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FiG. 10. Plots for poles to bedding for several units in the study area. Upright Head, southeast Orcas, Obstruction, and Center Island plots are

all from the Obstruction Formation. James/Decatur represents measurem
sents measurements taken on volcanics and sedimentary rocks of the Fi

Decatur area (Fig. 3).

- The thrust faults on Decatur Island are cut by later high-
angle faults (D,), which disrupted structural continuity
(Fig. 4). A series of small-scale, nearly vertical, northeast-
striking faults on northem Decatur Island have horizontal
slickensides and minor dextral separation between units. These
small dextral offsets are parallel to an inferred larger system in
the vicinity of James Island (Fig. 4). These latter structures
(D;) may be related to the same event that deformed the
Obstruction Formation.

Obstruction Formation

The Obstruction Formation is structurally the most coherent
of all the units in the area. It is a well-layered sequence that has
been folded into large-scale, northwestwardly asymmetric,
tight folds that have broad, gently warped eastern limbs and
tighly overtumed western limbs (D) (Fig. 4). Mesoscopic
parasitic folds are common in the field. A nearly bedding-
parallel foliation, nearly axial planar to large folds, developed
throughout the study area in response to folding. The foliation
is best displayed in mudstones, but locally sandstones and con-
glomerates are foliated also. A second foliation, only rarely
seen in outcrop, developed in response to later open folding
with north-trending fold axes (D,). This deformation may be a
manifestation of Tertiary folding recorded in the nearby
Chuckanut Formation. The primary folding of the Obstruction
Formation is probably a result of the involvement of this unit in
the well-documented early Late Cretaceous thrusting that
affected the San Juan Islands and North Cascades (Misch
1966; Brandon er al. 1988). The northwest vergence of the
folds in the Obstruction Formation is broadly consistent with

ents taken within the James Island Formation. The Trump plot repre-
dalgo Complex.

the favored direction of nappe emplacement (Misch 1966;
Brandon and Cowan 1985).

It is important to note that although the bulk of the Obstruc-
tion Formation is in the northem portion of the field area,
removed from the James Island Formation and Fidalgo Com-
plex, on Center IsInd the unit sits amidst both James Island
Formation and Fidalgo Complex with a structural disposition
identical to that of Obstruction Formation rocks elsewhere
(Fig. 10, compare first three plots). For this reason, compari-
sons in structure can be made. Center Island (Fig. 6) is spa-
tially surrounded by pillow basalt and siliceous sediments of
the Fidalgo Complex. In this locality, the Obstruction Forma-
tion could rest either depositionally or structurally (thrust fault)
above the disrupted Fidalgo Complex. Either case could be
argued effectively because the base of the Obstruction Island
Formation is not exposed in this important area; the critical
outcrops are under water.

Structural summary

Basement uplift and associated deformation of the Fidalgo
Complex occurred during the Late Jurassic, as evidenced by an
angular unconformity, basement-derived sedimentary debris,
and fission-track uplift ages (Johnson et al. 1986). Deforma-
tion and lawsonite —prehnite-grade metamorphism probably
occurred prior to the deposition of the Obstruction Formation.
The deformation and metamorphism were probably coincident
with sub-blueschist-grade metamorphism of the structurally
lower terranes in the San Juan Islands (Brandon er al. 1988).
Deformation and northwest-trending folding of the Obstruction
Formation probably occurred after metamorphism of the lower
terranes and may record late-stage thrusting. Superimposed on
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these structures are later open folds similar to those in the
tower Ternary Chuckanut Formation.

Discussion and tectonic implications

The upper Mesozoic clastic rocks of the San Juan Islands tell
of tectonism and associated terrane interaction. The arc-proxi-
mal sedimentation of the Lummi Group on the Fidalgo Com-
plex commenced in the Tithonian and possibly continued to at
least the Valanginian (Fig. lla). Similarities in the strati-
graphy of the Lummi Group — Fidalgo Complex and the lower
Great Vailey Group — Coast Range Ophiolite were pointed out
by Garver {1986). Because the stratigraphy of the Decatur ter-
rane is different than that of coeval units in the northwest, a
model using tectonic transport along the North American mar-
gin must be entertained so that stratigraphically dissimilar units
can be juxtaposed immediately prior to thrusting.

The Decatur terrane, the upper Albian pillow basalts on
southem Lopez Island, and structurally lower terranes in the
San Juan Islands were subjected to high-pressure, low-temper-
ature metamorphism after the late Albian. In order for these
terranes to be imbricated, they must have been spatially adja-
cent. The writer and other workers (Brandon er al. 1988) favor
a transpressional regime for this juxtaposition (Fig. 114). This
transpression shuffled various terranes, including the Decatur
terrane, the Constitution terrane, the Orcas — Deadman Bay
terrane, the Garrison terrane, and the Turtleback terrane
(Brandon et al. 1988). This transpressive “‘orogen’’ may have
also affected terranes in the North Cascades, where we see
grossly similar lithologies but also important differences. For
example, the Oxfordian or Kimmeridgian to Valanginian
Nooksack Group (Misch 1966) is generally coeval with the
Lummi Group. The stratigraphy and provenance of the Nook-
sack Group, however, are fundamentally different. The Nook-
sack Group is composed of volcanic graywackes that are
mostly andesitic in composition, chert clasts are rare to absent
in much of the section, and the Nooksack Group sits deposi-
tionally on a Middle Jurassic silicic volcanic unit called the
Wells Creek Volcanics (Misch 1966). Facies within the Nook-
sack Group are both shallow marine (with abundant fauna) and
turbiditic. Therefore, we have different coeval units that were
both juxtaposed in a regional middle Cretaceous collisienal
event (Misch 1966). A transpressive shuffling of units along
the margin of North America best explains this disparity
(Fig. 11b).

The middle Cretaceous or early Late Cretaceous thrusting in
the San Juan Islands and in the North Cascades (Fig. 11c¢) has
been recognised by many workers (Misch 1966; Brandon et al.
1988). The thrusting imparted a high-pressure, low-tempera-
ture metamorphism on all units involved and was probably
caused by rapid structural burial (Brandon er al. 1988). Many
workers maintain that the timing of this event is constrained by
the youngest rocks involved (upper Albian pillow basalts on
Lopez) and the first occurrence of diagnostic metamorphic
clasts in the adjacent Nanaimo Group (upper Santonian to
Maastrichtian).

Evidence presented in this paper suggests that the Obstruc-
tion Formation and the upper Turonian strata on Barnes Island
record the uplift of metamorphosed terranes in the San Juan
Islands and that therefore the uplift is slightly older than origi-
nally thought. The Obstruction Formation, whose age is prob-
ably Cenomanian—Turonian, contains detritus from terranes
in the San Juan Islands, as well as detrital prehnite and a law-
sonite-bearing quartz tectonite clast. Younger strata, such as
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CENOMANIAN - TURONIAN

FiG. I1. Schematic representation of the tectonic setting of the units
and events described in this paper. Cross-hatched area represents the
Decatur terrane. “"WR™ and *"NAM"" denote Wrangellia and North
America, respectively. Relative scale and orientation are not implied.
See text for discussion.

recently recognised upper Turonian sandstone and conglomer-
ate of Bames Island, have a provenance similar to that of the
Obstruction Formation strata, although the former contain a
greater percentage of volcanic clasts and plutonic clasts; chert-
clast content is still quite high. A lack of cleavage and of meso-
scopic folding in the Bamnes Island rocks suggests that they
may have been deposited after the cleavage-forming deforma-
tion of the Obstruction Formation, but they may have suffered
different structural histories and then later been juxtaposed.

Although folded and cleaved, the Obstruction Formation
does not contain metamorphic lawsonite — prehnite —aragonite,
as discussed. The deformation of the Obstruction Formation
may have been caused by internal imbrication within the San
Juan terranes during the last stages of thrusting but after these
terranes were brought to upper structural levels by continued
thrusting and erosion (Fig. 11d). This model requires that the
structural bural, metamorphism (3—S5 kbar (1 kbar =
100 MPa) Brandon er al. 1988), and subsequent uplift of ter-
ranes in the San Juan Islands were extremely rapid events that
must have occurred between the latest Albian and the late
Turonian. The duration of this event was even shorter if the
Obstruction Formation is Cenomanian in age.

Facies, provenance, and sediment-dispersal patterns in even
vounger rocks of the Nanaimo Group (upper Santonian to
Maastrichtian, or upper Turonian to Maastrichtian if Bames
Island is included), however, suggest deposition within a
strike-slip basin (Pacht 1984). If so, an important fransition
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from foreland basin deposition to strike-ship hasin deposition is
recorded somewhere in the lower pormion of the Nanaimo
Group
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Appendix 1

Table Al. New paleontologic data for the eastern San Juan Islands

Unit/Lithology

Location/Sample No.“

Fauna

Assigned age
(Identifying paleontologist)

Bames Island
Mudstone

Obstruction Formation
Chert clasts in upper
conglomerate

Chernt clasts in lower unit

Siltstone in lower unit

Basalt of Eagle Cliff
Pink interpillow limestone

James Island Formation
Upper unit

Chert pebbles in middle
conglomerate

Clast in middle conglomerate

Limestone clast in middle
conglomerate

Within all three units

Lower sandstone unit

Lower sandstone unit

Fidalgo Complex
Bedded chert below clastics
(upper sedimentary unit)

Red siliceous argillite in upper
sedimentary unit

Bames north

Lopez—Upright Head
USGS MR 6480

Lopez—Humphrey Head
USGS DR 086

Lopez—Humphrey Head
UW B3419

Cypress—north, below
Eagle cliff
USGS MS 7111

James Island

James Island
USGS MR 6477
USGS DR 0088

James Island
UW B 3422

James Island
UW B 3421

James Island
UW B 3632

James Island, northeast
UW B 4057

James Island, southeast
UW B 3420

Lummi Island, southwest
USGS DR 0084

Trump Island
USGS MR 6475

Ammonites
Reesitites minimus

Radiolarians
Poorly preserved nassellarians

Radiolarians
Archaeodictyomitra sp.
Pantanellium sp.
Trillus sp.
?Tripocyclia sp.

Pelecypods
Nucula sp.

Pholladamya gen. et sp. indet.

Gastropod gen. et sp. indet.

Foraminifers
Indeterminate forams, similar
to those of Richardson
locality

Radiolarians
Orbiculiforma sp.

Radiolarians
Poorly preserved Hsuum
pessagno

Ammonites
Phylloceritid type ammonite

Pelecypods
Buchia piochii

Belemnites
Belemnite gen. et sp. indet.
(abundant)

Pelecypods
Buchia piochii

Pelecypods
Buchia piochii »

Radiolarians
Hsuum (M)mclaughlini
Pessagno and Blome
H. obispoensis Pessagno
Mirifusus (?)baileyi Pessagno
Parvicingula sp.
Radiolarians
Parvicingula excelsa Pessagno
and Blome
Parvicingula colemani
Pessagno and Blome
Ristola hsui (Pessagno)
Turanta flexa Pessagno and
Blome

Late Turonian
(P. D. Ward, personal
communication, 1985)

Mesozoic: Triassic or younger
(C. D. Blome, personal
communication, 1985)

Early Jurassic: Pliensbachian or
Toarcian; Middle Jurassic:
probably Bajocian
(C. D. Blome, personal
communication, 1985)

Long ranging
(V. S. Mallory, personal
communication, 1985; P. D.
Ward, personal
communication, 1985)

?Late Albian to mid-Cenomanian
but extremely tenuous
(W. V. Sliter, personal
communication, 1987)

Jura-Cretaceous
(C. D. Blome, personal
communication, 1985)

Mid-Jurassic: Bajocian; to Late
Jurassic (C. D. Blome,
personal communication,

1985)

Mesozoic
(P. D. Ward, personal
communication, 1985)

Late Tithonian (see Jeletzky
1984) (V. S. Mallory, personal
communication, 1985)

Jura-Cretaceous
(P. D. Ward, personal
communication, 1985)

Late Tithonian (see Jeletzky
1984) (V. S. Mallory, personal
communication, 1985)

Late Tithonian (see Jeletzky
1984) (V. S. Mallory, personal
communication, 1985)

Late Jurassic: late Tithonian
(C. D. Blome, personal
communication, 1985)

Late Jurassic: (late Tithonian)
(C. D. Blome, personal
communication, 1985)
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Unit/Lithology

Location/Sample No ¢

Fauna

Assigned age
(Identitying paleontologist)

Decatur Island
USGS 6478
USGS 6479
USGS 0087

Chert from upper sedimentary
unit

Interpillow chert (pillow basalt)
USGS 0089

Decatur Island

Red argillite and chert in
USGS 0090

pillow basalt

Decatur Island, south

Radiolarans

Poorly preserved nassel! -

Radiolanians
Archaeodictyomitra sp.
Hsuum sp.
Pantanellium sp.
Pseudocrucella sp.

Radiolarians
Emiluvia sp.
Nassellarians

Tans

Mesozoic: Triassic or younger
(C. D. Blome, personal
communication, 1985)

Middle to Late Jurassic:
Callovian or Oxfordian
(C. D. Blome, personal
communication, 1985)

Mesozoic: ?Middle or Late
Jurassic (C. D. Blome,
personal communication,
1985)

“UW, University of Washington, Burke Museum collection number; USGS, United States Geological Survey collection number.

Table A2. Petrographic data

QFL (%) M QpLvmLsm (%) LmLvLs (%)
X
Sample Q Qm F L Lt (%) P/F Lv/L Qp/Q Qp Lvm Lsm Lm Lv Ls (%)
_ Trump unit
JG84.62 14 12 50 36 38 9 1.0 0.88 0.18 7 83 10 2 88 9 8
JG85.85 9 8 65 26 27 3 1.0 0.88 0.10 3 85 12 7 88 5 17
JG85.71 12 10 71 16 19 S 1.0 0.96 0.26 14 83 3 0 96 3 13
JG85.54 31 18 46 24 36 4 1.0 0.88 041 32 60 8 0 8 12 14
JG85.56b 24 13 24 52 62 7 1.0 0.88 044 17 73 10 1 88 11 9
JG85.81 19 6 43 38 50 2 1.0 0.92 0.67 25 68 6 0 9 8 11
James Island Formation
JG84.211a 28 10 33 38 56 4 1.0 0.69 0.63 26 39 35 0 53 47 18
JG84.211b 22 18 26 53 70 3 1.0 0.81 0.84 26 66 8 8 81 11 7
JG84.s1 35 10 29 36 60 2 0.97 0.67 0.70 41 43 16 5 67 28 12
JG84 .53 29 9 44 26 47 6 0.8% 0.63 0.70 4 35 21 0 63 37 5
JG84.52 23 7 39 38 54 5 0.90 0.78 0.70 31 57 12 3 78 18 6
JG84.371 29 7 32 40 61 6 1.0 0.70 0.74 35 49 16 6 70 24 13
JG84.106 16 5 33 50 61 3 1.0 0.79 0.68 18 75 7 13 79 8 20
JG84.317 24 10 S6 20 34 9 090 0.62 0.60 43 38 18 6 62 32 13
Obstruction Formation

JG84.297d 4 11 25 30 o4 4 1.0 0.57 075 2 27 2 23 57 20 23
JG84.231b 51 15 27 22 58 6 1.0 0.50 0.70 61 19 19 1S 50 35 19
JG85.231a 50 13 25 25 61 6 1.0 042 0.73 60 20 20 26 49 25 12
JG84.193 51 10 21 28 69 2 1.0 0.57 0.81 59 27 15 9 5§57 34 16
JG84.54 53 9 18 29 73 12 1.0 0.52 0.84 62 33 5 36 5 12 12
JG84.187d 51 8§ 14 35 78 3 1.0 0.54 0.85 56 25 19 7 54 39 14
JG84.231¢ 40 17 33 27 49 3 1.0 0.58 0.56 45 31 24 3 56 41 13
- JG84.188 53 8 17 30 75 4 10 037 084 60 15 25 0 37 63 17
JG84.304 17 5 47 35 47 5 1.0 046 0.70 26 41 33 24 46 30 12

Nortes: Petrographic analysis of medium- to coarse-grained sandstones. Three hundred points per stained thin section were counted according to the
Gazzi— Dickinson method (Dickinson 1970). Format, abbreviations, and techniques follow those of Ingersoll (1983) and Ingersoll er al. (1984).

Q = Qm + Qp. where Q = total quartzose grains, Qm = monocrystalline quartz grains, and Qp = polycrystalline quartz grains.

F = P + K, where F = total feldspar grains, P = plagioclase feldspar grains, and K = potassium feldspar grains.

Lt = L + Qp. where Lt = total aphanitic lithic grains, and L = total unstable aphanitic lithic grains, excluding Qp.

L =Lm + Lv + Ls, where Lm = metamorphic aphanitic lithic grains, Lv = volcanic —hypabyssal aphanitic lithic grains, and Ls = sedimentary

aphanitic lithic grains.

L = Lvm + Lsm, where Lvm is volcanic —hypabyssal and metavolcanic aphanitic lithic grains, and Lsm = sedimentary and metasedimentary

aphanitic lithic grains.

M = miscellaneous grains (e.g., heavy minerals) and mica as a percentage of total framework.

Mx = matrix percentage of total count.
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Table A3. Fission-track age determina-

tion
No Fossil Induced” Age
l 479 181 81
2 333 110 95
3 914 191 150
4 468 98 151
5 413 133 98
6 843 194 136
7 469 155 95
8 647 217 94
9 588 190 97
10 472 120 124
11 445 111 126
12 285 77 116
13 235 59 125
14 781 148 165
15 284 76 117
16 413 138 94
17 826 145 178
18 251 72 110
19 207 73 89
20 599 127 148
21 615 127 152
22 404 126 101
23 668 155 135
24 320 126 81
25 525 107 154
26 483 148 103
27 789 126 196

—_—_—
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Table A3 (concluded)

No. Fossil® Induced? Age
28 889 177 158
29 472 110 135
30 182 51 112
3] 344 103 105
32 751 186 127
33 468 130 113
34 618 166 117
35 520 122 134
36 496 141 110
37 236 51 145
38 333 75 140
39 244 81 95
40 404 103 123
41 457 145 100

Nores: Fission-track age determination on a
sample from easte Upright Head of northern
Lopez Island (Obstruction Formation) fol-
lowed the standard procedure outlined by
Johnson er al. ( 1986). The fluence was calcu-
lated by C. W. Naeser by determining track
density in mica that was irradiated against
NBS glass standard SRM 612 and the Fish
Canyon Tuff. The fluence was 1.06 (x 10
neutron/cm? + 2%).

°Fossil tracks counted on a zircon grain.

*Tracks counted on the external detector
after irradiation.



