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[1] The Uganik Thrust is a fossil out-of-sequence
thrust fault which was active over a period of �3 Ma
during the early Tertiary until activity ceased with the
subduction of the Kula-Farallon spreading ridge at
�57 Ma. During this period the fault experienced at
least �1 km of throw and developed a strongly
asymmetric damage zone. The brittle damage zone in
the footwall of the fault acted as a conduit for fluid
advection during the active faulting. A similar
asymmetrical footwall damage zone has been
interpreted as a fluid conduit at the Nobeoka Thrust,
Shimanto Belt, SW Japan. Thermal indicators in the
uppermost footwall give similar maximum
paleotemperatures to those in the hanging wall
(�280�C), while previous work elsewhere in the
footwall formation suggests maximum burial
temperatures of �240�C. In this case, similar to the
Irish Canyon thrust in the Franciscan accretionary
complex, the location of the thermal anomaly is
spatially offset from the structural fault which caused
it owing to thermal overprinting in the vicinity of the
fault. Citation: Rowe, C. D., F. Meneghini, and J. C. Moore

(2009), Fluid-rich damage zone of an ancient out-of-sequence

thrust, Kodiak Islands, Alaska, Tectonics, 28, TC1006,

doi:10.1029/2007TC002126.

1. Introduction

[2] Thrust faults in the out-of-sequence geometry (out-
of-sequence thrust faults, OOSTs) are increasingly recog-
nized as an important part of the plate boundary fault system
in many subduction zone settings. The term ‘‘OOST’’
describes splay faults which form in the hanging wall of a
preexisting basal thrust to which they are listric [Cummins
et al., 2001; Davis and Reynolds, 1996]. They are ‘‘out-
of-sequence’’ in the sense of having formed behind the trace
of the basal thrust, rather than forming sequentially in the
direction of hanging wall propagation.

[3] Very large earthquakes which nucleate on the décolle-
ment thrust may propagate upward along an OOST [Clarke
et al., 1992; Cummins et al., 2001; Plafker, 1972]. OOST
are more steeply dipping at the seafloor than the décolle-
ment thrust, and can cause vertical motion of the seafloor
that may increase the risk of tsunami generation [Cummins
et al., 2001; Park et al., 2000]. Ruptures of this style have
been invoked to explain the extraordinary tsunamis caused
by some earthquakes such as Alaska 1964 [Plafker, 1972],
the peculiarly large runup in the Banda Aceh region during
the December 2004 tsunami [Lay et al., 2005] and the 1946
Nankai earthquake [Park et al., 2000].
[4] Seafloor venting of fresh water, methane, and CO2

has been associated with the surface traces of active OOST
[Carson et al., 2003; Park et al., 2000; Riedel et al., 2002]
and the source of these fluids may be dewatering subducting
sediment, via intersection with an active décollement
[Vrolijk, 1987b]. Recent observations of very low-frequency
earthquakes in the Nankai accretionary prism are consistent
with reverse motion on faults within the prism, although
they are not well located [Ito and Obara, 2006a, 2006b].
The low velocity and low stress drops calculated for these
events may be attributable to water present along the fault
[Ito and Obara, 2006a, 2006b]. Seismic reflection surveys
in modern subduction environments have revealed that the
‘‘bottom-simulating’’ or gas hydrate reflector (BSR) along
out-of-sequence thrusts is locally elevated, providing evi-
dence for the advection of warm fluids along active faults
[Zwart et al., 1996]. Both décollement and out-of-sequence
thrusts provide high-permeability pathways for significant
fluid escape from the décollement interface. Therefore,
thrusts in this geometry must be considered part of the plate
boundary fault system, and a discussion of subduction zone
seismicity is incomplete without an understanding of these
structures. Most OOST crop out on the seafloor and are not
available for direct geologic study, but fieldwork in ancient
accretionary complexes has the potential to investigate
OOST in the rock record.
[5] Low-temperature metasedimentary terranes present

difficult problems to geologists because of disequilibrium
geochemistry and incomplete metamorphism. Accretionary
complexes present the additional complications of substan-
tial deformation during the process of accretion, resulting in
an overprinted structural record through deposition, burial,
subduction, underplating, wedge shortening, and exhuma-
tion. Pristine examples of subduction-related structures are
rare and rarely recognized. However, several studies have
succeeded in differentiating OOST from other thrust faults
in fossil accretionary wedges, mostly on the basis of an
additional phase of shortening/deformation along the fault,
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or evidence of postthermal peak offset [DiTullio and Byrne,
1990; Kondo et al., 2005; Kusaba et al., 2006; Ohmori et
al., 1997; Underwood and Laughland, 2001].
[6] In the context of the Coulomb model accretionary

wedge, OOST play an important role in maintaining critical
taper by thickening the wedge during exhumation of the
hanging wall [Kimura et al., 2007; Shelton et al., 1996;
Underwood et al., 1996]. Out-of-sequence thrusts dissect
and displace preexisting thermal structure of the wedge. As
a result, OOST and other postthermal peak thrusts have
been identified in the ancient record by thermal gaps across
the fault [Kondo et al., 2005; Kusaba et al., 2006; Ohmori et
al., 1997; Shelton et al., 1996; Tsuji et al., 2006; Underwood
et al., 1993a, 1996; Underwood and Laughland, 2001].
[7] At relatively low pressures and temperatures in the

shallow toe of an accretionary wedge, commonly used
geothermobarometers give relatively low resolution and

some techniques may be affected by other factors such as
duration of burial and shear in sediments. In the absence of a
clearly measurable thermal gap, OOST can be identified by
geometry and crosscutting relationships relative to subduction-
related deformation structures in the wall rocks.
[8] This study reports a detailed analysis of the structural,

thermal, and fluid flow history of the Uganik Thrust, a
terrane-bounding fault from the Kodiak accretionary com-
plex. Documentation of two discrete periods of faulting
history: a multiphase evolution during subduction, cross cut
by slightly more steeply dipping thrust fabrics associated
with veins of a distinct fluid inclusion population, motivates
our interpretation that the Uganik Thrust was most recently
active as an OOST. The Uganik Thrust provides insight on
the scale, style, and geometry of out-of-sequence thrusts,
and demonstrates localization of fluid flow and associated
deformation.

2. Geologic Setting

2.1. Kodiak Accretionary Complex

[9] The Kodiak accretionary complex (and equivalents)
make up the modern Aleutian fore arc in south central
Alaska (Chugach and Prince William terranes of Plafker et
al. [1994]) (Figure 1). The complex is composed of a series
of accreted terranes of marine sediments and basalt. Each of
these terranes is distinguished from its neighbors by depo-
sitional age, lithologic assemblage, and metamorphic grade
[Byrne, 1982; Connelly, 1978; Moore, 1969; Moore and
Allwardt, 1980; Roeske, 1986; Sample and Fisher, 1986].
The boundaries between these terranes likely originated as
thrust faults although some show evidence of reactivation
[Roeske et al., 1989]. The trench-parallel structure of the
Kodiak accretionary complex with increasing metamorphic
grade and age away from the trench is mirrored in the
megascale structure of other accretionary complexes (e.g.,
Franciscan Complex, California, Shimanto Belt, Japan, and
Sesia Complex, the Alps [Connelly, 1978; Ernst, 1971;
Taira et al., 1988]) and reflects punctuated accretion of
oceanic material in a long-lived subduction system.

2.2. Uganik Thrust

[10] The Uganik Thrust (Figures 1 and 2) juxtaposes the
Uyak Complex over the Waterfall Bay mélange, a zone of
stratal disruption at the structural top of the Kodiak Forma-
tion [Fisher and Byrne, 1987; Moore, 1978]. Along strike,
the Uganik Thrust is correlated with the Chugach Bay Fault
in the Kenai Mountains [Kusky et al., 1993; Magoon et al.,
1976] and the Eagle River Fault near Anchorage [Clarke
and Samuel, 1972]. Previous workers described the Uganik
Thrust and determined its association with NW directed
subduction during the late Cretaceous [Connelly, 1976,
1978; Moore, 1978].
[11] The Uganik Thrust dips more steeply than structural

fabrics in the footwall. Fault-related deformation associated
with the Uganik Thrust is characterized by cataclasis, grain
boundary migration and quartz cementation while earlier,
subduction-related deformational fabrics are characterized

Figure 1. Study location. (a) Inset map showing location
of Kodiak Archipelago, Gulf of Alaska. (b) Study area at
Big Waterfall Bay, Afognak Island. Base map modified
from Google Earth imagery; geology modified from
Connelly [1976].
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by pressure solution cleavage and calcite or quartz-filled
extensional fractures, suggesting flattening and pressure
solution creep. We therefore interpret the Uganik Thrust
as an out-of-sequence thrust fault (OOST), which postdates
and crosscuts earlier, décollement-related deformation in the
uppermost Kodiak Formation (Waterfall Bay mélange).

2.3. Uyak Complex (Hanging Wall)

[12] The Uyak Complex is a formation-scale mélange
dominated by black argillite interbedded with gray chert,
with lesser proportions of basalt (pillow and subaqueous
hyaloclastite), red chert, and graywacke, and rare ultramafic
blocks [Connelly, 1978]. It is described in detail along strike
in the Kenai Mountains where it is known as the McHugh
Complex [Bradley and Kusky, 1992; Kusky and Bradley,
1999]. Microfossil ages cluster from Tithonian to Valangi-
nian (151–135 Ma), but range from Paleozoic to middle-

Early Cretaceous [Connelly, 1978; Plafker and Nokleberg,
1987]. The upper limit of radiolarian ages suggests accre-
tion occurred at �100 Ma [Plafker and Nokleberg, 1987].
Mafic lithologies and some graywackes contain abundant
prehnite and pumpellyite [Connelly, 1978]. The Uyak
Complex is interpreted as a macroscopic mélange formed
during NW directed subduction of oceanic crust with a thin
sediment covering [Byrne, 1985; Kusky and Bradley, 1999;
Moore, 1978].
[13] The Uyak Complex observed at Big Waterfall Bay is

composed of black argillite, light green basaltic hyaloclas-
tite, and gray chert (Figure 3a). Chert, greenstone and
graywacke occur as large blocks (meter to 10 s meters)
with a scaly argillite matrix. The argillite is metamor-
phosed to fine grained chlorite, albite and quartz and
occasional pyrite. Pumpellyite is common in mafic and
mixed lithologies.

Figure 2. (a) Small-scale map of studied locality, including vein distribution and sandy versus argillitic
lithologies within the Kodiak Formation. Vantage point is shown for offshore view of outcrop (shown in
Figure 2b). (b) Panoramic view of outcrop (pseudosection shown is approximately parallel to dip azimuth
of fault and local fabrics). (c) Cross section A-A00 showing folded/faulted structure in the Kodiak
Formation (Waterfall Bay mélange) and Uyak Complex, both crosscut by the Uganik Thrust.
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2.4. Kodiak Formation and the Waterfall Bay Mélange
(Footwall)

[14] The Kodiak Formation is a structural stack of vari-
ably coherent sequences of deep water turbidites, quartzitic

to lithic graywacke sandstones, rare conglomerates and
pebbly mudstones. It was deposited rapidly into an actively
subducting trench during the Maastrictian (latest Creta-
ceous) [McCann and Pickerill, 1988; Moore, 1978]. Fluid
inclusion measurements by previous workers suggest that

Figure 3
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vein precipitation associated with deformational fabrics
occurred at 200–250�C and 250–300 MPa [Myers and
Vrolijk, 1986; Paterson and Sample, 1988; Sample and
Moore, 1987] (Table 3a), consistent with near-peak meta-
morphic vein precipitation at high-zeolite facies to low
prehnite-pumpellyite facies conditions [Paterson and
Sample, 1988]. The Kodiak Formation is characterized by
its pervasive planar cleavage, locally modified by steeply
plunging folds, and regionally forming a broad anticlino-
rium consistent with trench-normal compression across the
formation [Fisher, 1990; Fisher and Byrne, 1987; Sample
and Moore, 1987]. No metamorphic trends were detected
across the formation in a vitrinite-illite study [Sample and
Moore, 1987], indicating that throw on the intraformational
faults was inconsequential after peak metamorphism. Slaty
cleavage is mutually crosscutting with duplex faults in the
Kodiak Formation, suggesting cleavage formation was
coeval with the period of basal accretion [Sample and
Moore, 1987].

2.5. Waterfall Bay Mélange

[15] The upper several kilometers of the Kodiak Forma-
tion suffered discontinuous shearing and flattening defor-
mation, forming the Waterfall Bay mélange (Figure 1)
[Connelly, 1978; Fisher and Byrne, 1987]. Fisher and
Byrne [1987] reported the thickness of the Waterfall Bay
mélange as variable from tens of meters at Uyak Bay to 1 km
at Big Waterfall Bay. This study amends the measured
thickness at Big Waterfall Bay to at least 3 km, with a
gradational basal limit. Fisher and Byrne [1987] interpreted
this diffuse deformed zone as footwall deformation along
the plate boundary décollement during the subduction of the
Kodiak Formation during the latest Cretaceous. Deforma-
tion in the Waterfall Bay mélange is distinguished by
multiple phases of bedding-parallel extension and subvert-
ical compaction (see ‘‘stratal disruption’’ of Sample and
Moore [1987]). Structures which characterize the mélange
are extensional failure of sandstone beds by jointing, normal
faulting and cataclastic boudinage with calcite veining in

joints and boudin necks, and anastomosing shear/pressure
solution fabrics in argillite beds.

3. Uganik Thrust and Its Damage Zones

[16] A sharp and planar surface decorated by deep slick-
enlines separates the hanging wall and the fault core of the
Uganik Thrust (Figures 3b, 3c, and 4i). The 55–65 cm thick
fault core is mostly derived from argillites of the Kodiak
Formation footwall, cut by a network of Riedel shears and
strong, penetrative brittle S-C fabric (Figure 4h). S surfaces
are defined by aligned metamorphic chlorite, white mica
and rare pumpellyite, and curviplanar pressure solution
surfaces. Quartz and calcite veins occur along S surfaces
and represent both the rotation of boudins of preexisting
veins as well as synshear precipitation. The vein concentra-
tion is high in the fault core, but not as high as in the footwall
subsidiary faults lower in the damage zone (Figure 5).
[17] The technique of determining slip vectors from S/C

fabric intersections was first applied in the damage zones of
the Uganik Thrust at Uyak Bay, approximately 130 km
along strike from the location of this study [Moore, 1978].
The S surface pressure solution cleavage used by Moore
[1978] was not observed at Waterfall Bay, possibly because
of a change in lithology along strike in the Uyak Complex
mélange. As in the original study, the orientation of motion
on the Uganik Thrust can be measured by strain indicators
in the damage zones of both the hanging wall and the
footwall, and by slickenlines on the fault surface. The S/C
intersection data from the footwall is presented in Figure 4h,
with the mean calculated slip vector.

3.1. Hanging Wall Damage Zone: Uyak Complex

[18] Along the Uganik Thrust at the base of the Uyak
Complex is a 20–30 cm thick layer of very fine scale
banding of Uyak lithologies in a macroscopically ductile
fabric (Figures 3a and 3c). Chert beds are reduced to
dramatically thinned and pinched asymmetric, internally
faulted and stylolitized boudins (Figure 3a). Quartz veins

Figure 3. Field photos at the Uganik Thrust. Pencils and markers in each photo are approximately 15 cm long. (a) Ductile
banding in the Uyak Complex (hanging wall damage zone). Asymmetric boudins of gray chert (solid white arrows) are
wrapped by stretched bands of green basaltic hyaloclastite (black arrows) and black argillite. Seaward vergent folds are
common (black arrow). (b) Uganik Thrust surface at Big Waterfall Bay. Uyak Complex hanging wall damage zone is
massive, welded, millimeter-scale banded metamélange. Footwall is characterized by brittle S-C fabrics and abundant
veining. Double-headed white arrow shows veined fault core. Planar sharp Uganik Thrust surface is indicated by pointing
person. (c) Uganik Thrust contact. Thrust-parallel planar banding characterizes the hanging wall damage zone, while the
footwall damage zone is characterized by brittle S surfaces inclined to the thrust surface. White arrows indicate thrust
surface. Black arrow indicates small seaward vergent fold. (d) Veined shear zone in footwall damage zone of the Uganik
Thrust. Boudins are thinned and folded. There are few throughgoing shear surfaces, as if the entire volumes of the zone
deformed as one. A rare throughgoing slip surface (black arrow) is planar, laminated, and sharply crosscuts the veined shear
zone fabric. This shear zone is approximately 50 m below Uganik Thrust (Figure 2). Sense of motion is indicated by white
arrows. (e) Base of a veined shear zone, fabric ends at boudinaged sandstone bed (SST) at base; deformation is localized
above the sandstone bed. High vein density tapers out below sandstone bed, in unsheared argillite. (25 m below Uganik
Thrust). Black arrows indicate a large brown quartz vein crosscutting shear zone at edge of photograph. (f) Boudins of dike
material included in shear fabric of the largest veined fault (�50 m below the thrust). White arrows indicate boudins of dike
material. Black arrows indicate planar shear surface marking base of veined shear zone. Rock hammer for scale �30 cm.
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Figure 4
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occur along the foliation and cut the foliation at a low angle.
Although locally in cherts, textures are suggestive of ductile
deformation of quartz, cataclastic flow was the dominant
mechanism acting to produce the very fine banding. Granular-
ductile folds and boudins are mutually crosscut by pumpellyite-
and calcite-filled Riedel shears and joints on the outer
surfaces of small folds. Both brittle and ductile deformation
mechanisms were active in the hanging wall damage zone
during activity on the Uganik Thrust.
[19] Small, seaward vergent folds were measured in the

finely banded damage zone (Figures 3a–3c). Folds are
highly flattened, having at least one limb and commonly
the axial plane subparallel to local banding (Figures 3a and
4b). Fold axes all plunge NE (Figure 4b). Slickenlines were
measured on foliation slip surfaces in the banded damage
zone (Figure 4c). Lineations cluster in the region of left-
oblique thrusting, similar to the motion suggested by fold
axes measured by Moore [1978].

3.2. Footwall Damage Zone: Waterfall Bay Mélange

[20] The topmost 250 m of the Waterfall Bay mélange are
crosscut by densely veined shear zones that generally
increase in thickness and frequency up section toward the
Uganik Thrust (Figures 3d and 5). These zones have a
chaotic fabric and are completely cemented with quartz,
yielding an extremely hard fault rock (Figure 3d). The fabric
is highly variable, folded and anastomosing, with sandstone

boudin size reduced by one to two orders of magnitude
compared to the surrounding mélange. The fabric contains
boudins of quartz and calcite veins, absent in the surround-
ing mélange. Boudins are enveloped by a fine-grained,
massive argillitic matrix. The weak foliation in the matrix
is defined by wavy shear and pressure solution surfaces.
Pyrite nodules are common, whereas only individual cubic
crystals were observed elsewhere in the footwall. The shear
zone boundaries are sharp, but variable in style. Some are
bounded by boudins of the Waterfall Bay mélange, as in
Figure 3e, where the veined shear zone fabric ends abruptly
against the edge of the boudinaged sandstone bed, while the
veining intensity gradually declines down section away
from the veined zone.

3.3. Deformation and Veining Across the Uganik Thrust

[21] The internal fabric of the footwall subsidiary faults is
a veined shear zone lacking systematic shear indicators. The
wavy-planar boundaries of the zones are scattered but on
average roughly parallel to the Uganik Thrust surface
(Figure 4).
[22] Four classes of veins were documented in the Uga-

nik Thrust and its damage zones. The classes were differ-
entiated in the field by mineralogy, color, style and
morphology, and crosscutting relations. Field classes were
confirmed by fluid inclusion analyses. In order to document
vein density distribution, we measured a detailed transect of

Figure 4. Structural data describing Waterfall Bay mélange, Uyak Complex, and the Uganik Thrust. (a) Uyak Formation
cleavage surfaces. Thin black lines represent slaty cleavage (n = 35). Bold surface is mean cleavage (221/46.7NW). Pole to
mean slaty cleavage surface is shown (open hexagon) with 95% confidence limit of 5.9� (ellipse). (b) Uyak Formation
hanging wall damage zone folds. Folds are highly flattened parallel to local banding (thin black lines: axial planes, n = 7).
Black dots are fold axes with arrows indicating vergence (n = 4). Fold axes all plunge NE, consistent with rotation toward
direction of shear in high strain environment. Bold surface is mean cleavage (same as shown in Figure 4a). (c) Slip vectors
in Uyak Formation damage zone. Thin black lines represent shear planes or shear bands within semibrittle banded damage
zone. Black dots indicate slip lineations (slickenlines and/or slickenfibers) on those surfaces. Lineations cluster in region of
left-oblique thrusting, similar to the motion suggested by fold axes. Mean slip lineation is shown (30/351, black hexagon)
with 95% confidence limit of 23� (ellipse). (d) Waterfall Bay mélange cleavage surfaces. Thin black lines represent slaty
cleavage (n = 69). Gray dotted lines represent anastomosing shear cleavage (n = 9) which overlap closely with slaty
cleavage. Bold surface is mean cleavage (211/61.5NW). Pole to mean slaty cleavage surface is shown (black diamond) with
95% confidence limit (ellipse). (e) Waterfall Bay mélange folds. Bold surface is mean cleavage (same as shown in Figure 4d).
Thin black lines are axial planes. Black dots are fold axes with arrows indicating vergence (n = 17). Double bold dash is
cylindrical best fit to fold axes (014/79SE). Folds are steepened, and some are overturned. Separation arc is shown with
thick-lined black box on best fit (double-dashed) line. (f) Waterfall Bay mélange faults. Black dots are slickenlines with
motion shown with black arrows where indicated. Gray bull’s-eye is motion on Uganik Thrust as determined percent
confidence cone. (g) Boundaries of veined shear zones in footwall damage zone. Mean pole is shown by open bar with 95%
confidence ellipse (23�). (h) S/C fabric intersections in footwall damage zone of Uganik Thrust, shown with vergence
indicators. Square is mean slip line determined by 90� rotation of intersection point in plane of C surface following Moore
and Byrne [1987] with 95% confidence cone (13�). (i) Uganik Thrust surface and slickenlines. Mean slickenline (14/000)
indicated with black star; 95% confidence limit shown in gray ellipse (7.9�). Pole (55/115) to mean thrust surface (205/
35NW) measurement indicated with open star. Ninety-five percent confidence level shown in gray ellipse (2.9�). (j) Small
dikes in the field area. No strong preferential orientation is suggested. Dikes did not intrude along regional structural fabric.
Post-Uganik Thrust faults (those with layered ‘‘brown quartz’’ veining). (k) Open dots show slickenline and slickenfiber
orientations; motion where noted is shown with a black arrow. Most motion indicators suggest dextral normal oblique slip.
(l) Summary of slip lines. Black star indicates slicks on the surface of the Uganik Thrust (I). Black square indicates slip line
calculated from S/C fabric intersections (Figure 4h). Black diamond indicates slickenlines on faults in the Waterfall Bay
mélange (Figure 4f). Black hexagon indicates slickenlines on faults in the Uyak damage zone (Figure 4c). Grey bull’s-eye
indicates slip vector estimate from Moore [1978].
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vein counts in 27 discrete zones through the lower 50 m of
the Uyak Complex, across the Uganik Thrust, and 284 m
down section into the Waterfall Bay mélange (Figure 5).
The zone boundaries were determined by visual inspection
of the outcrop for changes in deformation scale, style, or
apparent vein density (e.g., veined shear zone boundary,
Figure 3e). Counts in each zone were performed along a 1 m
tape, laid across the outcrop and performed 6 times, rotating
the tape approximately 30� each time, to minimize the affect
of counting across or along oriented vein sets. Each milli-
meter mark on the tape was classified as to whether it fell on
one of three vein classes or on unveined rock. The measure-
ments at different orientations were averaged to get the
mean surface area density of each vein class in each zone.
Vein densities are expressed in percentage of millimeter
marks on the tape which fell on that vein class. Zones which
were thinner than 1 m in outcrop exposure were counted
through their thickness and all counts in the zone were made
over the same distance. These are presented as a percentage
of the length measured. These data should not be extrapo-
lated to volume percentage, and are used here to elucidate
relative vein density along the transect.
[23] The first class of measured veins (class 1) are

extensional veins at a high angle to bedding or disrupted
strata, and were formed during early stages of flattening
during burial or subduction of the Kodiak Formation. They
are composed of blocky or fibrous quartz, sometimes

containing solid calcite inclusions in fibrous quartz crystals.
These earliest extensional veins constitute less than 5% of
the rock surface area throughout the upper Kodiak Forma-
tion (dotted line; Figure 5). Within the subsidiary faults in
the footwall damage zone, the concentration of extensional
veins increases dramatically to <50% of the rock surface
area. These veins are normal to the long axis of sandstone
boudins but the boundins in these zones are rotated into an
S surface orientation within the fault zones. Because of the
geometry of these veins being consistent with the inter-
preted orientation of extension within the subsidiary faults,
and the increased concentration within shear zones, these
veins are considered to have formed during Uganik Thrust
motion. The origin of most individual veins cannot be tied
with certainty to one stage of deformation, therefore, these
veins were counted together as one class.
[24] The second and third classes (classes 2 and 3) are

fault-parallel veins, most of which are shear veins (e.g.,
Figure 3d). These are kinematically consistent with the
subsidiary footwall faults and lie in S planes and C planes
within the fault fabric. They are essentially absent outside
these footwall faults. These veins contain quartz and rare
pyrite crystals. Since the hanging wall and footwall may
have experienced a similar stage of deformation at different
times, the shear veins of each formation are separated and
compared during fluid inclusion studies (below). Since they
are spatially discrete, they appear as a one count in Figure 5.

Figure 5. Vein counts across the Uganik Thrust. Solid black line indicates concentration of in-fabric
shear veins. Dark gray dashes indicate concentration of later veins (including brown quartz). Black dotted
line counts boudin-normal extension veins. Stippled area in background tracks cumulative proportion of
rock which is vein material. Two footwall ‘‘veined zones’’ are significantly more veined than the thrust
surface itself. (UT, Uganik Thrust surface; HW, hanging wall (Uyak Complex)).
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[25] The final class (class 4) comprises all later veins that
crosscut mélange fabrics, Uganik Thrust fabrics, and later
intrusives (Figure 3e). The veins have layered crack seal
textures and are composed of white quartz, brown quartz,
and calcite, with variable slickenfibers on individual layers.
Cements of similar mineralogy occur in local breccias
associated with dikes. The slightly elevated occurrence of
later veins in the footwall subsidiary faults is attributed to
the increased brittle strength in those zones due to prior
extensive quartz veining. Their orientation is unrelated to all
subduction-related fabrics (Figure 4k).

3.4. Constraints on Thrust Motion

[26] A string of dikes, sills, and plutons intruded the
accretionary wedge during the early Paleocene owing to
subduction of a spreading ridge [Bradley et al., 2000;
Moore et al., 1983]. A dike from Malina Bay on Afognak
Island near the site of this study gives a hornblende Ar40/
Ar39 age of 52.3 ± 2.2 Ma [Bradley et al., 2000] so this will
be taken as the age of intrusives in the area. As described by
Farris et al. [2006], the geometry of the intrusives suggests
little sensitivity to preexisting structure, and the dikes at Big
Waterfall Bay crosscut the fault and earlier cleavages with
no apparent relationship to local fabrics (Figure 4j). Thir-
teen dikes were recorded in the �250 m cross section
(Figure 2c). The main dike found in the study area is
9.5 m thick (Figure 2) and the remaining 12 dikes are less
than 1 m thick, usually on order 20 cm, too small to appear
on the map or cross section in Figure 2.
[27] Locally, last motion on the Uganik Thrust and its

subsidiary footwall faults occurred concurrently with the
intrusion of the Afognak dikes. This is demonstrated by the
inclusion of clasts of dike material into two of the subsidiary
faults in the Uganik Thrust footwall (Figure 3f) and the dike
crosscutting the Uganik Thrust itself with only about 10 cm
offset (Figure 2c). No thermal aureole was observed around
dikes at Big Waterfall Bay, where the intrusions are smaller
than those with greenschist facies metamorphic halos de-
scribed elsewhere in the complex [Farris et al., 2006;
Paterson and Sample, 1988].
[28] While giving excellent age control on the fault

motion, these field relationships raise the question of local
perturbation of thermal indicators collected in the vicinity of
the dikes. Near the Kodiak Batholith, maximum metamor-
phic aureole temperatures were 650�C and contact meta-
morphism was associated with ductile deformation of the
country rock, even outside the detectable thermal aureole
[Farris et al., 2006]. No structural or metamorphic effects
could be found in the vicinity of the much thinner dikes at
the Uganik Thrust. The lack of evidence for deformation
and thermal aureoles around the dikes was confirmed in
both illite crystallinity data and vitrinite reflectance data
(presented below), as no anomaly in mean values was
discovered in proximity to the dikes.

4. Structural and Thermal Evolution

[29] Low-grade metamorphism is particularly complicat-
ed to document in metasedimentary rocks [Underwood et

al., 1993b]. This is due to sluggish prograde metamorphism
and the stability of characteristic low-grade minerals over a
wide range of pressures and temperatures. Recent studies
have been critical of the exclusive use of illite crystallinity
as a geothermometer [Robinson et al., 1990; Underwood et
al., 1993b]. Our understanding of the thermal, geochemical,
and strain effects on illite ‘‘crystallinity’’ is at best, incom-
plete [Giorgetti et al., 2000; Rahn and Mullis, 2003;
Robinson et al., 1990]. This study attempted the approach
of Underwood et al. [1993b] in comparing illite crystallinity
values (IC) to vitrinite reflectance values (%Ro) as a more
reliable geothermometer.
[30] Prior work in the Kodiak Formation analyzed the

variation in illite crystallinity and vitrinite reflectance values
across a �70 km transect structurally below the Uganik
Thrust [Sample and Moore, 1987]. This work showed that
neither parameter varied systematically across the transect,
except that illite 10Å peak broadened, and vitrinite reflec-
tance dropped within a few kilometers of the Uganik Thrust,
where cleavage intensity was reduced. Both of these factors
would suggest a decrease in either maximum temperature or
in burial duration for the structurally uppermost Kodiak
Formation. Sample and Moore [1987] suggest lower-grade
slivers of rock near the fault zone, but as all structural
indicators show dominantly thrust motion, it is inconsistent
with tectonic models for the Uganik Thrust to invoke a
horse terrane of lower grade than either the footwall or
hanging wall.

4.1. Degree of Deformation Ranking

[31] A qualitative scale of deformational rank was devel-
oped in order to classify the samples in the field. Scale
values range from 0 (least deformed) to 6 (most deformed)
and the rubric is shown in Table 1. This rubric was
developed specifically for the locations studied, to reflect
the particular sequences of deformational events identified
by field mapping of the Uganik Thrust at Big Waterfall Bay
and the footwall damage zone in the Kodiak Formation. The
incremental values used in this scale in no way imply a
linear increase of deformation between the defined categories,
but are simply useful for identifying and measuring localized
zones of increased strain and/or fluid flow indicators.

4.2. Illite Crystallinity

[32] Illite crystallinity has been used as a proxy for
paleotemperature in argillitic rocks [Underwood et al.,
1993b; Vrolijk and van der Pluijm, 1999]. However, there
are significant limitations to the method due to the wide
range of variables that may affect the peak width of the illite
10Å peak, including time-temperature path, protolith chem-
istry, and shear or pressure solution fabric development
[Underwood et al., 1993b; Vrolijk and van der Pluijm,
1999].
[33] Samples were prepared for XRD analysis using the

methodology of S. J. Wyld and J. W. Rogers (Preparing
phyllite/slate sample for XRD analyses (illite crystallinity)
and whole rock 40Ar/39Ar radiometric dating, unpublished
instructions, 1998). X-ray diffraction spectra for illite crys-
tallinity measurements were collected with CuKa radiation
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at 20 Vand 40 mAwith a 0.5 diffraction slit, 0.01� steps and
count times of 1 second per step. Each sample slide was run
three times to determine repeatability. XRD spectra were
analyzed using ‘‘MacDiff’’ 4.2.2 (Petschick, copyright
1991–2000). The Kübler Index (the width of the peak at
half of maximum height (FWHM)) was measured following
Kübler and Jaboyedoff [2000] and Wang and Zhou [2000].
[34] Seven samples of hanging wall damage zone rocks

were analyzed. Two of the seven samples contain no white
mica peaks at 10Å. Forty-two samples of the Kodiak
Formation footwall were analyzed. The illite crystallinity
values (FWHM; inverted scale) of these analyses are shown
relative to distance below the thrust in Figure 6a. The
FWHM varied from 0.303 to 0.471 D�2q across the
transect, with the mean at 0.394 D�2q. Duplicates of
prepared samples and XRD runs on the same samples
produced no significant change in variability along the
transect. The variance between samples decreased away
from the fault core, but as sampling density also decreased
this may be an artifact.
[35] The illite 001 peak width varies erratically along the

transect. In order to test whether bulk rock composition has
an effect on illite peak width, the ratio of the illite 001 and
chlorite 002 peak areas was compared to illite peak width.
The illite peak width does not correlate to the illite-to-
chlorite ratio (R2 = 0.0016). A general linear model using
JMP (version 5.0.1a) also shows no correlation (GLM; R2 =
0.04, F = 1.7, p = 0.20).
[36] Values of illite crystallinity generally change in

response to deformation state. The highest IC values all
coincide with veined fault cores. Only one veined fault core,
the farthest structurally down section, does not show a
corresponding spike in illite crystallinity. A one-way
ANOVAwas used to test for differences in illite crystallinity
relative to the ‘‘degree of deformation’’ categories described
above. Although a general trend can be observed in the data
6B, the whole model was not significant. Post hoc pairwise
comparisons using Tukey’s test revealed significant differ-
ence in illite crystallinity values only between class 1

(background) and class 6 (fault cores) (whole ANOVA
model: F = 1.89, p = 0.11; class 1 versus 6 distinguishable
by Tukey’s test; p < 0.05). It must be noted that the
population of some categories is quite small, as is the total
range of illite crystallinity values, therefore statistical sig-
nificance is less likely. This methodology would be more
definitive in a study that encompassed greater spatial area,
greater thermal contrast, or more certainty in heating dura-
tion in order to detect fault heating/shearing effects.

4.3. Vitrinite Reflectance

[37] The thermal maturity of an organic-bearing sedimen-
tary rock can be effectively estimated by measuring the
reflectance of woody tissue. Vitrinite reflectance is strongly
related to temperature in the range of about 60�C to about
250–300�C [Barker and Pawlewicz, 1986]. Although con-
ventional analyses in passive basins have demonstrated
strong correlation between burial heating and coal rank
(measured as %Ro), evidence suggests that other factors,
notably shear heating and/or hydrothermal fluid circulation,
can also effect coal rank [Barker, 1988; Hower and Gayer,
2002].
[38] Comparisons between vitrinite reflectance and illite

crystallinity tend to display considerable scatter but yield
meaningful correlations over broad ranges of thermal matu-
rity [DiTullio et al., 1993; Ohmori et al., 1997; Underwood
et al., 1993a]. Underwood et al. [1993a] were able to relate
a broad suite of illite crystallinity and vitrinite reflectance
data across the Shimanto Belt in SW Japan, and thereby
calibrate the illite crystallinity thermometer for those par-
ticular rocks.
[39] Two Uyak Complex samples and fourteen Kodiak

Formation samples were analyzed by J. Hower at the Center
for Applied Energy Research, University of Kentucky. The
Uyak Complex samples yielded no useable vitrinite mate-
rial. One footwall sample yielded few, widely scattered
values; this result is not reliable. The remaining samples
were taken from the main fault surface, subsidiary footwall

Table 1. Deformation Ranking

Rank Description

0 No detectable deformation in hand sample. Coherent, planar bedding with no evidence of pressure solution.
1 Pressure solution cleavage present. In sandstones this may manifest as semiplanar dissolution seams and may result in flaggy cleavage.

Best observed as slatey cleavage in argillite. This is typical of the Kodiak Formation regionally.
2 Pressure solution cleavage and stratal disruption. Evidenced by boudinage and normal faulting of sandstone beds. Argillite cleavage is

typically wrapped around edges of sandstone beds, but otherwise, cleavage is typically planar. Calcite and/or quartz veins may be
present in tension fractures in sandstone and around boudin necks.

3 Shear fabrics, pressure solution cleavage, and disrupted strata present. Shear fabrics typically manifest as S/C fabric development in
argillites including cleavage on a smaller spatial scale than the pressure solution cleavage. Slickenlines appear on argillite surfaces.
Sandstone fragments are locally rotated, which is clearly displayed from the rotation of earlier bedding-normal tension veins.

4 Characteristic of 3 present, in addition, extensive development of calcite, quartz, or chlorite veins along shear surfaces. Veins may
crosscut pressure solution cleavages at a low angle and many are also deformed by pressure solution. Veins occur most commonly
as lenses in S surfaces and are commonly slickenlined.

5 Similar to structures described in 4 but the fabric is more deformed. Remnant sandstone boudins are dramatically smaller and often
folded and brecciated locally. Quartz veins bound remnant sandstone bodies. Argillite is no longer fissile along cleavages and the
whole assemblage is cemented solidly with quartz. Characteristic of footwall subsidiary faults below the Uganik Thrust.

6 Areas classified as ‘‘fault core.’’ In the brittle realm this includes cohesive cataclasites and quartz-cemented cataclasites. These tend
to be uniform in cataclasic grain size and are derived of a mix of material from the hanging and footwalls of the fault.
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faults (core), the background footwall Kodiak Formation,
and adjacent to an intrusive dike (Figures 6c and 7 and
Table 1). Hower measured random reflectance (%Ro)
(polarized) for 3–34 grains on each rock sample. The
scarcity of vitrinite in the rock made it difficult to increase
the number of measurements per sample, which are in some
cases too low to produce a statistically significant value.

The mean value for each sample is taken as %Ro which
varies from 3.7–5.0% across the transect. The standard
deviation of measurements within a sample is quite high
(0.6% mean standard deviation) but between mean values
for samples in the same set is relatively low (0.1–0.3%)
(Table 2).
[40] Vitrinite data are displayed relative to the illite 001

FWHM in Figure 6c. As the footwall samples are all similar
lithologies from a small area, they all have similar illite
crystallinity values (0.41 ± 0.02 D�2q). The mean vitrinite
%Ro values from this sample population also show little
variation (4.47 ± 0.34 D�2q), therefore they do not define a
line relating IC to %Ro. The two fault core populations are
slightly higher in thermal maturity than the cluster defined
by the background samples. The sample shown with an
open dot (Figure 6c) was collected from an intrusive dike
contact in the Waterfall Bay mélange. The value for this
sample lies within the general population; there is no
evidence for perturbation of vitrinite or illite due to heating
proximal to this dike. The ratio of vitrinite values to IC of
the Kodiak Formation rocks at the Uganik Thrust is higher
than the ratio in the Shimanto Complex rocks (Figure 6c)
[Underwood et al., 1993b]. One possible explanation for the
difference lies in the short equilibration times for vitrinite
reflectance versus that for illite crystallinity [DiTullio et al.,
1993; Hower and Gayer, 2002], as the Kodiak Formation
has been shown to have an extremely brief burial duration,
perhaps only 2–4 Ma [Sample and Reid, 2003]. Given the
short burial duration, we consider heating duration when
interpreting vitrinite reflectance values for paleotempera-
ture. Given the same reflectance value, an equation which
incorporates a shorter heating duration will result in a higher
calculated peak temperature. Sweeney and Burnham [1990]
give suitable time-dependent equations:

T �Cð Þ ¼ 174þ 93* ln %Roð Þ

for a burial time of 1 Ma, and

T �Cð Þ ¼ 158þ 90* ln %Roð Þ

Figure 6. Illite crystallinity data. (a) FWHM (IC) with
distance from the Uganik Thrust. Vertical axis is FWHM,
peak width increasing (therefore, temperature estimate
decreasing) upward on this graph. Maxima and variation
increase (and minima decrease) near the Uganik Thrust (0 m
on horizontal axis). (b) FWHM (IC) with ‘‘deformation
rating.’’ Error bars are 1 standard error (s/

ffiffiffi

n
p

). (c) Vitrinite
reflectance versus illite crystallinity. Footwall damage zone
core samples (open triangles) fall between Uganik Thrust
core samples (black triangles) and background (black
diamonds). The dike wall sample (open circle) is consistent
with background samples. The samples of this study have a
higher vitrinite reflectance value for the same illite peak
width as reported for the Shimanto Belt. Relationship of
Underwood et al. [1993a] is shown. See text for discussion.
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for a burial time of 10 Ma. The mean vitrinite reflectance
values for each set of samples are used to calculate
maximum paleotemperatures (Table 2). The difference in
the two heating times produces a difference in maximum
paleotemperature estimate of 20�C.

4.4. Raman Spectroscopy of Organic Material

[41] Raman spectroscopy measures the degree of organi-
zation of carbonaceous material during its transition to
graphite in the range of 330–650�C [Beyssac et al.,
2004]. Since the organization of carbon into graphite is
not reversible during retrograde metamorphism, this method
records peak temperatures [Beyssac et al., 2002]. Absolute
temperatures have been measured to within ±50�C and
temperature changes of 10–15�C are discernable between
samples [Beyssac et al., 2004].
[42] Five polished thin sections of Uyak Complex hang-

ing wall damage zone were analyzed by Olivier Beyssac at
the Centre National de la Récherche Scientifique, École
Normale Superior, Paris. All samples yielded useable car-
bon material, and Raman spectra were consistent within and
between samples. The degree of graphitization was below

the lower limit of the thermometer calibration. Therefore,
330�C is taken as an upper bound on the maximum
temperature experienced by the Uyak Complex.

5. Fluid Evolution Before, During, and After

Activity on the Uganik Thrust

5.1. Depth and Geothermal Gradient During
Cretaceous Subduction

[43] Vrolijk [1987b] and Vrolijk et al. [1988] reported
trapping temperatures from cogenetic water and methane
inclusions in synsubduction quartz veins of the Uyak
Complex and the landward belt of the Kodiak Formation
(Table 2). The samples come from strata-normal quartz
veins formed by extension during décollement shear, cor-
relative to our extension veins (class 1). These veins most
likely formed at or near the greatest depth of burial of the
units. They report fluid conditions of 280 ± 20�C and 330 ±
30 MPa for the Uyak Complex and 240 ± 20� and 300 ±
30 MPa for the Kodiak Formation [Vrolijk, 1987b; Vrolijk et
al., 1988] (Table 3a). If the overburden density is estimated
at 2500 kg/m3 [Vrolijk et al., 1988], and measured pressure

Figure 7. Vitrinite data histogram. All data shown (these are average, not maximum reflectance.) Bins
are 0.20% Ro wide. Black bars represent ‘‘background’’ samples (deformation ranking 0–1). Uganik
Thrust samples (gray bars) from main fault core (deformation ranking 6). ‘‘Veined core’’ samples (white
bars) are deformation ranking 5, these are from other veined zones in footwall damage zone. Striped bars
(‘‘dike margin’’) are a sample of deformation ranking 2 that was collected at the contact of an intrusive
dike. Within statistical significance, the ‘‘dike’’ sample is identical to background samples, indicating that
heating due to the intrusions was insufficient to reset vitrinite reflectance in the country rock.
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is assumed to be lithostatic, the maximum depth of subduc-
tion of the units can be estimated. Uyak Complex depth is
calculated at 13 ± 1.5 km resulting in a calculated geother-
mal gradient of 20 ± 4�C/km during vein precipitation. The
Kodiak Formation estimated depth is 12 ± 1.5 km and the
geothermal gradient 20 ± 3.5�C/km. The sedimentary ages
of these formations are early mid Cretaceous (Uyak) and
latest Cretaceous (Kodiak). Therefore, this relatively low
thermal gradient (�20�C/km) is probably representative of
shallow to midcrustal conditions on the subduction thrust
during long-lived stable Cretaceous subduction.

5.2. Fluid Inclusions in Uganik Thrust-Related Veins

[44] Heating and freezing experiments were performed
on four populations of quartz veins (Figure 8). The four
populations of quartz veins are: the early, synsubduction
extension veins in boudins, Uganik Thrust-related shear
veins of the hanging wall damage zone, Uganik Thrust-
related shear veins of the footwall damage zone, and
postfaulting veins composed of ‘‘brown quartz.’’
[45] Full-sized doubly polished sections were optically

mapped before being broken down into small chips for
analysis. Heating and freezing analyses were performed at
Smith College using the Linkam Examina stage controlled
by Linksys software. The system is precise to 0.1�C in both
heating and cooling experiments and calibration samples
were measured to within 0.2�C of stated values. Optical

fluid inclusion petrography detected few gas-phase inclu-
sions and no inclusions formed visible ice at 	182�C, the
freezing point of methane, nor at 	80�C, the freezing point
of CO2. The absence of methane inclusions was confirmed
by IR spectroscopy (Q. Williams, personal communication,
2006). Criteria for establishing primary inclusions followed
Roedder [1984] and Goldstein [2003]. No euhedral growth
shape assemblages were found in any sample. Most of the
measured inclusions are solitary; many have negative crys-
tal shapes indicating they have not been necked down. No
inclusions near a crack or planar array of fluid inclusions
were measured. Replacement textures suggest that both
quartz and calcite veins may dissolve and reprecipitate or
replace one another many times during subduction and
deformation of a sedimentary package. Only pristine veins
lacking replacement textures were measured in this study.
[46] Extensional quartz veins (class 1, Table 3a) consisted

of blocky, irregular 100–1000 mm crystals containing
significant populations of solid calcite inclusions, suggest-
ing that the quartz might have replaced solid calcite.
However, clearer, smaller (50–500 mm), more angular
blocky quartz grains which lacked calcite inclusions were
found along the vein–wall rock margin and selected for
study. These precipitated from an aqueous fluid during or
after the replacement of earlier calcite veins, therefore
representing a late stage in bedding-parallel extension. A
few measured inclusions occurred in three-dimensional

Table 2. Vitrinite Reflectance Temperature Calculationsa

Background Footwall Faults Uganik Thrust Core

N 5 3 4
Average measurements per sample 21–30; mean 25 5–12; mean 9 3–35; mean 16
Mean random vitirinite reflectance (%Ro) 4.2 4.5 4.8
Standard deviation (%Ro) 0.3 0.1 0.2
T(�C) for 1 Ma heating time 310 320 320
Uncertainty calculated from the standard
deviation of %Ro (�C)

6 1 4

T(�C) for 10 Ma heating time 290 290 300
Uncertainty calculated from the standard
deviation of %Ro (�C)

6 1 4

aFor 1 Ma, T = 174 + 93 
 ln (%Ro). For 10 Ma, T = 158 + 90 
 ln (%Ro). See Sweeney and Burnham [1990].

Table 3a. Subduction-Related Veins: Boudin Ends, Tension Jointsa

Uyak Complex Kodiak Formation

A1 A2 B1 B2 B3 B4 B5 B6 B7 C1 C2 C3 C4 C5 C6 C7

Aqueous Th (�C) 290 290 280 270 250 215 235 255 250 320 293 288 284 276 267 262
1s 20 20 20 20 20 20 32 32 32 32 32 32 32
CH4 pressure (MPa) 330 265 335 345 260 270 330 310 310
1s 30 25 38 17 16 25 17
Salinity (% NaCl eq) 1.9 2.9 1.9 3.1 2.7 1.9 2.9
Depth (km) 13.5 10.8 13.7 14.1 10.6 11.0 13.5 12.7 12.7
Gradient (�C/km) 21.5 26.8 20.5 19.2 23.6 19.5 17.4 20.2 19.8

aA1 refers to the first sample from source A. Data A are from Vrolijk et al. [1988], data B are from Vrolijk [1987], and data C are from this study. The
mean temperature for the Uyak Complex is 280�C, and mean depth is 13 km. The mean temperature for the Kodiak Formation from Vrolijk [1987] is
240�C, and the mean depth is 12 km. The mean temperature for the Kodiak Formation from this study is 280�C, and the mean salinity is 2.5%.
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clouds in the center of crystals; at least one of these
‘‘clouds’’ had roughly euhedral boundaries. The measured
inclusion size of the extensional veins was on order 2–30 mm
and bubble proportion at room temperature was consistently
estimated at 20–30%. Ninety-four measured inclusions in
seven thin sections gave a mean homogenization tempera-
ture of 285 ± 20�C (one standard deviation) and salinity of
2.5 ± 0.5% NaCl equivalent (Table 3a).
[47] Fault-parallel veins (classes 2 and 3, Table 3b) are

blocky to fibrous quartz with local chlorite. Calcite occa-
sionally occurs as late crystallizing pore fills intergrown
with subeuhedral quartz grains but was not found as solid
inclusions within any quartz crystal. The density of healed
fractures is high within blocky crystals, resulting in diffi-
culty establishing the primary assemblages of fluid inclu-
sions. Measured inclusions were about 1 order of magnitude
larger than those found in healed fracture or grain boundary
contacts. They had convex surfaces although negative
crystal forms were not observed.
[48] In the hanging wall (class 2), a total of 37 measure-

ments were acquired on seven thin sections, giving a mean
homogenization temperature of 225 ± 35�C and salinity of
2.3 ± 2% (NaCl equivalent). The salinity was widely
variable with measured values ranging from 7.9% (high)
to 1.4% (low) (Table 3b).

[49] In the footwall (class 3, Table 3b), a total of
48 measurements were made on eleven thin sections. The
mean homogenization temperature is 230 ± 25�C and the
salinity is 5.3 ± 1.8%. The salinity is higher than in class 2,
although the temperature is similar. Note that 2 and 3 are
expressed by one continuous line in 5.
[50] The later veins (class 4, Table 3c) consist of blocky

to fibrous, white to orange to brown quartz. They often
show evidence of crack-seal growth with variably oriented
slickenlines on each crack surface. The aqueous inclusions
are large (20–100 mm). Primary inclusion assemblages
were usually identified by three-dimensional clouds in the
core of crystals. One clear crystal shape outline assemblage
was found inside a larger crystal. One hundred eleven fluid
inclusions were measured in eight thin sections. Mean
homogenization temperature is 200 ± 20�C and salinity is
5.9 ± 1.7% (Table 3c).
[51] Homogenization temperature generally decreases as

salinity increases among these populations, and the two
factors together define statistically significant differences
between the four categories with uncertainty expressed as
one standard deviation (Figure 8), suggesting different fluid
sources or residence times for fluids present during different
stages of deformation.

5.3. Summary

[52] The earliest quartz veins, which are interpreted to
have formed during the subduction of the Kodiak Formation
and deformation of the Waterfall Bay mélange, have the
lowest salinity and homogenize at the highest temperatures
(crosses in Figure 8). The fluid inclusion homogenization
temperatures from this generation of veins are �45�C above
the trapping temperatures reported by Vrolijk et al. [1988]
for the same generation of veins. The low salinity of the
fluids is consistent with the findings of Vrolijk et al. [1988].
Freshening of pore water is common in modern subduction
zones [Kimura et al., 1997; Silver et al., 2000; Torres et al.,
2004; Kastner et al., 1991]. A probable source of the fluids
which precipitated the Kodiak Formation extensional veins
during subduction is mineral dewatering in the oceanic crust
and subducting sediment, with fluid transport updip within
the décollement.
[53] The second and third classes of veins (squares,

Figure 8) display no crosscutting structural relationships,
as they are spatially separated on either side of the Uganik
Thrust. The homogenization temperatures in hanging wall

Figure 8. Fluid inclusion populations. Small symbols
show individual data points, mean of each data set is shown
in large symbol with one standard deviation error bars in
each salinity and homogenization temperature. See text for
discussion.

Table 3b. Syn-Out-of-Sequence Thrusting on Uganik Thrust: Shear Veinsa

Uyak Complex Kodiak Formation

C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24 C25

Aqueous Th (�C) 295 239 233 198 196 193 216 261 260 245 243 255 201 253 218 194 206 203
1s 36 36 36 36 36 36 36 26 26 26 26 26 26 26 26 26 26 26
Salinity (% NaCl eq) 1.4 2.2 3.4 2.7 2.2 2.1 7.9 4.3 4.3 3.2 6.5 7.6 7.0 3.1 4.3 3.8 7.9 6.1

aMean temperature is 220�C for the Uyak Complex and 230�C for Kodiak Formation. Mean salinity is 2.5% NaCl eq for Uyak Complex and
5.3% NaCl eq for Kodiak Formation.
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and footwall veins of this generation are equivalent (225 ±
35�C and 230 ± 30�C, respectively) but the salinity of the two
classes is different (2.3 ± 2% and 5.3 ± 2%, respectively.)
[54] The final generation of veins (class 4; circles, Figure 8)

crosscut the dikes that overlap in time with the cessation of
Uganik Thrust motion. These have lower mean homogeni-
zation temperature (200 ± 20�C, Figure 8, circles) and
higher salinity (5.9 ± 2%) than the prethrusting or synthrust-
ing veins, although they are equivalent to thrust-related
veins within one standard deviation. The veins contain iron
sulfide minerals in addition to quartz and calcite.
[55] These data suggest a trend of decreasing homogeni-

zation temperature and increasing salinity through time. The
salinity trend can be explained if the locus of fluid flow
moved down section relative to the fault through time,
coinciding with the introduction of a new fluid source to
the fault system. Since the brittle-ductile banded rock of the
hanging wall damage zone is dense and without open
fractures, we suggest that its formationwas a strain-hardening
process, resulting in subsequent focusing of deformation
and fluid flow into the brittle, fractured footwall damage
zone. We further suggest a downward propagation of the
primary fluid flow channel over the lifetime of the Uganik
Thrust. Down stepping of the thrust fault might relate to a
transition from freshening waters derived from sedimentary
mineral dehydration to tapping higher-salinity pore waters
in the igneous layers of oceanic crust. Alternately, the onset
of ridge-trench interaction may have introduced new fluid
sources to the system.
[56] The homogenization temperatures of the younger

fluid inclusions are lower than older ones, consistent with
thrust fault activity at shallowing levels of the wedge, and/or
with shallowing of the fluid source during continued fault
activity. The uplift is correlated with the timing of ridge
subduction and associated igneous activity.

6. Discussion

6.1. Structural History of the Uganik Thrust

[57] The sequence of deformational events experienced
by subducting sediments follows a similar evolution across
many subduction complexes [Fisher and Byrne, 1987;
Jeanbourquin, 2000; Moore and Wheeler, 1978; Orange
et al., 1993]. As noted by Vrolijk [1985], deformation
roughly correlates with times of high water-rock ratios.
During initial subduction, the primary deformation events

experienced by sediments are flattening and dewatering
[Byrne and Fisher, 1990; Moore and Allwardt, 1980; Moore
and Byrne, 1987].
[58] The earliest deformation documented by this study

was the formation of the Uyak Complex mélange during
mid-Cretaceous subduction [Bradley and Kusky, 1992;
Byrne, 1985; Connelly, 1978; Moore, 1978; Moore and
Wheeler, 1978]. The Waterfall Bay mélange formed during
the subduction and accretion of the Kodiak Formation
during the latest Cretaceous (Figure 9a) [Fisher and Byrne,
1987]. Duplex fault structures and steeply dipping pressure
solution cleavage formed during the underplating of the
Kodiak Formation (Figure 9b). The Uganik Thrust cuts the
previous deformation at a low angle (Figures 2, 4, and 9c),
representing later reactivation along the paleodécollement
zone. The very thin granular-ductile damage zone in the
Uyak Complex hanging wall likely records the earliest
localization of shear strain along the Uganik Thrust. The
mechanisms recorded by rare ductile processes in quartz are
distinct from the footwall deformation. This ductily de-
formed, strain hardened zone was subsequently thrust over
more shallowly deformed Waterfall Bay mélange, escaping
later brittle damage.
[59] Following incorporation into the wedge, the Water-

fall Bay mélange may have remained slightly weaker than
coherent sedimentary packages accreted on either side. This
may have been due to stratal disruption, the rheology
contrast between the Kodiak Formation and the Uyak
Complex, or the low-porosity Uyak Complex acting as a
hydraulic seal. Any or all of these factors could have
contributed to localizing the motion of the Uganik Thrust
along the latent décollement mélange zone.
[60] The veined subsidiary faults in the footwall of the

Uganik Thrust constitute a distinctive style of deformation
that can be related to fluid transport in the fault zone. The
higher vein concentrations (Figure 5) suggest that aqueous
fluids were severely out of equilibrium as they passed
through these zones. As calculated by Vrolijk et al.
[1988], 103 to 104 water volumes are necessary to deposit
one volume of vein quartz. Elsewhere in the Kodiak
Formation, Fisher et al. [1995] were able to show that local
fluid circulation during farfield stress cycling could deposit
quartz into fibrous tension veins. That model is not consid-
ered applicable to the veined zones at the Uganik Thrust
owing to the significant shear deformation compared to the
surrounding rock. The order-of-magnitude thinning in bou-
din size suggests significant comminution and shearing, and
the folding, breakage, and recycling of quartz vein material
also indicates fault slip. In addition, the thermal and
geochemical evolution of these fluids prohibits slow, equi-
librium mining of wall rock silica as a mechanism for their
formation.
[61] The Vrolijk [1987b] and Vrolijk et al. [1988] fluid

inclusion studies suggest a similar geotherm, but slightly
deeper depth and higher temperature during vein precipita-
tion, for the Uyak Complex relative to the Kodiak Forma-
tion. However, our results from this study indicate higher
temperatures in both vitrinite reflectance data and fluid
inclusion homogenization temperatures in the uppermost

Table 3c. Postintrusion, Postfaulting Veins for Brown Quartz

Veins and Breccia Cementsa

Kodiak Formation

C26 C27 C28 C29 C30 C31 C32 C33

Aqueous Th (�C) 230 212 214 193 195 188 185 169
1s 19 19 19 19 19 19 19 19
Salinity (% NaCl eq) 3.3 5.7 7.2 5.0 5.3 5.6 6.0 9.1

aMean temperature is 200�C. Mean salinity is 5.9% NaCl eq.
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Kodiak Formation than previously reported. Previous struc-
tural interpretations place our study location at the top of the
Kodiak Formation on the limb of a broad regional anti-
clinorium, and probably the earliest subducted material of
that formation [Byrne and Fisher, 1987; Sample and Fisher,
1986; Sample and Moore, 1987], which is not a predicted
location for the highest paleotemperatures. The increased
paleotemperature in the uppermost Kodiak Formation

brings it up to the same temperature (within resolution) as
the structurally overlying Uyak Complex, in the vicinity of
the Uganik Thrust. Here we explore four possible interpre-
tations for locally high temperatures in the vicinity of the
Uganik Thrust, which need not be mutually exclusive.
[62] First, the uppermost Kodiak Formation may com-

prise a cryptic thrust sheet which was subducted to a
different temperature-depth path than the rest of the forma-
tion, as suggested by Connelly [1978] and Sample and
Moore [1987]. However, the previously determined trend in
illite crystallinity values reported by Sample and Moore
[1987] suggested an increase of peak width near the top of
the Kodiak Formation, a result opposite to the findings of
this study. Although this large-scale illite crystallinity
anomaly could not be compared with the smaller geographic
scale of our study, this pattern could be explained by the
affects of increased shear in the Waterfall Bay mélange.
[63] Second, the local occurrence of dikes associated with

the Afognak Pluton could be responsible for a thermal
aureole. This is rejected on the basis of the absence of
measurable anomalies in vitrinite reflectance, illite crystal-
linity, or fluid inclusion homogenization temperatures in
proximity to the small dikes in the study area. Farris et al.
[2006] reported that the metamorphic aureole for the
Kodiak Batholith and related intrusions is about 0.1
 the
intrusion radius for smaller intrusions, with the factor drop-
ping as intrusions become smaller. The largest intrusion in the
study transect crosscuts the Uganik Thrust, and is 10 m thick.
According to the relation reported by Farris et al. [2006], the

Figure 9. Cartoon of activity on the Uganik Thrust. Active
structures are shown in black, while those that are no longer
active at each stage are shown in faded gray. (a) Late
Cretaceous. Uyak Complex mélange is already incorporated
into wedge by basal accretion. Oceanic plate is moving
northwest relative to overriding wedge. Kodiak Formation
is beginning to subduct, and Waterfall Bay mélange is
developing in the décollement zone. Structurally higher
parts of the wedge are subaerially exposed, contributing
greenstone and blueschist clasts to Kodiak Formation
conglomerates. (b) Latest Cretaceous–earliest Paleocene.
Subduction and duplex underplating of the Kodiak Forma-
tion, with substantial shearing and steep, seaward vergent
folding and the development of the formation-wide
anticlinorium. (c) Early Tertiary. The paleodécollement
has been rotated landward owing to successive underplating
of substantial volumes of Kodiak Formation sediment. Out-
of-sequence thrusting develops, to thicken the wedge
landward of the underplating. At the toe of the wedge, a
spreading ridge flank is beginning to subduct. The turbidites
deposited on this ridge are intruded by basaltic and andesitic
pillow lavas and hyaloclastites, and these materials are
underplated (Ghost Rocks Formation). (d) Early mid-
Tertiary. Ridge subducts, generating Kodiak Batholith and
related intrusions. Magmatic fluids percolate through
wedge. Dikes intrude to crosscut Uganik Thrust. Activity
on the Uganik Thrust ceases, followed by precipitation of
‘‘brown quartz’’ veins.

16 of 20

TC1006 ROWE ET AL.: DAMAGE ZONE OF ANCIENT OOST TC1006



metamorphic aureole for this dike would be less than 50 cm.
This area was subject to very high sampling density and no
trends were detected. Therefore we are confident that local
dike intrusions did not create metamorphic aureoles along
our study transect which altered the results of illite or
vitrinite measurements above background scatter.
[64] Third, heating of the uppermost Kodiak Formation

could have resulted from overthrusting of the hotter Uyak
Formation along the Uganik Thrust. Because of poor
temperature resolution in the Uyak Formation this model
cannot be adequately tested. However, the maximum back-
ground temperatures given by vitrinite reflectance data in
the uppermost Kodiak Formation (290�C for 10 Ma; 300�C
for 1 Ma; Table 1) is indistinguishable from previous
authors’ temperature estimates for the Uyak Complex
[Byrne, 1985; Connelly, 1978; Kusky et al., 1997]. If the
Uyak Complex was at or near its maximum paleotemper-
ature when the Uganik Thrust was active, it is possible that
it might have contributed to the local temperature anomaly
in the uppermost Kodiak Formation. Heating through over-
thrusting of hotter hanging wall rocks has been observed in
similar settings [Underwood et al., 1996].
[65] Fourth, the anomalous heating could have been

related to increased geothermal gradient during the subduc-
tion of the Kula-Resurrection spreading ridge which occurred
locally during the early Tertiary [Bradley et al., 2000;
Farris et al., 2003; Haeussler et al., 2003] (Figure 9d)
coincident with last motion of the Uganik Thrust. This event
was regional and is well recorded throughout the Kodiak
Complex by the presence of intrusives and contact meta-
morphism around plutons. However, no widespread reset-
ting of geothermometers is observed as has been noted in
other settings, e.g., thermal resetting of the parts of the
Shimanto Complex during Tertiary ridge subduction
[DiTullio and Hada, 1993; Sakaguchi, 1999; Taira et al.,
1988] and the thermal overprinting of some Franciscan
Complex rocks during the passage of the San Andreas triple
junction [Underwood et al., 1996].
[66] The best explanation for the increased paleotemper-

ature of the Waterfall Bay mélange is a confluence of the
motion of the Uganik Thrust, and resulting heat/fluid
conduit, with the period of increased basal heat flow from
the subduction of the Kula-Resurrection spreading ridge. As
the geothermal gradient increased in the wedge, the hot
Uyak Complex rocks were thrust over the Kodiak Forma-
tion and high-temperature fluids migrated up the thrust. The
syntectonic thermal peak locally overprinted thermal matu-
rity indicators in the uppermost Kodiak Formation, destroy-
ing any detectable thermal gap that would have been caused
by throw on the Uganik Thrust. The slight increase in
vitrinite reflectance along fault surfaces of the Uganik
Thrust damage zone, if significant, could be attributed to
a combination of frictional heating, hot fluid flow, or shear-
related maturation of the organic material.

6.2. Throw

[67] Thermal and barametric data do not allow absolute
determination of the throw on the Uganik Thrust but some
constraints can be determined. The Uyak Complex and

Kodiak Formation contain synsubduction fluid inclusions
which indicate similar homogenization temperatures and
salinity, consistent with similar subduction burial histories for
the two formations [Vrolijk, 1987b; Vrolijk et al., 1988]. The
metamorphic mineralogy suggests similar grade (pumpellyite-
bearing) [Sample and Moore, 1987; Vrolijk, 1987a]. The
peak hanging wall temperature was less than 330�C. Vrolijk
et al.’s [1988] results elsewhere in the Kodiak Formation
suggest a difference in fluid inclusion trapping temperatures
of 40�C. On the basis of the carbon thermometers and fluid
inclusion homogenization and trapping temperatures, the
thermal gap across the Uganik Thrust is 0–45�C, and
between the Uyak Complex and the more typical Kodiak
Formation, is on order 50�C. This temperature range (300 ±
20�C) coincides with the low-temperature end of a zone of
transition in deformation mechanisms in quartz at geologic
strain rates [Davis and Reynolds, 1996]. The deformation
microstructures present in the Uganik Thrust damage zone
in the two units are distinct. The Kodiak Formation (foot-
wall) damage zone was deformed by frictional sliding,
pressure solution, and brittle fracture in argillites. The Uyak
Complex (hanging wall) damage zone is extremely localized
and deformed by cataclasis and granular flow in argillites
and greenstone hyaloclastites, and by pressure solution
(stylolite formation) and grain boundary migration in cherts
and quartz veins. The quartz veins in the Kodiak Formation
do not show microstructural evidence of ductile overprint-
ing. The difference in dominant mechanism in the two sides
of the damage zone could be attributable to higher temper-
atures, longer burial duration, or slower strain rate in the
Uyak Complex than in the Kodiak Formation. These
qualitative observations are consistent with the broader
thermal contrast of �50�C between the Uyak Complex
and the Kodiak Formation away from the contact.
[68] The estimated geothermal gradient during the sub-

duction of both the Uyak Complex and the Kodiak Forma-
tion is 20�C/km [Vrolijk et al., 1988], suggesting that the
depth of subduction of the Kodiak Formation at the time of
vein precipitation was�12 km and the Uyak was�13.5 km.
As the activity of the Uganik Thrust was temporally corre-
lated with magmatic activity and the ridge subduction event,
the geothermal gradient was likely much higher, with
gradients as high as �50�C/km recorded by fluid inclu-
sions during ridge subduction in the Shimanto Complex
[Sakaguchi, 1999]. Using this estimate of �50�C/km, the
throw across the Uganik Thrust and the Waterfall Bay
mélange would be less than about 1 km. The paleoorientation
of the fault is unknown, but at typical dip angles for
OOST we would predict that the total offset is less than
10 km.

6.3. Comparison to Other Fossil OOST

[69] Few prior studies examine similar faults with post-
thermal peak offset. Here we present four established
ancient OOST of which three show substantial thermal
gaps.
[70] Two examples come from the Cretaceous Shimanto

Accretionary Complex of SW Japan. The paleoseismogenic
Nobeoka Thrust is an OOST with a thermal gap of �70�C
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between the hanging wall and footwall rocks [Kondo et al.,
2005; Okamoto et al., 2006; Tsuji et al., 2006]. The Fukase
Fault is an OOST with a 50�C thermal gap [Ohmori et al.,
1997]. The Irish Canyon Thrust in California’s Franciscan
Complex is an OOST with a thermal gap of �45�C
[Underwood and Laughland, 2001]. The Isthmus Bay thrust
is a very small offset, intraformational thrust fault within the
Kodiak accretionary complex which shows characteristics
of a fluid conduit similar to larger OOST [Rowe et al., 2002;
Thompson, 2002].
[71] The Nobeoka, Fukase, Isthmus Bay, and Uganik

thrust faults occur as discrete fracture surfaces which
demonstrably cross cut earlier structural fabrics in the wall
rocks at a low angle. The earlier structural fabrics are
anastomosing and indicate deformation processes including
granular flow, pressure solution, and cyclic reactivation of
multiple micro and macrofault surfaces. In contrast to the
older fabrics, these faults are discrete brittle zones formed
by fresh fracturing of coherent wall rock with little influence
from the older rock fabrics. Ohmori et al. [1997] showed
that the ancient Fukase Fault and the modern OOST in the
Nankai Trough both cut rocks 20–30 Ma older than the
fault activity. Kimura et al. [1997] showed that OOST
systematically thicken the area of the accretionary wedge
known as the ‘‘transition zone,’’ where the age of the rocks
will depend on the rate of accretion but will be older by a
significant margin than the age of faulting on the OOST.
The Isthmus Bay thrust contains aqueous fluid inclusions in
breccia-cementing quartz veins which homogenize at 145�C
[Rowe et al., 2002] well below the 225�C thermal maximum
experienced by the wall rocks [Vrolijk et al., 1988].
[72] The Irish Canyon thrust fault is a more diffuse

structure, consisting of a fault-bounded zone of stratal
disruption which is offset from the location of the measured
thermal gap of 45�C [Underwood and Laughland, 2001].
Although the fault zone was not mapped in comparable
detail to the others described here, it shares the spatial
separation between thermal gap and structural contact that is
inferred for the Uganik Thrust. Thrusting of a warm
hanging wall over a cooler footwall could be responsible
for an asymmetric thermal aureole in the footwall in both
cases.
[73] The Uganik, Nobeoka, and Isthmus Bay faults

display extreme structural asymmetry, with the footwall
damage zone approximately 2 orders of magnitude thicker
than the hanging wall damage zones [Kondo et al., 2005;
Rowe et al., 2002; Thompson, 2002]. Evidence of substan-
tial hydrofracture and veining is pervasive in the footwall
damage zone and nearly absent in the hanging wall damage
zone. This is consistent across scale when the damage zone
is on order 104 m (Nobeoka Thrust), 102–3 m (Uganik
Thrust) and 10 m thick (Isthmus Bay Thrust). Repeatedly
fractured and veined footwall damage zones exist at all
three faults, suggesting fluid pressure reached lithostatic
pressure repeatedly in the rock volume below the fault
surfaces. This highly fractured zone could have been a
reservoir for advecting fluids where pressure might build
between flow events. When the footwall fractured reservoir
zones were fluid-filled, the thickness of zones at both the

Nobeoka and Uganik thrusts is on the order of magnitude
which could potentially be imaged as negative polarity
seismic reflectors.
[74] In the case of the Nobeoka and Uganik thrusts, the

fault core itself is fine-grained, low-porosity cataclasite and
unlikely to act as a conduit for updip fluid flow. A similar
stratigraphy of deformational fabrics was identified in the
footwall damage zone of the Nobeoka and Uganik thrusts.
The complex crosscutting relationships of veins in the
Nobeoka footwall does not suggest any clear migration of
the damage zone, but fluid inclusion homogenization tem-
peratures generally decrease down section away from the
thrust. This was interpreted by Kondo et al. [2005] as
evidence for downward migration of primary fluid expul-
sion channels during OOST activity. The Uganik Thrust
shows a similar trend of decreasing homogenization temper-
atures in aqueous inclusions with time during fault activity.
Shear veins are concentrated in discrete footwall faults
within the damage zone and no structural crosscutting
trends were established. In both cases, the geometries of
the complex damage zone vein networks do not reveal very
clear spatial organization of vein classes. The diverse
orientation of the veins suggests low differential stress
during cracking, supporting the hypothesis of high fluid
pressure. Therefore, it is possible that the entire vein-rich
damage zone had open, fluid-filled fractures at some time,
or that the thickness, volume, or density of the open crack
network varied over time. Cracks may have become inactive
when quartz precipitation filled them, creating the vein
network, although crack-seal veins in the Nobeoka thrust
damage zone suggest repeated activation. Therefore, the
footwall damage zone of each of these thrusts during active
movement and fluid transport would most likely consist of a
network of quartz veins, cross cut by a network of fluid-
filled fractures (transiently open).
[75] The Isthmus Bay thrust, in contrast, has a fault core

vein and evidence of rapid precipitation in dilational jogs in
both the fault core and footwall damage zone. In this
shallower case, the fault surface is a probable candidate
for a fluid advection channel during active faulting. This
may be an updip analog for active OOST where normal
stress is lower than in the other examples.

7. Conclusions

[76] The Uganik Thrust is a fossil out-of-sequence thrust
(OOST) or splay thrust which deformed the Kodiak accre-
tionary complex, south central Alaska, during early Tertiary
subduction of a spreading ridge. The structural development
and thermal anomalies at the Uganik Thrust are comparable
to those reported for other fossil OOSTs. Collectively, these
provide ancient onland analogs useful in understanding the
evolution of active OOSTs.
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