sharga and Sclar, 1987).  Because garnets persist in the corona gabbro, through the transition zone, 
and into the big garnet amphibolite, maintaining about the same chemical composition, the presence of small 
numbers of enormous garnets in the amphibolite can’t be the result of small numbers of garnet nuclei.  For this 
mechanism to have functioned, garnets would have to have vanished from the assemblage at some point in the 
transition zone, then nucleate sparsely farther in toward the garnet ore.  Instead, thin section and eyeball petrography 
shows that the tiny garnets in the corona gabbro gradually recrystallized and grew into larger and fewer garnets in 
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Figure 3.  Chemical variation diagrams showing compositional changes for the three elements that differ the most 
between the corona gabbro parental rock and the big garnet amphibolites at Gore Mtn. and Wall St., Warrensburg. 
  
the transition zone, along with hornblende replacing pyroxenes.  The driver for garnet growth seems to have been 
reduction of surface energy (other possibilities, please pipe up!). 

Besides changes in mineralogy and grain size, the Wall St. big garnet amphibolite is also chemically 
somewhat different than the parental corona gabbro (Fig. 3).  The most striking changes are in Cs concentrations 
which is a factor of ~5 higher in the big garnet amphibolite.  Li concentrations are higher by a factor of 2, and Th 
concentrations lower by a factor of 1.5.  These changes are more modest than what is found at Gore Mtn. where Cs, 
Li, and Th concentrations in the big garnet amphibolite are lower than the parental corona gabbro by factors of 5 
(higher), 15 (lower), and  30 (lower), respectively.  Note that Th is often considered by geochemists to be a 
relatively immobile element under metamorphic conditions.  At Gore Mtn. the large changes and variability in some 
trace elements, but not significant changes for most major elements, suggests that large volumes of fluid moved 
through the rock and that flow was channelized through the ore.  The difference between the compositional changes 
seen at Gore Mtn. compared to Wall St. indicates perhaps less fluid at Wall St., and certainly that the composition of 
the fluid was different. 

Moving from the big garnet amphibolite uphill (north, Fig. 4), eventually we come to a thin pegmatite dike.  
Though the coarse grain size and pink color of some of the feldspars suggests this is a normal granitic pegmatite, it 
is actually tonalitic and contains essentially no K-feldspar.  Though the amphibolite becomes finer grained and more 
biotite-rich in the last few centimeters approaching the thin pegmatite, there is not much change in chemical 
composition, in contrast to the more impressive compositional differences between the corona gabbro and the big 
garnet amphibolite itself. 

After a small interval of more big garnet amphibolite, the unit terminates against a knife-sharp surface that 
appears to be a fault (McLelland and Wong, 2008).  Biotite covers the fault surface, but again on close approach to 
the fault there is no major change in big garnet amphibolite composition.  The fault has been hypothesized as the 
source for amphibolitizing fluids (McLelland and Wong, 2008), as has the fault on the south side of the big garnet 
ore at Gore Mtn.  The lack of major chemical change in the amphibolite at Wall St. with distance from the fault 
implies that either fluids circulated so freely that proximity to the fault, at least on the scale of this outcrop, made no 
difference, or that this particular fault was not the fluid source. 

Uphill (north) of the fault is a very coarse pegmatitic zone 1-2 m thick.  We do not know if this pegmatite has 
K-feldspar, or if it is tonalitic like the thin pegmatite farther south.  The thick pegmatite is followed northward, 
seemingly gradationally, by a light-gray migmatitic orthopyroxene-bearing tonalitic gneiss which has a very strange 
REE pattern (Fig. 4).  The tonalite transitions northward to a pink, migmatitic granitic gneiss, but the contact 
between the two is obscure. 
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WATER SOURCE 
 
What is the source of the fluids that turned dry granulite facies corona gabbro into the hydrous big garnet 

amphibolite?  If the estimates of ~4.5 kbar and 750°C during big garnet formation are even approximately correct 
for this outcrop, fractures to surface sources of water would have been impossible because rock strength could not 
sustain them.  Because formation of the big garnet amphibolite seems to have taken place during isothermal 
decompression of very hot rocks, we suspect that the water source was decompression-induced dehydration of 
amphibole- or biotite-bearing rocks deeper than the big garnet localities. 

The idea is this:  Rocks of the right composition dehydrate as they decompress, releasing aqueous fluids of 
various compositions depending on the source.  The fluids rise through fracture systems.  If they encounter rocks of 
the proper composition, such as corona gabbro, they fluids react with the rock to produce garnet amphibolite.  It is 
the combination of fluids, the right parental rock composition, high temperatures, and duration of fluid flow that 
controls whether or not a spectacular body of big garnet amphibolite forms, or if, perhaps, nothing special in the 
rocks is recognized. 

 
STOP 1 WALKING LOG 

 
Exiting the bus brings you face to face with the outcrop.  DO NOT CLIMB TO THE TOP OF THE 

EASTERN OUTCROP!  Garnets tend to occur in elongated patches with coarse plagioclase, orthopyroxene, 
hornblende, and biotite.  These patches are aligned, either representing the original dialational fluid-filled fractures, 
or later deformation.  Large orthopyroxenes can be distinguished from hornblende because they are somewhat rusty-
weathering.  Walk north along the outcrop and look for changes in mineral proportions in the amphibolite 
(especially garnets).  Look at the two pegmatites, the fault on the northern contact of the garnet amphibolite, and the 
tonalitic and granitic gneisses at the north end of the outcrop.  Is the thick pegmatite granitic or tonalitic?  Are the 
coarse zones dialational fractures?  Can you find the contact between the tonalitic gneiss and the granitic gneiss?  At 
some point, taking great care, cross the road to the western side to see beautiful garnets and coarse patches on a 
smaller road cut that has a glacially polished top surface. 



28 
 

 



29 
 

NORTH TRIP, STOP 2 
THE POTSDAM FORMATION AND THE GREAT UNCONFORMITY 

LOCATION: 43.7559°N, 73.4060°W 
 

J.I. GARVER, UNION COLLEGE 
 
The Cambrian Potsdam Sandstone (Formation) rests unconformably above the Grenville metamorphic rocks 

of the Adirondack massif.  The unconformity can be correlated to the “great unconformity,” which is a global 
unconformity that places Cambrian strata over a variety of Precambrian units in a transgression that followed break 
up of Rodinia. 

Cambrian Cover Sequence.  In New York State, the Potsdam Formation is the basal unit of the Paleozoic 
cover strata that sit unconformably above the Grenville basement and this contact is well exposed around the 
Adirondack Mountains.  The depositional age of the Potsdam Formation varies from upper middle Cambrian to 
lower upper Cambrian in New York State (Fisher 1977; Selleck 1997; Landing 2007).  Inferred depositional 
environments for the Potsdam vary around the marine-nonmarine interface and are interpreted to be: (1) local 
alluvial fans; (2) marine or fluvial channels; and (3) low-energy, littoral to nearshore environments (Otvos 1965; 
Selleck 1997).  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 (~1100 Ma), but a small fraction are older 
(~1300-1400), and may represent a partial source form older adjacent basement terranes (Gaudette et al., 1981). 

 

 
Figure 1.  Photo of the Cambrian Potsdam Formation sitting unconformably on the Grenville-aged Potsdam 
Foramtion.  Sample PD-1 (discussed below) contains detrital zircon that were analyzed for crystallization ages and 
cooling ages (Garver and Montario, 2008).  The Potsdam at this location is atypical: the basal member is arkosic 
and locally derived, and it has experienced hydrothermal alteration (Seleck, 1997, 2008). 

 
The overlying Galway Formation consists of interbedded carbonate and quartz clastic sandstones and it is 

equivalent to the gas-bearing Theresa Formation of southwestern New York and the Rose Run Formation of Ohio 
(Janssens 1973; Fisher 1977).  These units, which grade upward into carbonates of the Beekmantown Group, 
represent a widespread transgressive sequence from the Late Cambrian to the Early Ordovician.  Sandstones of the 
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Galway Formation have been the focus of oil and gas exploration in New York over the past few years because of 
the large plays discovered in the Theresa Formation of Ohio (Hart et al. 1996).  These lower units, rich in clastics, 
are overlain by a series of carbonate rocks of the Beekmantown Group that in turn are overlain by the Middle 
Ordovician Trenton and Black River groups.  These units are all overlain by a thick Paleozoic sequence in New 
York State.  This overlying stratigraphic sequence consists of the Taconic (Ordovician), Acadian (Devonian), and 
Alleghenian (Carboniferous) clastic wedges. 

 
ANALYSIS OF DETRITAL ZIRCON BY U/PB AND FISSION TRACK (FT) DATING 

 
Zircon from the Potsdam and Galway formations in seven locations were sampled to address the potential of 

using annealed, radiation-damaged zircons to record the thermal events that have affected these units 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 (this section modified from 
Garver and Montario, 2008; Montario and Garver, 2009). 

In most samples the dominant heavy mineral is zircon, grains of which are generally rounded to highly 
rounded and spherical and ellisoidal, frosted and pitted, with a range of colors from near colorless to those of the 
yellow and the pink series.  Using HDFT dating (see Montario and Garver, 2009) zircon fission track ages of 466 
detrital grain ages were determined from seven surface outcrops around the Adirondack massif.  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 (central NY) has similar age distribution as the surface samples although it does not have the rare 
grains that are reset and clearly younger than deposition (~500 Ma) (Fig.3). 

 

 
Figure 2.  Histograms of U-Pb and zircon fission-track (ZFT) age data for four samples in the southern 
Adirondacks (from Montario and Garver, 2009).  Gray bars are for the U-Pb data, and black bars are for the ZFT 
data.  A) Sample M-07 (Potsdam Formation).  B) Sample M-09 (Galway Formation).  C) Sample M-19 (Potsdam 
Formation).  D) All grains combined. 
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Approximately 90% of the U-Pb ages fall between 950 and 1200 Ma, fully consistent with the idea that these 
zircons are derived almost entirely from Grenville-age rock.  Zircon FT (ZFT) ages from the same suite of samples 
have component populations of 540, 780, and 1200 Ma, with single-grain ages as old as 2.1 Ga.  The most 
important observations from the FT data are that there is no widespread resetting on either side of the Adirondacks, 
that the component populations are older than the age of deposition, and therefore that the principle population 
likely reflects the cooling ages of what was almost exclusively Grenville source rock.  The ZFT component 
populations older than Grenville tectonic events (FT age 1 1.6 Ga) suggest that these old grains and the zircon with 
old U-Pb ages were transported from other nearby Precambrian terranes, such as the Superior and the Yavapai-
Mazatzal.  These FT data show that the Potsdam and Galway formations have not undergone heating significant 
enough to reset fission tracks in zircon since deposition and that the heating in the source rocks at 540 Ma 
corresponds to cooling after the breakup of Rodinia and the rifting of the Iapetus Ocean.  

One of the most important observations from these data is that almost all of the zircon grains from the 
Potsdam in the southern and western Adirondacks have cooling ages that 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 ~550 Ma and ~780 Ma, and we suggest that to a first order this reflects cooling of the Grenville 
basement source rock.  The composite sample and the sample from this Stop 2 outcrop (Fig. 1) has a young 
population of apparent cooling ages at ~260-280 Ma, which indicates resetting in the Carboniferous and time that 
coincides with unroofing following peak Alleghanian burial at 300 Ma (Winsch et al., 2003). 

 

 
Figure 3.  SEM Images of detrital zircon from the Potsdam Formation.  LEFT: a) SEM image of etched fission 
tracks with an extremely high track density in zircon from the Potsdam Formation.  b) SEM image of zircon grains 
from the Potsdam Formation.  RIGHT: A) Probability density plot of all U-Pb data from unreset samples - the 
majority are between 1.0 and 1.4 Ga, suggesting an almost purely Grenville source.  B) Probability density plot of 
all zircon fission-track (ZFT) data from unreset samples.  The ZFT ages record the post-orogenic cooling of the 
Grenville terrane (780 Ma) and the heating associated with the rifting of the Iapetus Ocean (540 Ma), as well as the 
cooling ages of grains from other, older terranes (>1.2 Ga) (from Montario and Garver, 2009). 
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A key question that has driven this research is the timing of thermal maturation of these strata.  Stratigraphic 
analysis shows that maximum burial in the late Paleozoic was a minimum of 4 km of strata, and perhaps by as much 
as 11 km (see Rickard, 1973; Fisher, 1977).  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). 

 

 
Figure 4.  Conodont Alteration index (CAI) from lower Paleozoic strata indicate that in general, Adirondack 
basement rocks were never heated to any significant temperatures, and that the rocks that did get the hottest are on 
the eastern side (~200°C).  Our fission track data confirm this observation and indicate that the latest heating in the 
eastern Adirondacks was Alleghanian (~300 Ma).  These CAI data are from Ordovician carbonates (mainly Trenton 
Group) in New York State and northern Pennsylvania from surface and subsurface samples (modified and simplified 
from both Weary et al., 2001; Repetski et al., 2006).  Gray lines and colored fields are the original CAI isograds 
(see Epstein et al., 1977).  "ADK" represents basement rocks of the Adirondacks.  PD-1 is the sample from the Rt. 
22 Stop 2 outcrop.  The location of the Olin Well in southern Steuben county is shown. 

 
The maximum thickness of Paleozoic cover strata that buried Adirondack basement rocks in the late 

Paleozoic is poorly known.  The thickness of strata deposited in NY during the Alleghanian Orogeny is 
controversial because none are 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 and 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 – the time of maximum 
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possible burial.  This means enough sediment may have been present to provide the burial and heating 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 (~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 
south central NY were probably not appreciably thicker in the latest Paleozoic. 

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 and 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 (~450 Ma - Bradley and 
Kidd, 1991; Smith 2003; Lim et al., 2005; Smith, 2006).  Smith and 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 ~110-170°C saline, Mg and Fe rich brines, probably of 
subsurface origin (Slater, 2007; Smith, 2006).  Our data cannot 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 migration event in this area was transient, local, and short-lived. 

 
STOP 2 WALKING LOG 

 
Look at the outcrop west side of the road where the profound unconformity, crosscutting nearly vertical 

gneissic layering, is well exposed.  The unconformity is overlain by quartz pebble conglomerate and sandstone of 
the Potsdam Formation.  

CROSS THE ROAD WITH GREAT CAUTION to the opposite outcrop where the unconformity is also well 
exposed, though the crosscutting relationship is more obscured by weathering.  Walk uphill (south) on the east side 
of the road, passing a variety of Precambrian rock outcrops, to the bus about ½ mile away.  This is our lunch stop, 
overlooking southern Lake Champlain and the low Taconic hills beyond, with a view to the Green Mountains on the 
eastern skyline. 
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NORTH TRIP, STOP 3 
ROAD CUT, RT. 4 BETWEEN FORT ANN AND WHITEHALL 

LOCATION: 43.4723°N, 73.4332°W 
 

INTRODUCTION 
 
Along Rt. 4 between Ft. Ann and Whtehall (Fig. 1) is a fabulous set of road cuts that expose a wide range of 

intensely deformed metamorphic rocks that have been metamorphosed to a grade transitional between amphibolite 
and granulate facies.  This transition is indicated by the coexistence of hornblende and two pyroxenes in many of the 
rocks, and in the coexistence of biotite, K-feldspar, orthopyroxene, and quartz in charnockites.  The rock types 
exposed here are very similar to those found in the High Peaks region of the Adirondacks.  Figures 2 and 3 show 
some structural and lithologic features seen in outcrop (mostly not this one, to give an idea of features found 
nearby), and Figures 3 and 4 show thin section photographs of selected rock types. 

 
Figure 1.  Simplified 
geologic map of the Ft. 
Ann-Whitehall area 
(adapted from Whitney and 
Davin, 1987). 
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Figure 2.  Photographs of roadcuts between Whitehall and Ft. Ann.  A) Orthopyroxene-bearing amphibolite (dark 
gray) that has been intruded by locally derived orthopyroxene-bearing tonalitic melt (brownish).  Melting during 
amphibole dehydration (cummingtonite?) resulted in these orthopyroxene-bearing rocks.  B) Isoclinal, recumbent 
fold in layered felsic gneiss.  C) Large, inclusion-filled garnet in migmatitic, sillimanite-bearing quartz-microcline-
biotite gneiss.  D) Large boudin of two-pyroxene granulite in pink granitic gneiss.  The boudin tail in the upper left 
has been stretched and thinned, whereas the lower right part of the boudin has been truncated by a granitic 
pegmatite dike.  E) Granitic gneiss (light gray) that has been brecciated and altered (brown) by fluids probably 
related to Taconian deformation and fluid migration (Whitney and Davin, 1987).  The brown region has been 
partially altered to a mixture of ferroan dolomite, sericite, and quartz.  F) Biotite-rich and biotite-poor granitic 
augen gneiss, with augen of sodic plagioclase (gray) and orthoclase (pink). 
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Figure 3.  Photos of roadcuts and thin sections of rocks between Whitehall and Ft. Ann (B, E, F from this stop).  A) 
Garnet-rich migmatitic gneisses overlying a truncated contact cutting layering in a large amphibolite boudin.  B) 
Marble matrix tectonic breccia sandwiched between felsic gneiss.  The ductile marble acts as a “tectonic grease” 
(Jim McLelland, oral communication, 1985), in which a wide range of rocks broken off the marble margins become 
incorporated.  C) Tonalitic gneiss with the typical boring metamorphosed tonalite assemblage: plagioclase-quartz-
biotite-garnet.  D) Granitic augen gneiss with a K-feldspar augen (bottom left) and two quartz ribbons extending 
from the upper left to lower right, curving around the augen.  E) Basaltic dike with fresh plagioclase, mostly fresh 
clinopyroxene, and olivine replaced by fine-grained green material.  F) Cross polarized light image of E, for those 
who need an additional fix of real igneous rocks in this metamorphic wasteland.  Abbreviations: B=biotite, 
G=garnet, K=K-feldspar, L=olivine, P=plagioclase, Q=quartz, C=CPX. 
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Figure 4.  Thin section photos of common rocks between Ft. Ann and Whitehall (A-D from this stop).  A) 
Metasomatized marble with partly altered diopside and patches of microcrystalline quartz.  B) Cross polarized light 
image of A.  C) Charnockite gneiss, with garnet, hornblende, and OPX.  D) Two-pyroxene amphibolite, with the 
assemblage plagioclase-hornblende-biotite-CPX-OPX.  Most of the OPX has been altered to a fine-grained greenish 
material.  E) Gabbroic two-pyroxene granulite with a completely recrystallized texture having the assemblage 
plagioclase-CPX-OPX-garnet-hornblende-biotite-magnetite.  Biotite breakdown during prograde metamorphism 
released a K-feldspar component that dissolved into the plagioclase.  F) Closeup of the same gabbro sample in E.  
The K-feldspar component in plagioclase has exsolved as lamellae and rods in different crystallographic directions.  
This texture is common in plagioclase in the Adirondacks.  Abbreviations: A=apatite, B=biotite, C=CPX, 
G=garnet, H=hornblende, K=K-feldspar, M=magnetite, O=OPX, P=plagioclase, Q=quartz, T=titanite. 
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 The oldest rocks in the area (McLelland and Wong, 2008) are arc-related 1300-1350 Ma (Elzevirian) 
tonalites and granodiorites (not exposed at this outcrop), followed by the ~1155 Ma anorthosites and related rocks of 
the Adirondack AMCG suite (Anorthosite, Mangerite, Charnockite, Granite).  The rocks at Stop 3 are interpreted to 
be on the upper limb of an enormous recumbent isoclinal F2 fold, related to the 1090-1050 Ma Ottawan 
metamorphism (McLelland and Wong, 2008).  At this outcrop, however, the most obvious structures (layering and 
foliation) are apparently related to lateral extensional collapse following the Ottawan collision at ~1045 Ma.  Most 
of the minor folds are distortions around medium-scale boudins.  Small scale isoclinal folds are hard to find here, so 
if you find one let others know. 

The rocks along this road are between 0 and perhaps a hundred meters below the Cambrian unconformity, on 
top of which rests the Potsdam sandstone and conglomerate.  The unconformity dips to the east-southeast at 10-15° 
and approximates the overall eastward-dipping slope on the Pinnacle Range.  Some of the features exposed at Stop 3 
are related to close proximity to this unconformity, and so closeness to the base of the overlying Taconian thrust 
sheets. 
 

LITHOLOGIES 
 
Basaltic dikes: These rocks are relatively fresh and preserve their original textures and mineralogy, except for 

olivine which is serpentinized.  These dikes were probably emplaced during the latest Proterozoic rifting and 
breakup of Rhodinia, the post-Grenville supercontinent. 

Marble: The fresh calcite marbles are white, weathering gray, and have prograde mineralogy that includes 
diopside, grossular, graphite, quartz, K-feldspar, titanite, scapolite, phlogopite, and tourmaline (not necessarily all in 
the same rock).  The marbles also contain a striking range of rotated tectonic blocks that include pyroxene-bearing 
amphibolite, quartzite, felsic gneisses, and calc-silicate rocks.  These blocks include unusual isolated fold hinges that 
are completely detached from their limbs.  Many amphibolite blocks have brownish calc-silicate reaction rims 
surrounding them. 

Calc-silicate rock: This is found at the lower contact of the gabbro body and has been interpreted as a marble 
that was contact metamorphosed at (presumably) relatively low pressure (Whitney, 1985; Whitney et al., 2002).  
This rock contains orange grossular, diopside, calcite, scapolite, and wollastonite. 

Granitic gneisses: These include leucocratic gneisses in which garnet is the dominant Fe-Mg mineral, and 
darker biotite-garnet gneisses.  They are interlayered on several scales and remind one of layered volcanics.  
However, the extreme deformation these rocks have undergone suggests that they could just as easily be deformed 
irregular plutons. 

Charnockite: This rock is very much like the other granitic gneisses, but is orthopyroxene-bearing.  It tends to 
have a light greenish-tan color where fresh, weathering rusty brown as orthopyroxene decomposes. 

Gabbro: This thoroughly recrystallized rock has the transitional amphibolite to granulite facies assemblage 
hornblende-plagioclase-CPX-OPX-biotite.  Unlike some mafic two-pyroxene granulites in this series of roadcuts, 
this rock is strongly deformed.  Graphite is present in the gabbro just north of the lower, southern contact, perhaps 
from reduction of CO2 released from decarbonation of marble during contact metamorphism to calc-silicate. 

 
METASOMATISM 

 
There are numerous brittle fractures, both parallel to and crossing foliation.  Some of these are surfaces with 

retrograde development of epidote and chlorite, chloritization of garnet, biotite, and other minerals, and association 
with calcite veins.  Whitney and Davin (1987) describe slickensides on surfaces that occur on foliation planes that 
dip moderately to the east-southeast.  The slickensides have an azimuth on the foliation planes of ~135°, and 
slickenside asymmetry indicates top to the northwest transport directions.  Rarely, features are offset by ~10 cm, 
tops to the northwest, which might amount to fairly large transport distances (hundreds of meters?) along all offset 
foliation surfaces in the area. 

Fresh marble bodies that preserve prograde assemblages are typically calcite-rich and white.  In some places 
there is an brown carapace on the marble made of ferroan dolomite with microcrystalline quartz and replacement of 
diopside by serpentine.  This suggests that Mg-rich fluids flowed along the marble contacts, replacing calcite and 
part of the original prograde silicate mineralogy.  In addition, fractures and breccias in the silicate rocks (gneiss, 
gabbro) contain rusty-weathering assemblages that include ferroan dolomite, nearly end-member K-feldspar, and 
celadonite. 

The brittle features and metasomatic mineral assemblages indicate that these rocks were slightly deformed at 
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relatively low temperatures and infiltrated by Mg-rich saline solutions (Figure 5).  Whitney and Davin (1987) 
hypothesize that the deformation was related to shear caused by westward thrusting of Taconian thrust slices over 
the Pinnacle Range area, which probably extended 10’s of km farther west than current exposures of the thrust 
slices, and may have been stacked up kilometers thick.  They think the dolomitizing fluids were trapped formation 
brines that were expelled from the autochthonous Paleozoic section, perhaps driven by fluids migrating downward 
out of the thrust slices themselves. 

 

 
Figure 5.  Conceptual east-west cross section of the area around Stop 3 at the time of overthrusting of the Taconian 
thrust sheets (adapted from Whitney and Davin, 1987).  

 
STOP 3 WALKING LOG 

 
This outcrop has a wide range of lithologies, structures, textures, and minerals so it is worthwhile looking 

closely at the outcrop and walking slowly from one end of the outcrop to the other and back again (Figure 6).  Of 
special note are tectonic blocks and high-grade mineralogy in the marbles, and the brown-weathering Taconian 
dolomitized carapaces along the outer contacts of some of the marbles.  Three or more basaltic dikes cross the 
outcrop.  They run almost parallel to the road, which produces the peculiar exposure shape.  On the flat, glacially 
polished surface on top of the outcrop at the north end there are xenoliths of marble in the basalt dike.  Calc-silicate 
rocks have wollastonite, scapolite, grossular garnet, and diopside, and the gabbroic rock in contact with the calc-
silicate rock is graphite-bearing.  The rusty-weathering gneisses at the south end of the outcrop have sillimanite 
prisms rarely up to 4 cm long but commonly 1 cm long.  In terms of structures, the rocks are strongly layered and 
lineated.  Pay special attention to the marbles, some of which seem to crosscut the metamorphic layering as though 
they were intruded by dikes.  Indeed, elsewhere there is no question that the marbles were mobilized in the solid 
state and filled crosscutting fractures.  Also pay attention to the garnets: most are spherical but some are deformed 
and lens-shaped, suggesting multiple episodes of garnet growth. 
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NORTH TRIP, STOP 4 
HISTORIC CABBAGE-HEAD STROMATOLITES OF THE UPPER CAMBRIAN 

HOYT FORMATION, SARATOGA SPRINGS, NY 
LOCATION: 43.092˚N, 73.848˚E 

 
BY MATTHEW MANON, UNION COLLEGE 

 
INTRODUCTION 

 
The dramatic stromatolites seen at Lester Park are often referred to as cabbage-heads.  A glacially polished 

dip surface exposes horizontal cross sections through a large colony of stromatolites.  The algal mounds are shaped 
like cabbage heads in three dimensions, but appear as concentric circles in outcrop. Stromatolites represent calcified 
colonies of cyanobacteria.  Clearly visible dark and light colored layers record growth of the microbial mounds.  The 
living microbial mat accrues an outer layer of carbonate, which adheres to the organisms’ sticky surface and is 
preserved as the next layer of the mat grows.  The result is a regularly alternating series of layers fossilizing the 
physical structure of these organic communities.  Such colonies represent evidence for some of the earliest life on 
this planet, dating back to 3.5 Ga and are likely responsible for our oxygen-rich atmosphere (Allwood et al. 2009).  
The delicate, cabbage-head form of the stromatolites at Lester Park is unambiguously biological in origin. 

The Hoyt Formation limestones are of significant historical importance.  This site has the first description of 
both ooids (Steele, 1825) and stromatolites (Hall, 1847) in the U.S. and the first detailed study of stromatolites 
worldwide (Friedman, 2005).  The Hoyt Formation consists of a sequence of shallow marine limestones containing 
superb examples of stromatolites.  It is part of Saratoga Platform, the early Paleozoic (Cambro-Ordovician) 
sequence of sediments deposited on the Laurentian margin prior to the Taconic orogeny.  In the Saratoga area, the 
lowest formation present is the Cambrian Potsdam Sandstone, as seen at a previous stop.  The Hoyt Limestone is a 
formation in the Beekmantown Group, an Upper Cambrian-Lower Ordovician  (Cbk/Obk) sequence of limestones 
and dolomites. These units sit conformably above the Galway Formation and beneath the Gailor Dolomite. 
 

 
Figure 1.  Stromatolites in the Hoyt Formation, exposed at Lester Park.  Dime for scale. 
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Figure 2.  Detail of individual cabbage heads shows they are often composite, representing multiple small mounds 
which have grown together.  Dime for scale. 



43 
 

 
Figure 3.  Modern stromatolites forming in the intertidal zone, Shark Bay Australia.  Photo courtesy Richard 
Arculus. 

 
MODERN STROMATOLITES 

 
Stromatolites are constructed by cyanobacteria (blue-green algae) which are known to be photosynthetic 

prokaryotes, rather than true eukaryotic algae.  The bacteria grow in mats in epi- and peri-tidal regimes.  Reef-like 
structures result after cementation of trapped detrital particles.  The most famous example of modern stromatolites is 
the Hamelin Pool in Shark Bay, Australia.  Here, in a relatively isolated geographic range a wide variety of 
stromatolitic forms are preserved, ranging from completely flat laminated algal mats in the supratidal zone to club-
shaped columns in the intertidal (Logan, 1961).  They range in size and preserve the same cabbage head-shape seen 
in Lester Park.  Hamelin pool is hypersaline, an environment which may be necessary for modern stromatolite 
formation (another modern habitat for stromatolites is the Great Salt Lake, Utah).  In Shark Bay, the stromatolites 
attain a common maximum height, a few centimeters above high tide, suggesting that their formation may be tidally 
controlled (Logan, 1961).  Logan (1961) hypothesized that the mushroom-shaped stromatolites found in Shark Bay 
formed as a result of tidal abrasional scouring the sides of the larger, deeper water stromatolites. 
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UPPER CAMBRIAN STROMATOLITES OF LESTER PARK 
 

At Lester Park there are several distinct forms of stromatolite present.  The glacially polished dip surface 
exposes horizontal cross sections through a large colony of cabbage-head stromatolites.  The algal mounds are 
shaped like cabbage heads in three dimensions, but appear as concentric circles in outcrop.  Often composite 
structures occur, where several smaller heads eventually become one large stromatolite. The stromatolites are a few 
centimeters up to a meter in width, and paleotopography of up to 0.75 m is suggested by the height of individual 
mounds. 

In addition to the cabbage-heads, other algal structures are preserved in the Hoyt limestone including domal 
stromatolites and cryptalgalmites.  These stromatolites do not form from a point, but rather may be seen as distinct 
laminations along a basal plane.  In the case of the domal stromatolites, domed structures evolve.  The 
cyptalgalmites tend to have little topographic relief.  They are visible upsection of the cabbage-head stromatolites, in 
addition to well-preserved ooids and thrombolites (Friedman, 2005). 

Clearly visible dark and light colored layers in the cabbage-head stromatolites represent alternating layers of 
calcite and dolomite (Owen and Friedman, 1984).  The laminae do not vary laterally in width, and conform to the 
surface, curling over the ends of previous layers, producing the club shapes.  Dolomite layers (dark) consist of 
euhedral crystals with dark (possibly organic) cores.  Calcite layers (white) are microcrystalline (micrite) and tend to 
be about twice as thick as the intervening dolomite (Owen and Friedman, 1984). 

In the stromatolites of the Hoyt Formation, Owen and Freidman (1984) documented both algal binding of 
detrital carbonate material and precipitation of new carbonates.  Cabbage-head stromatolites, with organic material 
concentrated at dolomite cores coupled with the complete absence of detrital grains in the dolomite layers are 
thought to be directly precipitated high Mg-calcite, later dolomitized.  In contrast, the domal stromatolites preserve 
indistinctly  laminated dolomite, interpreted to have formed by capillary concentration of seawater at low tide.  
These stromatolites contain almost no clastic debris in either calcite or dolomite layers, suggesting a higher energy 
environment than the cabbage-heads. 

 

 
Figure 4.  Depositional environment of the stromatolite-bearing Hoyt Formation, from Owen and Friedman (1984). 
 

DEPOSITIONAL ENVIRONMENT 
 

The individual beds in the Hoyt Formation represent small changes in depositional style within a near-shore 
marine environment, capable of producing distinct forms of stromatolites (along with ooids, thrombolites, and 
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detritus including trilobite fragments).  Owens and Friedman (1984) synthesized the variable sedimentary beds in 
the Hoyt to give a picture of a near-shore lagoonal environment pictured above.  Five lithofacies were defined based 
on carbonate grain characteristics, as well as stromatolite structure.  A detailed section of the Lester Park area, as 
well as two other sections of the Hoyt from Landing (1979) are presented below. 
 

 
Figure 5.  Detailed stratigraphic sections for the Hoyt Limestone at three different exposures, from Landing (1979). 
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Figure 6.  Geologic map of the Saratoga Springs region, including outcrops of stromatolites from the Hoyt 
Formation (here included in Cbk, the Precambrian Beekmantown group).  Stromatolites crop out in the limestone 
exposed above local normal faults.  See text for further description of stratigraphic units.  Geologic Map after the 
New York State Hudson Mohawk Bedrock sheet of Fisher et al. (1971). 
 

GEOLOGIC SETTING AND GENERAL STRATIGRAPHY 
 

The Hoyt Formation consists of a sequence of shallow marine limestones containing superb examples of 
stromatolites.  It is part of Saratoga Platform, the early Paleozoic (Cabro-Ordovician) sequence of sediments 
deposited on the Laurentian margin prior to the Taconic orogeny.  Overall the sequence records a marine 
transgression onto the stable craton.  In the Saratoga area, the lowest formation present is the Potsdam Sandstone, as 
seen at a previous stop. 

The Potsdam sandstone (Cp) consists of variably cemented sand grains, largely quartz that appear white or 
cream colored in outcrop.  In this area, it is not thicker than 30 m, and may be cross-bedded or contain small ripple 
marks (Fisher, 1965).  As seen previously, the base of the Potsdam rests unconformably on Precambrian gneisses of 
the Adirondack basement.  Trilobites of the genus Komaspidella from have been found in Fort Ann, NY, suggesting 
an age of Paibian (499-496 Ma) for these rocks (Fisher, 1965). 

The Theresa Formation (Cth), also known as the Galway, consists of alternating layers of quartz sandstone 
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and quartz-bearing dolomites.  Laterally variable, the Theresa Formation interfingers with both the Potsdam 
sandstone below and the Little Falls Dolomite above.  Isolated algal stromatolites are known from the Galway, and 
an early Stage 9 age is suggested by the occurrence of the trilobite Elvina Camaraspis (Fisher, 1965).  North, 
towards Plattsburg, the Theresa Formation shows a late Stage 9 age possibly suggesting a time-transgressive 
sequence of continuous sedimentation (Fisher, 1965).  In this region, the Cambrian period is traditionally termed 
Franconian, however the international community has yet to approve global stage names for the Cambrian (Ogg et 
al. 2008) hence the inelegant designation “Stage 9”. 

The Hoyt Limestone (Cbk) is a formation in the Beekmantown Group, an upper Cambrian-lower Ordovician  
(Cbk/Obk) sequence of limestones and dolomites. These units sit conformably above the Galway Formation and 
beneath the Little Falls Dolomite.  The Hoyt member is a relatively variable, quartzose, dolomitic limestone.  In 
addition to the dramatic cabbage head stromatolites, the Hoyt limestone also contains other algal boundstones 
including thrombolites.  Beds in the Hoyt have oolites, quartz sandstone, biostromal reefs and colonial cryptozoons 
(stromatolites; Fisher, 1965).  Trilobite fragments are relatively common in the sandy layers between stromatolites, 
and many of them suggest late Cambrian deposition of the Hoyt.  Known trilobites include: Dikellocephalus, 
Keithiella, Plethometopus, Plethopeltis, Prosaukia and Saratogia.  Snails known from the Hoyt include:  
Matharella, Palaecmaea, Pelagiella (Fisher, 1965).  These trilobites are associated with the Saukia zone, fortunately 
placing the Hoyt in Stage 10, younger than the underlying Galway.  Correlative strata to the north and southwest 
lack well-developed reefs like the Hoyt Formation displays.  In fact, the Hoyt Formation varies laterally, and only in 
the Saratoga area does it contain the impressive cabbage-head stromatolites. 

The Gailor Dolomite (Obk) is the lowermost Ordovician member of the Beekmantown Group.  Laterally 
equivalent to the much more diverse Tribes Hill Formation, the Gailor is a gray coarsely crystalline massive 
dolomite, containing cherty layers and some quartz cement.  Its age is constrained by gastropods (Ophileta and 
Lytospira) as well as the cephelopod Ectenoceras (Fisher, 1965).  

The Trenton and Black River Groups (Otbr) are two groups of middle Ordovician shelf carbonates.  A 
large unconformity (~40 Ma) separates the lower Ordovician dolomites from these limestones.  In the Saratoga 
region, these groups are mostly represented by the Amsterdam, Larabee and Shorham Formations.  

The Canajoharie Shale (Oc) is a thick unit of calcareous black shales (in the Mohawk valley >300 m), 
representing more sediment than all of the Paleozoic underlying it.  The main fossils are graptolites and 
cephalopods.  Trilobites found in the Canajoharie include Triarthus and Flexicalymene (Fisher, 1965). 
 

HISTORIC SIGNIFICANCE 
 

Recent papers by Lindemann (2006) and Friedman (2005) have highlighted the Hoyt Formation’s importance 
to the development of paleontology in this country.  The following brief discussion is taken largely from those 
works.  The Hoyt limestone was first mentioned by Steele (1825), who describes the ooids in the Lester Park locality 
as “petrified mustard-seeds.”  Steele also mentions the striking concentric rings of the cabbage-head stromatolites, 
but at the time invokes a sedimentological, rather than an organic origin.  It would not be until sixty years later, after 
the work of Charles Darwin pushed many scientists to look for older forms of life, that the stromatolites were re-
interpreted as the result of living things.  

James Hall, the first state paleontologist of New York, gave an extensive description of the “closely arranged 
circular or sub-circular discs which are made up of concentric laminae…on the farm of Mr. Hoyt,” (Hall, 1884).  He 
suggested that the features were organic in nature and therefore gave the organism the name “Cryptozoon proliferum 
Hall.”  Lindemann (2006) suggests that Hall was motivated to name this organism after himself once he thought it 
likely to become the elusive evidence of life in the Precambrian, an idea suggested by his former assistant, Charles 
Walcott, who had worked in Saratoga and also seen similar features working for the USGS in the Precambrian strata 
of the Grand Canyon.  In his role as the New York State Paleontologist, Walcott’s report was not subject to external 
review, and in fact the stromatolites are not described in the body of the text, but in the associated figure caption. 
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Figure 7.  Correlation Chart for strata in the Mohawk Valley, from Fisher (1965). 
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Figure 8.  Early image of stromatolites (known as Cryptozoon) from Lester Park’s glaciated surface (Walcott, 
1916). 
 
 

 
Figure 9.  Line sketch of the stromatolites of the Hoyt Formation taken from Fisher (1965).  A cross-section view of 
the so called “cabbage heads” is seen at the bottom of this image. 
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NORTH TRIP, STOP 5 
MINERAL SPRINGS OF SPA STATE PARK, SARATOGA SPRINGS 

LOCATION: 43.0540°N, 73.8079°W 
 

KURT HOLLOCHER, UNION COLLEGE 
 

INTRODUCTION 
 
The Iroquois Indians who lived in the Saratoga region drank water from the Big Medicine Spring.  The first 

written record from European settlers is from 1642, though perhaps the first to actually visit the spring was in the 
1760’s (Lund, 1993).  The spring gradually became widely known for its therapeutic effects in the late 1700’s (Fish, 
1881; Kemp, 1912; Lund, 1993; Siegel, 1996).  The fame of the springs increased after the Revolutionary War, with 
visits from various dignitaries including George Washington and Alexander Hamilton (Fish, 1881; Kemp, 1912; 
Davis and Davis, 1997).  Many of the springs that currently flow were named between 1792 (Congress) and 1905 
(Hathorn 3). 

The first chemical analyses of the mineral waters were reported in 1809 by Valentine Seaman, who wrote his 
doctoral paper, Dissertation upon the Mineral Waters of Saratoga, on the possible origins of the springs (reported in 
Davis and Davis, 1997).  The first formal studies of the health effects of the mineral waters started in 1912 by Dr. 
Simon Baruch, who focused on cardiac therapy (informational sign near the Geyser Mineral spring, Saratoga 
Springs, 1999).  Dr. Baruch and his research were important to the popularization and development of the spas 
(Saratoga Spa Park Administration brochure, 1999). 

During the growth and development of the region, Saratoga was nicknamed the “Queen of Spas” 
(informational sign near the Geyser Mineral spring, Saratoga Springs, 1999).  Spas, bathhouses, drinking saloons, 
and various other establishments were erected to allow visitors and the community access to the spring waters (and 
spend their money).  Saratoga Springs mineral and fresh waters were bottled and sold widely.  Only one bottling 
plant and one bath house currently remain. 

During the early 1800’s most of the natural springs were altered or founded by drilling wells as deep as 300 
m to increase flow and to develop new sources (Kemp, 1912; Siegel, 1996; Davis and Davis, 1997).  By 1880, over 
200 wells had been drilled for CO2 gas production alone (Saratoga Springs Park Administration brochure, 1999).  
Over 150 million gallons (570,000 m3) of mineral water were removed each year between 1892 and 1904.  As a 
result the aquifer potentiometric surface dropped up to thirty meters (Siegel, 1996), causing many of the springs to 
cease to flow (Davis and Davis, 1997).  In 1910 the spring waters were protected by the State of New York as a 
natural resource, 163 springs and wells on 1000 acres (4 km2)of land were acquired by the State,  and by 1912 New 
York State had closed all but 19 springs (Davis and Davis, 1997). 

 
GEOLOGY OF THE SARATOGA SPRINGS REGION 

 
Crystalline basement rocks of the Adirondacks are exposed to the northwest of Saratoga Springs (Figs. 1, 2).  

Overlying the early Cambrian unconformity are clastic rocks of the Potsdam and Theresa (Galway) Formations.  
These are overlain by late Cambrian and Ordovician limestones and dolomites of the Beekmantown Group, thought 
to be the principal aquifer rock for the Saratoga spring waters.  These carbonate-rich rocks are overlain by the more 
clastic-rich Chazy Group and Dolgeville Formations.  Middle and Late Ordovician deepening of the sedimentary 
basin was caused by approach of the Taconian volcanic arc to Laurentia (e.g., Rowley and Kidd, 1981), resulting in 
deposition of dark gray Utica Shale and overlying Schenectady Formation flysch.  Utica Shale is the cap rock to the 
mineral water aquifer (Siegel et al., 2004; Lindemann and Marsella, 2005). 

The crystalline and sedimentary rocks are offset by a series of normal faults, typically trending north-
northeast and mostly down-dropped to the east.  Faulting is generally thought to have been associated with 
downwarping of the Laurentian continental margin during Late Ordovician collision with the Taconian volcanic arc 
(Hayman and Kidd, 2002).  It is likely, however, that this event reactivated older faults related to the Late 
Precambrian breakup of Rhodinia, the post-Grenville supercontinent (e.g., Rowley and Kidd, 1981).  Some may 
have been reactivated again in the Mesozoic (opening of the Atlantic), and perhaps even Holocene movement 
(Isachsen, 1975).  The Saratoga Springs fault that runs through Saratoga Springs is associated with the mineral 
springs that tap the Beekmantown Group aquifer at depths of 75 to 300 m.  All of the original springs and later 
drilled wells are on the east side of the fault.  Extensive exploration has found so sign of the Saratoga carbonated  
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Figure 1.  
Geology of 
the Saratoga 
Springs-
Schenectady 
area 
(adapted 
from Fisher, 
et al., 1971).
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Figure 2.  Cross section through Saratoga Springs, showing important units and the general model of groundwater 
flow (after Hollocher et al., 2002). 
 
mineral waters to the west (Cushing and Ruedemann, 1914; Lindemann and Marsella, 2005). 

The Saratoga Springs fault extends southward through Ballston Spa and through the City of Schenectady.  Its 
fate farther south is unclear, though it does not cut Silurian and Devonian rocks in the Helderberg Escarpment.  It 
may die out (Fisher et al., 1971; Isachsen, 1989) or it may continue to the south beneath Silurian and Devonian 
sediments (Lindemann and Marsella, 2005).  Kemp (1912) states that nowhere do the Saratoga mineral waters flow 
to the surface more than a “few hundred feet from the fault”.  Putman et al. (1979), and Putman and Young (1985) 
are a little less restrictive, showing “Saratoga-type waters” as much as 20 km east of the fault, but they do state that 
that the carbonated spring waters are not known to occur east of Albany or in Paleozoic carbonate rocks elsewhere 
surrounding the Adirondack Mountains.  Our examination of available data for these distant “Saratoga-like waters” 
indicates that they are chemically quite different.  A 3-well pump and potentiometric surface test done in the early 
1900s near the Saratoga Springs fault suggested that water in the fault system was flowing to the north (no reference 
or other details provided, Putman et al., 1979).  This observation, combined with the possible southern extent of the 
Saratoga Springs fault beneath Silurian and Devonian sedimentary cover, suggests a southerly source of the mineral 
waters (Hollocher et al. 2002; Ruscitto and Hollocher, 2003; but see below). 

Despite the wide range of seasonal temperatures, early measurements of the mineral springs found that their 
temperatures and natural flow rates are a practically constant ~12°C (Fish, 1881), slightly warmer than the average 
air temperature of 8.5°C.  The rising of spring waters to the surface is driven principally by CO2 bubbles degassing 
from the rising water, though in some cases there is also a small artesian head.  Some wells, if turned off, have to be 
primed to get them flowing again.  CO2 degassing causes the waters to become supersaturated with respect to 
calcite, and precipitation gradually seals off the water conduits.  Precipitation at the surface results in extensive 
travertine deposits around some of the springs, most notably Island Spouter and Orenda.  Leaves, twigs, and insects 
can be quickly covered with calcite, producing almost instant fossils. 

 
SARATOGA MINERAL SPRINGS GEOCHEMISTRY 

INTRODUCTION 
“The Saratoga springs are unique and cannot be understood through the application of geochemical models 

based on springs elsewhere in the world.” (Lindeman and Marcella, 2005), pretty much sums up the long standing 
difficulty understanding the origin of these unusual cold, slightly acidic (pH ~6.3 at the surface), carbonated spring 
waters.  Though there are fourteen mineral springs in the City of Saratoga Springs and Spa State Park, their total 
flow is only ~2 l/s, in terms of the most saline spring water available at the surface (Hathorn 3), based on mass 
balance calculations of Geyser Brook samples taken above and below the region of springs, and spring flow 
measurements. 

The Saratoga mineral waters have total dissolved solids (TDS) concentrations ranging from 0.15% (Peerless 
spring) to 1.84% (Hathorn 3), compared to local surface and shallow well waters with ~0.03% (Table 1).  The 
mineral waters are dominated by the anions Cl and HCO3

- and by the cations Na, Ca, and Mg.  Figure 3 compares 
the Hathorn 3 spring to modern sea water.  While Cl, Na, and Mg in Hathorn 3 are in proportions similar to sea 
water, most other chemical components are not.  I, Li, Cs, Ba, and HCO3 are high by orders of magnitude, and 
sulfate is low.  The most mineral-rich spring, Hathorn 3, has a calculated PCO2 of 5 or 6 bars, assuming it is in  
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Table 1.  Average analyses of Saratoga Springs area waters and sea 
water.  Concentrations in ppm by weight. 

Name All fresh 
water 

Mineral springs 
Sea water* 

Congress Hathorn 1 Hathorn 3

T°C 16.4 12.9 12.1 10.3 - 
pH 7.9 6.3 6.2 6.4 8.1 
HCO3

- 138 1094 2832 5080 534 
F 0.13 0.39 0.38 0.27 1.29 
Cl 42 528 2222 7184 19499 
Br 0.04 3.34 20.9 69.0 67.1 
I 0.004 0.125 1.222 3.792 0.056 
Li 0.009 0.96 4.87 14.5 0.2 
Na 23 357 1400 4199 10805 
K 1 35.9 141 360 399 
Rb 0.0011 0.0363 0.1235 0.3236 0.1197 
Cs 0.000004 0.001098 0.003612 0.009627 0.000292 
Mg 10 60.9 173 454 1288 
Ca 41 204 474 924 413 
Sr 0.17 1.89 5.45 20.3 7.6 
Ba 0.04 1.15 7.74 25.9 0.014 
NH4 0.004 0.82 5.83 14.68 ~0 
NO3 5.37 0.01 0.00 0.00 1.86 
PO4 0.01 0.00 0.00 0.00 0.22 
SiO2 8.3 10.7 10.8 12.0 6.0 
SO4 23.85 36.23 0.15 0.08 2689.00 
B 0.03 0.53 1.47 4.49 4.54 
Al 0.014 0.006 0.054 0.155 0.001 
Mn 0.04 0.10 0.09 0.08 0.00 
Fe 0.42 2.73 3.38 4.98 0.00 
Cu 0.0029 0.0009 0.0014 0.0024 0.0003 
Zn 0.0056 0.0077 0.0033 0.0043 0.0004 
As 0.002 0.003 0.012 0.042 0.002 
Mo 0.00037 0.00159 0.00002 0.00007 0.00725 
Cd 0.000008 0.000026 0.000152 0.000442 0.000079 
Sb 0.00005 0.00003 0.00004 0.00009 0.00015 
Pb 0.00017 0.00009 0.00003 0.00007 0.00000 
U 0.00027 0.00455 0.00070 0.00082 0.00309 
Acetate 0.01 0.05 2.09 3.27 - 
*Broeker and Peng (1982). 

 
equilibrium with the carbonate aquifer rock prior to degassing at the 300 m well depth. 

CO2 is overwhelmingly the dominant dissolved gas (91.2%), but other components include 5.9% CH4; 2.7% 
N2, 0.04% Ar, 0.01% ethane, and 0.02% He (Putman and Young, 1985, volume proportions in evolved gas).  Gas 
pressures at well heads and gas CO2 contents are positively correlated with salinity (Beck, 1842; Davis and Davis, 
1997; Kemp, 1912; Mather, 1843; Steel, 1829; Putman and Young, 1985).  CO2 therefore behaves as a conservative 
chemical component, simply being diluted during mixing. 

Though the Saratoga spring waters have been known for centuries and numerous chemical studies have been 
undertaken since at least 1807 (Davis and Davis, 1997), the origin of these chemically unusual waters remains 
unresolved.  There are basically four problems: 

 
1. The source of the fresh water mixing end member. 
2. The source of the saline water mixing end member (assuming only one). 
3. The source of excess CO2 dissolved in the water. 
4. The nature of water-rock interactions prior to and after mixing in the aquifer system. 
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Figure 3.  The most saline spring, Hathorn 3, compared to sea water, normalized to Cl=1 (Broeker and Peng, 
1982). 
 

For 200 years the accepted fresh water component has been local ground water, entering the aquifer either via 
surface fractures in the close vicinity of the well field (Ruscitto and Hollocher, 2003), from recharge areas to the 
northwest in the foothills of the Adirondacks (Colony, 1929), or from the Taconic highlands to the east (Cushing 
and Ruedemann, 1914). 

The source of the salt water component has been more controversial (Table 2).  Proposals include dissolution 
of evaporites by meteoric water (such as from the Salina Group in central and western New York), trapped sea water 
in local limestones or shales, escape of brine from a crystallizing deep magma body, modified cryogenic or 
sedimentary basin formation brines in fracture systems in the Adirondacks (known to occur extensively in the 
Canadian Shield), dissolved directly from local carbonates (Ca, Mg, fluid inclusions, water-silicate reactions), and 
sedimentary basin brines to the east or south. 

The source of CO2 has also been a long-standing problem (Table 2).  It was recognized early that neutral 
waters interacting with limestone could not result in a significant CO2 excess, much less the observed several bars 
partial pressure (Kemp, 1912; Cushing and Ruedemann, 1914; Cushing, 1914).  The general consensus over the past 
century is that the CO2 is of deep seated origin, from crystallizing magmas, carbonate rocks undergoing 
metamorphism, or mantle degassing.  References before the 1970’s generally presumed that the igneous activity or 
metamorphism was residual from Ordovician or even Precambrian events.  Some later workers suggested that the 
thermal activity is so recent that thermal effects are not yet expressed at the surface.  Other suggestions have 
included the decay of organic matter in the Utica Shale and related rocks, and from sedimentary basin gas to the 
south or east. 

The nature of water-rock interactions in the aquifer mixing zone has hardly been addressed in the literature.  
Lesniak (2001) discussed a model for water-silicate rock reactions between saline waters and possible Precambrian 
host rocks during travel to the Saratoga Springs area.  Ruscitto and Hollocher (2003) discussed preliminary models 
for water-rock interactions in the carbonate aquifer mixing zone beneath the mineral springs. 

We will attempt to summarize the results of Hollocher et al. (2002) and Ruscitto and Hollocher (2003), and 
follow with comparisons to other studies.  Our models assume Cl is a perfectly conservative component during 
mixing, that is, Cl concentrations vary directly with the proportions of mixed saline and fresh end member 
components.   

 
1. Components such as Br, Na, and Li do not deviate from a straight mixing line (Fig. 4A). 
2. Components such as K, Ca, HCO3

-, Mg, Sr, and Ba are variably enriched in mixed waters relative to a straight 
mixing line, suggesting that the mixed waters dissolve or otherwise extract these components from aquifer rocks 
(Figure 4B, C).  For most of these components the point of maximum enrichment above the mixing line is at a 
mixing fraction of ~0.2 of the Hathorn 3 end member. 

3. Sulfate (Fig. 4D) has low concentrations in most of the springs, but is high in three springs and in local fresh 
waters. 
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4. Components like Fe, Mn, and SiO2 have approximately constant concentration in the five most saline springs, 
and widely scattered concentrations in the less saline springs. 

5. Components like Cu and Mo follow no concentration pattern, though their concentrations are generally well 
above detection limits. 

6. Nitrate is absent from the mineral springs at detection limits of ~10 ppb, but averages 5.4 ppm in fresh surface 
and ground waters.  The springs have up to 15 ppm ammonia which is essentially absent in fresh waters. 

 
Table 2. Several concepts for the origin of the Saratoga Springs mineral waters, specifically the water itself, the mineral content, 
and the CO2. 

Source Attempts to explain Concept Problems CO2 Minerals 

Magmatic X X 
Crystallization of igneous bodies, and 
interactions of magmas with surrounding 
rocks release mineralized water and CO2. 

The springs are cold. No recent (Jurassic or 
younger) magmatic activity or significant 
local thermal anomaly. The cited Starks 
Knob "plug" to the northeast of Saratoga 
Springs is a Taconian thrust slice of oceanic 
pillow lavas. 

Sea water trapped 
in sedimentary rocks X X 

Sea water was trapped in sediment pores 
at the time of deposition, providing a 
source of salty water. CO2 derived from 
slow decomposition of buried organic 
material. 

Spring waters not derivable from sea water 
by dilution. The organic matter in shales and 
other rocks in the area is mostly high-
carbon, high molecular weight material not 
readily decomposed. 

Metamorphism at 
depth X X Metamorphism releases mineralized water 

and CO2 from various sedimentary rocks. 

No reason to suspect active metamorphism 
at depth, continental margin has been more 
or less stable since the Jurassic. 

Mantle degassing X   CO2 released from the mantle via deep 
fractures. 

Deep fractures unlikely to remain open 
because of ductile flow of rock and 
precipitation of minerals during fluid cooling 
and decompression (but see Newell et al., 
2005; Kennedy and van Soest, 2007). 

Deep sedimentary 
basin (east) X X 

Meteoric water percolates downward and 
mixes with CO2- and CH4-bearing deep 
saline formation brines. Water flows by 
elevation-induced hydrostatic pressure 
under the Hudson River to the Saratoga 
Springs area. 

All rocks to east heated to >200°C and 
buried to many km depth, no known porosity 
at depth. Saline waters in fractures are 
known to the east but with very different 
chemistry from the Saratoga mineral waters.

Deep sedimentary 
basin (south) X X 

Same as Deep sedimentary basin (east) 
but water flows northward along the 
Saratoga Springs-McGregror fault into the 
Saratoga Springs area. 

Distant water source, not closer than the 
Catskills or Pennsylvania. Requires a long 
flow conduit, geochemistry not quite right 
(worst are δD, Sr isotope ratios, sulfate). 

Dissolution of 
evaporites   

X 
Meteoric water passing through Salinian 
salt beds in central or western NY 
proceeds eastward to Saratoga. 

How to get water across multiply faulted 
terrain, water composition NaCl-dominated, 
Br/Sr wrong, Sr and Cl isotopes wrong. 

Canadian shield-
type brines from the 
Adirondack region   

X 

Ancient water derived from basin brines or 
freezing of sea water, trapped in fractures 
in Proterozoic rocks in Adirondacks and 
Canadian shield. 

Volume of water available, access across 
numerous intervening faults, geochemistry 
not quite right (worst are 36Cl/Cl and Mg/Ca 
ratios, sulfate). 

Dissolved local 
carbonates X X 

Acidic waters dissolve carbonate rocks, 
adding Ca, Mg, and HCO3

- and CO2 to the 
water. 

Source of waters so acidic. Hard to get much 
Na, Cl, and other components because it 
requires a huge amount of dissolution and 
re-precipitation. Works OK as a minor 
source of carbonate rock components. 

Sources: Baudisch (1937), Baudisch and Brewer (1939), Colony (1929), Cushing and Ruedemann (1914), Davis et al. (2001), 
Hollocher et al. (2002); Kemp (1912), Lesniak and Siegel (2000), Lesniak (2001), Mather (1843), McClellan (1943), ERDA (1981), 
Putman and Young (1985), Putman et al. (1979), Ruedemann (1914, 1937), Ruscitto and Hollocher (2003), Siegel (1996), Stoller 
(1932), Strock (1941), Sylvester (1893), Young and Putman (1978, 1979). 

 
GEOCHEMICAL MODELS 

Modeling of processes in the mixing region beneath the mineral springs was mostly done with USGS 
software such as PHREEQC.  Local fresh water falls as precipitation and initially contains dissolved oxygen, low 
solute concentrations, and little dissolved CO2.  As this water percolates through soil, unconsolidated sediment, and 
bedrock it picks up dissolved inorganic components, and some CO2 from soil gases and decaying organic matter.  
Some of the original dissolved oxygen is lost because of dissolved organic matter decomposition, and by reaction 
with minerals containing reduced Fe, Mn, and S.  Models are not particularly sensitive to assumptions for the fresh 
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Figure 4.  Graphs of Saratoga Springs fresh and mineral water chemistry, showing mixing lines (A-D) and model 
results (C only). 
 
water end member. 

  The carbonated mineral water end member was mostly based on Hathorn 3, the most saline and carbonated 
water available at the surface.  In the different models the mixing end members and the mixed waters were assumed 
to interact with adjacent aquifer rocks in different ways including dissolving only dolomite, only calcite, or both.  In 
different models quartz, clays, and pyrite were also included (pyrite is stable in the saline springs). We assumed that 
precipitation of minerals, mostly calcite, during degassing on the way to the surface was trivial, as indicated by the 
fact that the wells can run freely for several decades before sealing themselves. 

The results generally indicate that the Hathorn 3 end member in the deep aquifer is saturated with respect to 
calcite but not dolomite.  Because the Beekmantown Group has abundant dolomite, we conclude that Hathorn 3 
itself is a mixture of fresh and an even more saline end member water, and has not fully equilibrated with aquifer 
rock.  All mixtures of fresh and Hathorn 3 water are initially undersaturated with respect to dolomite and calcite.  
The mixed waters all have more Ca and Mg than a straight mixing line, so they have dissolved their host rock, but 
are mostly not saturated with dolomite or calcite.  (Fig. 4C).  Because K and other components behave like Ca and 
Mg, they must be extracted from some Beekmantown rock component, perhaps ion exchange with or weathering of 
clays or feldspars exposed during carbonate dissolution. 

Sulfate behaves differently from other chemical components (Fig. 4D).  In most of the mineral springs it has 
very low concentrations, <1 ppm.  In fresh waters it has high and variable concentrations (average 25 ppm, up to 
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Figure 5.  A)  Oxygen and hydrogen isotope ratios for Saratoga Springs waters, Canadian shield brines, and brines 
from the Appalachian and other sedimentary basins.  Vectors represent possible processes that can change the 
Saratoga mineral spring compositions: 1, H2S loss; 2, evaporation; 3, mixing with local fresh waters; 4, CO2 loss 
and precipitation of calcite; 5, hydration of silicates to produce clays.  B) Carbon isotope and Cl concentrations 
showing Saratoga mineral and fresh waters, and reference compositions.  C, D)  Graphs comparing Saratoga 
Springs fresh and mineral waters, brines from the Canadian shield, and sedimentary basin brines from eastern 
North America.  Data are from our work and others (Bottomly et al., 1994; Bottomly et al., 1999; Carpenter and 
Miller, 1969; Clayton et al., 1966; Edmunds et al., 1987; Frape and Fritz, 1987; Frape et al., 1984; Graf et al., 
1966; Heck et al., 1964; Herut et al., 1990; Kamineni, 1987; Kaufmann et al., 1987; Keller, 1983; Kyser, 1986; 
Land and Prezbindowski, 1981; Lesniak and Siegel, 2000; Lesniak, 2001; Siegel et al., 1990; Siegel et al., 2004; 
Stueber and Walter, 1991; Torrey, 1927; White et al., 1963). 

 
100 ppm).  In three springs sulfate concentrations are anomalously high.  We interpret this to indicate that sulfate 
contributed by fresh water to the mixtures undergoes reduction, probably mediated by sulfur reducing bacteria 
(small quantities of gelatinous brown material flow to the surface, which may be fragments of bacterial mats).  
Three of the spring waters, however, reach the surface too fast for reduction to be complete. 

 
O/H ISOTOPES 

Oxygen and hydrogen isotope ratios for the Saratoga saline and fresh waters are shown in Figure 5A.  The 
Saratoga mineral waters have δ18O of  -11.0 to -9.2‰ and δD of -60 to -71‰.  All but two samples of the spring 
waters lie above the meteoric water line by up to +8‰ δD (or about -1‰  δ18O).  The fresh waters mostly lie above 
the meteoric water line by +2 to 3‰ δD (or about -0.3‰  δ18O), though one fresh water sample is hidden under the 
saline springs data points.  There is no systematic change in δD or δ18O with salinity in the springs.  The mineral 
waters, having a higher δD than most fresh waters, were interpreted by Lesniak and Siegel (2000) and Siegel et al. 
(2004) as evidence of mixing between local fresh water and a high salinity, high δD component like some Canadian 
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shield-type brines.  While this is possible, we note that most Canadian shield brines actually have lower δD and δ18O 
(Fig. 5A, most Canadian shield-type brines off the graph to the lower left).  Other processes that can change δD and 
δ18O in the mineral waters are indicated in Figure 5A.  Despite the conclusion of some workers that the springs 
derive their salts from deep, perhaps magmatic sources, there is clearly not a significant fraction of magmatic, 
metamorphic, or high-temperature hydrothermal water indicated in the O and H isotopes. 

Beekmantown Group carbonate rocks (+21 to +25 δ18O) make up the aquifer rock for the spring waters, but 
the fact that almost all of the Saratoga Springs data are on the low δ18O side of the meteoric water line (and 
modeling) argues that the amount of oxygen derived from dissolution of host carbonate rocks is small (Fig. 5A).  For 
example, if all Ca and Mg in the Hathorn 3 spring, over that in fresh water, were derived by dissolving local 
carbonate rocks, δ18O would be raised by only ~0.05‰. 

 
C ISOTOPES 

δ13C in the dissolved inorganic carbon of the saline springs ranges from -5.7 to +0.6‰ (Sneeringer, 1983; 
Lesniak, 2001; Putman and Young, 1985; Young and Putman, 1979; Siegel et al. 2004).  The most saline spring 
(Hathorn 3) has a δ13C value of about +0.57‰, similar to the +0.56 ±1.55‰ value for average Phanerozoic 
carbonate rocks (Keith and Webber, 1964; Faure, 1991) but about 2‰ higher than the Beekmantown Group 
carbonates (Fig. 5B), suggesting that the bulk of Hathorn 3 inorganic carbon is from another source.  However, 
degassing of CO2 raises the δ13C value of remaining dissolved inorganic carbon (e.g., Assayag et al., 2009), which 
may be part of this difference.  δ13C decreases somewhat systematically with salinity, following a mixing line from 
Hathorn 3 to a low salinity, low δ13C end member.  Four reference mixing lines are shown in Figure 5B, calculated 
between Hathorn 3 and average fresh water (Table 1) having different δ13C values: -7‰ is atmospheric CO2, -
15.1‰ is a least squares best fit model, -20‰ is the lightest end of the range for common ground water CO2, and -
30‰ is the lightest end of the range of common soil CO2 (atmospheric, soil, and ground water values from Clark 
and Fritz, 1997; reference lines ignore 13C partitioning).  There are four conclusions of note: 

 
1. The coincidence of Hathorn 3 and the other highly saline spring water δ13C values with those of Phanerozoic 

carbonate rocks is remarkable and suggests original water equilibration with this carbon source (before it 
entered the Beekmantown Group aquifer rocks).  This conclusion is less certain if CO2 degassing raised δ13C in 
the remaining dissolved inorganic carbon significantly (future work). 

2. The model least squares best fit curve for the Saratoga springs indicates a δ13C end member of about -15.1‰, 
consistent with local area ground water. 

3. A mantle or magmatic source for most of the inorganic carbon (Kemp, 1912, Cushing and Ruedemann, 1914; 
Cushing, 1914; Colony, 1929; Stoller, 1932; Young and Putman, 1979; Putman et al., 1979; ERDA, 1981; 
Lesniak and Siegel, 2000; Lesniak, 2001) is excluded, unless CO2 open system fractionation dramatically 
enriches the Saratoga mineral waters in heavy carbon.  Hollocher et al. (2002) thought the mantle CO2 concept 
was ridiculous because of the limits of rock strength and crack self-sealing.  Surprisingly, exactly this seems to 
be possible in extensional continental environments (Newell et al., 2005; Kennedy and van Soest, 2007).  Siegel 
et al. (2004) suggest that carbon isotopes are consistent with a mantle source, but stated that uncertainties in 
modeling make firm conclusions difficult. 

4. We think that 13C evidence for a deep mantle or crustal metamorphic CO2 or DIC sources in the mineral waters 
is not compelling. 

 
SR ISOTOPES 

Saratoga mineral waters have elevated 87Sr/86Sr ratios ranging from 0.7131 to 0.7177 (Lesniak, 2001; Siegel 
et al., 2004). This is higher than the entire Phanerozoic ocean Sr isotope record of 0.7068 to 0.7091 (Burke et al., 
1982), and higher than North American sedimentary basin brines (maximum 0.713, median 0.7097 of 188 available 
analyses; Lesniak, 2001; Siegel et al., 1990; Stueber and Pushkar, 1987; Stueber and Walter, 1991; Stueber et al., 
1984).  Lesniak and Siegel (2000), Lesniak (2001), and Siegel et al. (2004) interpret the high 87Sr/86Sr isotope ratios 
as indicating that the mineral waters resided for long periods of time in ancient felsic continental crustal rock.  
Canadian Shield brines have Sr isotope ratios of 0.7076-0.7401 (median 0.7136; Bottomly et al., 1999; McNutt et 
al., 1984), encompassing the Sr isotope ratios of the Saratoga mineral springs. 

Friedman (1996, 2002) found that some Middle to Upper Cambrian shelf and slope dolostones in eastern New 
York State have 87Sr/86Sr ratios of 0.7102-0.7153, overlapping the lower range of the Saratoga mineral waters.  He 
interpreted these high values as having been caused by post-dolomitization diagenesis with relatively fresh waters 



59 
 

from the Laurentian shield, which was broadly exposed on the North American platform at that time (though 
Friedman, 2002, reinterpreted the same and related rocks as representing transient but globally high sea water Sr 
isotope ratios at the time of deposition, which does not seem to have support in the literature).  Friedman (2002) also 
reported a 87Sr/86Sr isotope ratio of 0.7151 in a calcite vein in a thrust fault that cuts the Devonian Manlius 
Formation.  He concluded that this Sr was released from trapped pore fluids in the Precambrian crystalline 
basement, or perhaps from overlying clastic rocks. 

Anomalously high 87Sr/86Sr ratios are found in some New York carbonate rocks.  In addition, the 
Beekmantown Group and other sedimentary rocks through which the Saratoga mineral waters may flow include 
continent-derived clastic materials from which a high 87Sr/86Sr component could be dissolved.  However, we find it 
difficult to avoid the conclusion that the high strontium isotope ratios in the Saratoga mineral waters are somehow 
derived from ancient crystalline basement rocks. 

 
CL ISOTOPES 

Rao et al. (2005) reported 36Cl/Cl ratios in the Saratoga mineral waters in a range of 3-22x10-15, much lower 
than the 1500x10-15 ratio of modern rain water and the pre-nuclear 400x10-15 ratio.  This implies that most or all of 
the Cl in the spring waters has been in the subsurface for ≥4-7 36Cl half lives (roughly ≥1-2 million years).  The 
measured 36Cl/Cl ratios are consistent with long-term subsurface residence in carbonate rocks or sandstones, but not 
shales or crystalline crustal rocks, based on a model of subsurface steady state production of 36Cl by neutron 
activation from natural uranium decay.  This conclusion is consistent with the interpretation of most authors that the 
mineral water is ancient groundwater of some sort, and that the waters have flowed only, or dominantly, through 
carbonate rocks for at least the past 1-2 million years. 

Siegel et al. (2004) report 35Cl/37Cl isotope ratios for several Saratoga mineral waters (δ35Cl range -0.4 to 
+0.26‰, average 0.04‰).  These values are lower than Appalachian basin brines, and lower that the great majority 
of Canadian Shield brines.  They decided that the δ36Cl isotope results are inconclusive. 

 
HE ISOTOPES 

Siegel et al. (2004) report 3He/4He isotope ratios ranging from 0.35-0.44 R/Rair from some Saratoga mineral 
springs.  This compares with R/Rair values (Newell et al., 2005) for air (1), MORB (~8), and old continental crust 
(~0.02).  Siegel et al. (2004) calculate a 3.9-4.9% mantle component for the Saratoga mineral water helium.  This 
seems to support other work and speculation that CO2 in the Saratoga mineral waters, and perhaps salts, are derived 
from magmatic or mantle sources (Table 2).  Lithium-rich materials can have anomalously high 3He/4He isotope 
ratios produced by neutrons released by uranium decay (6Li(n, α) 3H(β-) 3He), but it requires Li concentrations in 
aquifer water much higher than the maximum of 14.5 ppm Li in the most saline spring (Hathorn 3; >300 ppm 
needed, Kulongoski et al., 2003), or very high host rock uranium contents (contradicted by low 36Cl/Cl ratios). 

 
BRINE COMPARISONS 

Figure 5C shows a graph of Br and Cl concentrations for the Saratoga mineral and fresh waters, and waters 
from other proposed sources.  Because they tend to behave conservatively, the Saratoga mineral waters, Canadian 
shield brines, and sedimentary basin brines tend to parallel the sea water dilution line.  The Br/Cl ratio in Saratoga 
mineral waters is consistent with the compositions of Canadian shield-type waters (hypothetically from the 
Adirondacks), proposed as a source by Lesniak and Siegel (2000), Lesniak (2001), and Siegel et al. (2004).  It is also 
consistent with the compositions of Appalachian basin brines, proposed as a source of the saline water end member 
by Hollocher et al (2002) and Ruscitto and Hollocher (2003).  Other basin brines from the Illinois and Michigan 
basins, from Arkansas, and from the Gulf of Mexico region have Br/Cl ratios that are too low. 

Figure 5D shows a graph of Mg and Ca for the same waters as Figure 5C.  Here, Canadian shield waters 
mostly have much lower Mg/Ca ratios than the Saratoga mineral waters, which are more consistent with 
sedimentary basin brines. 

 
GEOTHERMAL ISSUES 

 
ERDA (1981) and Sneeringer (1983) present extensive measurements of bedrock well water temperatures and 

estimates of geothermal gradients in the east-central New York region.  These measurements were done as part of a 
comprehensive plan to evaluate low-temperature geothermal resources in this area for possible heat pump heating 
and cooling purposes.  Reported geothermal gradients (Sneeringer, 1983) range from 3.6°C/km to 44.3°C/km 
(median 17°C/km; typical shield ~20°C/km) for the 91 reported abandoned and specially drilled wells that range in 
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Figure 6.  Conceptual diagram showing 
fresh and saline water mixing in the 
aquifer below the Saratoga mineral 
springs, and the relative sources of 
spring waters of different compositions 
(after Hollocher et al., 2002). 

 
depth from 80 to 605 m.  Sneeringer (1983, fig. 4.1) shows a region of high geothermal gradients approximately 
along the Saratoga Springs fault from Ballston Spa to Altamont (south-southwest of Schenectady), and another east 
of the Hudson River in the Taconic Highlands.    

There are considerable difficulties with these gradient measurements, mentioned in part by Sneeringer (1983), 
that include instrumentation problems, irregular and sparse distribution of suitable wells, generally shallow wells 
(median depth 130 m), and poor understanding of groundwater flow dynamics.  In addition, the wells with 
geothermal gradients >30°C/km are disproportionately shallow, with none over 178 m deep.  There are also odd 
steps and other irregularities in some of the temperature profiles which may be related to local anomalies in 
subsurface water flow rather than high geothermal gradients.  Sneeringer (1983) concluded that there are significant 
geothermal anomalies in the region, though we (and Siegel et al., 2004) think this conclusion is unjustified. 

 
CONCEPTUAL MODEL OF THE LOCAL AQUIFER SYSTEM 

 
Figure 6 shows our schematic conceptual model for the Saratoga mineral waters in the mixing region 

immediately below the springs themselves.  Surface precipitation has a very low content of dissolved solids.  It picks 
up CO2 from the atmosphere and soil and percolates through fractures and solution voids to the Beekmantown 
Group carbonates in the Saratoga Springs area.  The residence time of the fresh water in the aquifer is not known, 
but modeling suggests that it approaches equilibrium with dolomite and calcite.  The result is a hard, oxidizing, 
sulfate-rich fresh water with near neutral pH and PCO2 «1 bar. 

The composition of the most saline and carbonated water present in the deep aquifer is not known, but 
modeling suggests that it is more mineral- and CO2-rich than the most saline spring water available (Hathorn 3). 
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Figure 7.  Map 
of part of Spa 
State Park for 
Stop 4. 

 
The deep, saline, carbonated water flows into the shallow aquifer system beneath the springs and mixes with hard 
fresh water to create a density-stratified aquifer system.  The mixed waters are undersaturated with respect to 
carbonate minerals and so dissolve adjacent carbonate rocks (thus currently forming a cave system, calculated cave 
growth rate is ~0.5 cm3/s, but modeling is not complete so don’t quote this).  Evolved CO2 bubbles caused by 
decompression will in part redissolve into CO2-undersaturated fresher waters above, making them more acidic and 
allowing them to dissolve more carbonate rock, though modeling suggests that the mixed waters remain somewhat 
undersaturated with respect to carbonate minerals.  Mixed waters are initially sulfate-rich because of sulfate from the 
fresh water end member, but sulfate reducing bacteria remove the sulfate if rise of the water to the surface is 
sufficiently slow. 

We agree with Lindemann and Marcella (2005) that, despite nearly two centuries of work, there is no model 
that accounts for all chemical and physical aspects of the Saratoga mineral waters.  There is consensus that local 
fresh water is one mixing end member.  We believe that local mixing and water-rock interactions below the springs 
themselves are reasonably clear, though models are not yet fully developed especially regarding water-silicate 
reactions.  There also seems to be a consensus that lateral subsurface flow of the mineral-rich water is driven by 
hydrostatic head from the surrounding highlands in one direction or another.  However, there is no consensus on the 
origin or source of the saline water and CO2 components. 

We hope that this field trip stop has helped you understand something about the famous Saratoga mineral 
springs.  Their natural flow, effervescence, mineral content, and other aspects of their chemistry will doubtless pique 
the interest of future generations of geologists, among them perhaps some of you.  

 
STOP 5 WALKING LOG 

 
This is a walking stop at which we will see several of the flowing springs in the Saratoga Spa Park (Fig. 7).  

From the SPAC parking lot follow the path downhill and southward from the ticket gate at the eastern side of the 
parking lot.  We will first visit the Orenda spring, then walk down the path to the Island Spouter and Hayes Springs 
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Figure 8.  Photographs of the Island Spouter spring circa 1900 (left, Swanner, 1988) and in 2002 (right). 
 
where aqueous geochemical topics will briefly be discussed.  Then you may follow the road to the southeast to visit 
other springs nearby, and follow the path north along the stream to see the large Orenda Spring travertine mound. 

Orenda Spring (1.18% TDS) is the most boisterous of the mineral springs, enthusiastically belching forth 
CO2 and traces of H2S.  This is also the most energetic travertine precipitator, amounting to ~2000 kg/year.  The 
travertine mound is mostly on the slope down to Geyser Brook, on the banks of which it forms a fine travertine 
platform accessible by a lower path. 

Island Spouter Spring (1.05% TDS; Figure 8) is the most enthusiastic geyser among the flowing springs, 
spouting these days up to ~7 m high.  Originally drilled in the early 1900’s for CO2 production, it was turned into an 
ornamental island in Geyser Brook in 1930.  The ornamentation has been eroded away or buried beneath the nearly 
2 m of travertine deposited in the past 80 years.  This spring usually runs through an eruption cycle that lasts ~30 
seconds, terminating in a short period of gas venting without water.  Sampling this spring is a wet experience. 

Hayes Spring (1.14% TDS) is the third most saline spring after Hathorn 3 and Orenda. 
State Seal Spring (0.030% TDS, fresh water) is by far the most popular “spring” in the area.  At its uphill 

location (not visited) there are often droves of people filling up jugs, canteens, and carboys to bring home.  Little do 
they know that this fresh water is unrelated to the mineral springs and is pumped from a nearby shallow well in 
unconsolidated glacial outwash.  The proximity of the well to the surrounding golf course causes this water to have 
the highest NO3

- concentration (24 ppm) of any other water sampled in this project by a factor of ~5.  Doubtless 
there are organic residues as well, though we have no information on them.  The water is tested periodically and is 
safe for drinking. 

Polaris Spring (0.42% TDS) is a continuous tiny geyser typically spouting ~0.5-1 m high. 
Ferndell Spring (0.44% TDS, BEWARE OF POISON IVY) gently flows to the surface without a geyser.  It 

has deposited a broad, low travertine mound that is the third most notable after those of Orenda and Island Spouter. 
 

OTHER SPRINGS, ON FIGURE 7 BUT NOT VISITED THIS TRIP. 
Charlie Spring (0.54% TDS)  is the only spring accessible from within the gates of Saratoga Springs 

Performing Arts Center. 
Coesa Spring (1.02% TDS) bubbles to the surface beneath a small pond.  Though it is occasionally 

connected to a hose, forming a good size geyser. 
Hathorn 3 Spring (1.81% TDS) is the most saline spring currently available.  It is an enthusiastic belcher 

that has deposited a travertine sheet on the floor of its pavilion and downstream.  Floating calcite crusts can 
commonly be found floating on the surface of quiet pools of the spring water, precipitated as CO2 degassing raises 
the pH and supersaturates the water with calcite.  This spring, which has a total dissolved solids content ~½ that of 
sea water, is the worst tasting and smelliest of the currently flowing springs.  It is used in most of our modeling as 
the most saline water end member, though modeling suggests that more saline waters must exist at depth. 
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