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[1] Residual mantle exposures in the accreted Talkeetna arc, Alaska, provide the first
rock analog for the arc-parallel flow that is inferred from seismic anisotropy at several
modern arcs. The peridotites exposed at the base of the Jurassic Talkeetna arc have a
Moho-parallel foliation and indicate dislocation creep of olivine at temperatures of
�1000� to >1100�C. Slip occurred chiefly on the (001)[100] slip system, which has only
rarely been observed to be the dominant slip system in olivine. Stretching lineations and
olivine [100] slip directions are subparallel to the long axis of the Talkeetna arc for over
200 km, indicating that mantle flow was parallel to the arc axis. The alignment of the
olivine [100] axes yields a calculated S wave anisotropy with the fast polarization
direction parallel to the arc. Thus (1) the fast polarization directions observed parallel to
some modern arcs now have an exposed geological analog; (2) arc-parallel fast
polarization directions can be caused by anisotropic peridotites and do not require the
presence of fracture zones, fluid-filled pockets, or glide on the (010)[001] H2O-induced
slip system; (3) seismic anisotropy beneath modern arcs may be due to slip on (001)[100]
with a horizontal foliation rather than slip on (010)[100] with a vertical foliation; and
(4) the observed dominance of the (001)[100] slip system may be due to high H2O
concentrations, suggesting that strain in the oceanic upper mantle may be accommodated
dominantly by (001)[100] olivine slip. INDEX TERMS: 3902 Mineral Physics: Creep and

deformation; 7218 Seismology: Lithosphere and upper mantle; 7230 Seismology: Seismicity and

seismotectonics; 8120 Tectonophysics: Dynamics of lithosphere and mantle—general; 8123 Tectonophysics:

Dynamics, seismotectonics; KEYWORDS: seismic anisotropy, upper mantle, lattice preferred orientation,

olivine, peridotite, Talkeetna arc
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1. Introduction

[2] Regardless of driving force, plate tectonic theory
suggests that plate motions are generally parallel to flow
in the upper mantle. Theoretical models, experimental
models, studies of ophiolites, and most measurements of
upper mantle seismic anisotropy support this notion. In
contrast, seismic anisotropy measured at many intraoceanic
arcs indicates that mantle flow may be parallel to the arc and
perpendicular to plate motion [Wiens and Smith, 2003]. The
interpretation of arc-parallel flow from seismic anisotropy is
based on the assumption that the measured anisotropy is due
to the alignment of seismically fast olivine [100] axes with
the flow direction. This assumption has recently been
questioned by researchers hoping to confirm the more
intuitive hypothesis that mantle flow is parallel to plate
motion [e.g., Jung and Karato, 2001].

[3] The accreted Talkeetna arc, south central Alaska,
exposes a complete Jurassic arc section from mantle
tectonite through a sedimentary carapace and thus pro-
vides invaluable insight into our understanding of subarc
mantle flow. We have conducted a detailed metamorphic
and structural petrology study of the mantle and gabbroic
section of the Talkeetna arc to assess the relationships
between mantle deformation and seismic anisotropy in
this former intraoceanic arc. We document textural evi-
dence that mantle flow was indeed parallel to the strike
of the arc. Peridotite samples exhibit lattice preferred
orientations (LPO) indicative of activation of the
(001)[100], (010)[100], and {0kl}[100] slip systems and
preferential alignment of the olivine fast [100] axes
parallel to the arc. The alignment of [100] axes parallel
to the strike of the arc is the same as predicted from
seismic anisotropy measurements at several active arcs
and provides the first field evidence for arc-parallel flow
within the upper mantle. These observations suggest that
3-D flow needs to be included in the interpretation of
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seismic data and future studies of subduction-zone dy-
namics.

2. Seismic Anisotropy, Dislocation Creep,
and Lattice Preferred Orientations

[4] Since Hess [1964] first suggested the use of seismic
anisotropy as a probe into the uppermost mantle the
technique has expanded significantly, providing consider-
able new insight into geodynamics. Shear wave splitting, a
manifestation of polarization anisotropy, refers to the split-
ting of a shear wave into orthogonal fast and slow compo-
nents upon passage through an anisotropic medium [e.g.,
Silver, 1996]. Shear wave splitting within the mantle is
believed to be due to propagation through strained peridotite
[see reviews by Silver, 1996; Savage, 1999], such that the
orientation of the observed splitting can be used to infer the
kinematics of mantle flow [Zhang and Karato, 1995;
Savage, 1999].
[5] The link between seismic anisotropy and the geologic

record is the LPO of strained rocks. LPOs develop during
dislocation creep, which is the dominant high-temperature
deformation mechanism at elevated stresses or large grain
sizes. The LPO that develops depends on the active slip
system (slip plane and slip direction). During dislocation
creep, the pole of the active slip plane rotates toward the
shortening direction and the slip direction rotates toward
the extension direction. LPOs are measured by recording the
orientations of crystals with, for example, a universal stage
or electron backscatter diffraction detector (EBSD).
[6] Shear wave velocities are influenced by lattice spac-

ing, and because the lattice spacing for olivine is shortest in
the [100] direction, the fast shear wave is polarized parallel
to the greatest concentrations of olivine [100] axes for most
propagation directions. Conveniently, deformation at mantle
conditions usually aligns the [100] axes subparallel to the
stretching, or flow, direction. The dominant slip system in
95% of the naturally deformed peridotites that have been
studied is {0kl}[100] [Ben Ismaı̈l and Mainprice, 1998],
which produces slip in the [100] direction on any of the
{0kl} planes. Experimental studies show that at high shear
strains (g � �1), the orientation of the [100] axes is
controlled by the flow direction [Zhang and Karato,
1995]. Therefore at high strains the fast S wave polarization
plane should be subparallel to the flow direction. In regions
dominated by simple shear and lacking a tectonically
complex lithosphere, such as at fast spreading ridges and
above subducting slabs, the [100] maxima, the fast polar-
ization plane, and the flow direction, are all predicted to be
subparallel to the absolute plate motion [McKenzie, 1979;
Ribe, 1989].
[7] Parts of this three-part prediction have been verified.

Olivine LPOs with [100] maxima orthogonal to sheeted
dikes have been observed in ophiolites such as in Oman
[Ceuleneer et al., 1988]. In addition, the fast S wave
polarization plane has been recorded parallel to absolute
plate motion at the East Pacific Rise [Wolfe and Solomon,
1998] beneath parts of eastern North America [Barruol et
al., 1997; Fouch et al., 2000], in the Tonga back-arc
[Fischer and Wiens, 1996; Fischer et al., 2000], and in
the Mariana [Fouch and Fischer, 1998] and Izu–Bonin
subduction zones [Fouch and Fischer, 1996; Hiramatsu and

Ando, 1996]. However, this simple picture is not universal.
In continental settings, the fast polarization directions are
often parallel to mountain belts [Nicolas, 1993] and major
shear systems [Canadian Cordillera, Bostock and Cassidy,
1995; Pyrenees, Barruol et al., 1998], probably reflecting
frozen or active deformation in the lithosphere. However,
several oceanic settings, presumably without fossilized
structures, also show fast polarization planes oblique to
plate motion [Wiens and Smith, 2003]. Fast S wave polar-
ization planes have been observed subparallel to the Aleu-
tian [Yang et al., 1995], Hikurangi [Gledhill and Stuart,
1996], and central Honshu trenches [Fouch and Fischer,
1996], and to shear systems in the southern Kuril back arc
[Fouch and Fischer, 1996], and beneath the Andean trench
[Russo and Silver, 1994]. Observations of significant spatial
variations in seismic anisotropy orientations add further
complexity. For example, the fast S wave plane rotates
from arc normal at the Fiji plateau to arc parallel approach-
ing the Lau basin and Tonga trench [Smith et al., 2001].
[8] There are several ways to explain why the fast

polarization plane is not everywhere parallel to the assumed
upper mantle flow direction in subduction zones. (1) Upper
mantle flow may be more complicated than typically
envisioned, and not everywhere parallel to absolute plate
motion. (2) The assumption about which slip system is
responsible for the anisotropy may be wrong. For example,
Jung and Karato [2001] argued that H2O-induced
(010)[001] slip in olivine may align the fast seismic
component perpendicular to the flow direction in hydrous
(e.g., subduction-zone) environments. (3) Anisotropy may
result from factors other than LPO, such as melt/fluid-filled
cracks [Kendall, 1994] or other inhomogeneities within the
volume sampled by the seismic wave [Silver, 1996]. We test
these possibilities by measuring the LPOs from peridotites
of the accreted Talkeetna arc of Alaska.

3. Talkeetna Arc

[9] The Talkeetna arc was active from 200 Ma to at least
180 Ma, and accreted to North America by the Late Jurassic
or Early Cretaceous [Burns, 1985; Plafker et al., 1989; Rioux
et al., 2001]. It is overlain to the north by Middle Jurassic
conglomerate and bounded to the south by the Border
Ranges Fault System (BRF), which has been interpreted as
the megathrust or backstop during accretion [Pavlis, 1982;
Plafker et al., 1989]. We make the critical, but reasonable,
assumption that the long axis of the active arc was parallel to
its current orientation because discontinuous along-strike
exposures of Talkeetna Formation volcanics and ultramafic
bodies extend for �1000 km (Figure 1a).
[10] The arc comprises a faulted, but otherwise complete,

section of volcaniclastic rocks, hypabyssal and plutonic
rocks, and mantle peridotite [Barker and Grantz, 1986;
Burns, 1985; Debari and Coleman, 1989; Plafker et al.,
1989]. Thermobarometry from garnet gabbros and garnet
gabbronorites from the base of the crust indicates equilibra-
tion at 1.1 GPa and 1025�C [Kelemen et al., 2003], conditions
perhaps typical of a 30-km-thick mature intraoceanic arc.
[11] ThefiveperidotiteexposuresalongtheBRF(Figure1a)

have been described by Burns [1985] and Debari and
Coleman [1989] and are only briefly summarized here. The
southernmost exposures, predominantly cumulate dunite on
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Kodiak Island and the Kenai Peninsula, are fault bounded
within the subduction complex and do not help constrain
flow geometry. The next two bodies to the north, the Eklutna
and Wolverine Complexes, are >600 m thick cumulate
sequences (lower crustal rocks) that extend �11–12 km
along the BRF and progress from chromite-bearing dunite
up to websterite and gabbro. The easternmost peridotite body,
the Tonsina Complex, is interpreted as residual mantle
tectonite based on the presence of plastically deformed spinel
and orthopyroxene and the absence of significant clinopy-
roxene. Of the four Tonsina peaks, Bernard Mountain
(Figures 1b and 2) is the best exposed and is the focus of
this and prior studies [e.g., Debari and Coleman, 1989]. The
Tonsina Complex is underlain by the BRF to the south and
overlain by cumulate websterite and gabbro to the north.
[12] The high-temperature fabrics at the base of the

Talkeetna arc are most likely related to asthenospheric flow
and not to emplacement or lithospheric processes. This

interpretation is derived from the evidence that deformation
occurred at high temperatures. Briefly, this evidence
includes: (1) olivine slip systems indicate deformation
above 1000�C; (2) thermobarometry from the base of the
arc indicates that residual harzburgite fabrics predate the
cooling of the crust below 1025�C; (3) interstitial orthopy-
roxenes in the harzburgite are blebby and have essentially
random orientations, possibly indicating postdeformational
crystallization at hyper-solidus temperatures; and (4) quartz
fabrics (see Figures 1b and 7) indicate that the BRF may
have had only a low-temperature, greenschist-facies history.

4. Results

4.1. Structure

[13] Bernard Mountain exposes a complete section from
cumulate gabbro through residual peridotite, including
�250 m of garnet-bearing gabbro, norite, and gabbronorite,

Figure 1. (a) Terrane map of south central Alaska. The Talkeetna arc is defined by �1000 km of
discontinuous Border Ranges Ultramafic-Mafic Complex (BRUMC) and Talkeetna Formation volcanic
exposures. The structurally intact peridotites are (b) the residual tectonites of the Tonsina Complex and
the cumulate dunites of the (c) Wolverine and (d) Eklutna Complexes. Black arrows and numbers indicate
trend and plunge of lineations defined by elongate olivine, orthopyroxene, and spinel crystals. Sense of
shear, as determined by LPO, is provided for each sample. Maps are modified from the work of
Millholland et al. [1987] and Debari and Coleman [1989] (Figure 1a); Winkler et al. [1981] (Figure 1b);
and Winkler [1992] (Figures 1c and 1d).
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50–200 m of websterite, a �100-m-thick transition zone of
coarse chromite-bearing dunite, and �2500 m of residual
spinel harzburgite with interlayered dunite (Figure 2). The
base of the cumulate websterite unit marks the petrologic
Moho (transition from residual to cumulate rocks) and is a
cataclastic layer several meters thick. Several observations
indicate that displacement on the Moho-parallel fault that
produced the cataclasite was limited. They are (1) the
cataclasite is almost entirely websterite and does not incor-
porate harzburgite or gabbroic clasts; (2) the abundance of
clinopyroxenite dikes increases toward the Moho webster-
ites; and (3) a residual dunite lens within websterite and
above the cataclastic layer has the same foliation, lineation,
and olivine LPO as harzburgites beneath the Moho
(0714P15 in Figure 4).
[14] The harzburgite section of Bernard appears to be

structurally intact because layering, indicated by spinel-rich
horizons and pyroxene-rich layers/dikes, dips consistently
�55�NNE. The layering is deformed in a few zones by
open folds (�10 m wavelengths) or minor faults. Within the
transition zone dunite the layering is often subvertical,
perhaps as a result of folding. Thin clinopyroxenite dikes
are common throughout the section and generally thicken
from a few centimeters at the base of the section to a few
meters near the Moho. Dikes near the Moho also have more
variable orientations and commonly cut layering.
[15] Foliation in the peridotites is difficult to see, but

generally parallels the compositional layering. The foliation
is best defined in the field by flattened orthopyroxene or
spinel-rich bands. Spinel aspect ratios range from �5:3:1 to
2:1:1. The shape-preferred orientation (SPO) of olivine
grains was determined in thin section, and found to parallel
the compositional layering for most of the Bernard section,

although the SPO dips �30� more steeply than the compo-
sitional layering at the base of the section (Figure 2). In
several samples the foliation is weak.
[16] It was difficult to document the orientation of the

lineation in the field. We routinely determined the orienta-
tion of lineations in the lab by cutting samples parallel to the
compositional layering and then measuring the long axis of
spinel or orthopyroxene grains under a binocular micro-
scope. The samples were then reoriented and the lineation
was recorded. There is some uncertainty in these calcula-
tions given the process of reorientation and also the pres-
ence of magnetite in many of the samples. However, we are
confident of the measurements because the lineation is
generally parallel between nearby samples and the olivine
LPOs have [100] concentrations on or close to the primitive
(see below).

4.2. Mineralogy and Textures

[17] Websterites above the petrologic Moho have cumu-
late textures and are composed of clinopyroxene (Di90–93;
all compositions determined by electron microprobe),
10–90%orthopyroxene (En86–87), 0–30%olivine (Fo85–86),
and �1% spinel that is usually located along pyroxene and
olivine grain boundaries. The clinopyroxene is generally
coarser than the orthopyroxene, and both range from �0.5
to 6 mm. All the pyroxene grains are equidimensional, have
weak to moderate undulatory extinction, exsolution lamellae,
and straight to gently curved grain boundaries that show
minimal evidence of grain-boundary migration.
[18] The �100 m of dunite beneath the petrologic Moho

(samples 0714P15 and 0714P20 in Figure 3) is texturally
similar to dunites observed in the crust-mantle transition
zones of ophiolites [e.g., Nicolas and Prinzhofer, 1983].

Figure 2. Bernard Mountain (see Figure 1 for location) geologic map, stereoplots of structural data for
transect samples, and lithologic column. Foliation defined by the SPO of olivines, layering defined by
spinel or orthopyroxene-rich layers. Thin lines in the restored column represent foliation, with spacing
roughly proportional to strain. Column is perpendicular to lineation.
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Textures within the transition zone are highly variable, with
both equidimensional and elongate grains (reaching aspect
ratios of 8:1), and grain sizes ranging from 0.5 to 20 mm.
The larger grains have pervasive subparallel subgrain
boundaries. Both coarse and fine grains have highly
irregular boundaries that vary from straight to curved or
serrate. Grains are extensively recrystallized and the distri-
bution of smaller, equant neoblasts around larger grains
suggests subgrain rotation recrystallization. There is no
textural evidence of significant postdeformational grain
growth.
[19] Harzburgites beneath the transition zone (samples

1802L3 and 0714G4 in Figure 3) have high-temperature
porphyroclastic textures similar to those reported from the

residualmantle sections ofmany ophiolites [e.g.,Mercier and
Nicolas, 1975]. Harzburgites are�85% olivine (Fo90–92), up
to 15% orthopyroxene (En91–92), up to 3% clinopyroxene
(Di94– 95), and �3% spinel (more Al rich than in the
transition zone, based on the red-brown color in thin
section). Rare olivine and orthopyroxene porphyroclasts
are commonly slightly elongate and up to 6 mm across.
The matrix grains surrounding the porphyroclasts are both
subequant (�0.5 mm in diameter) and elongate, reaching
aspect ratios of 5:1. Grain boundaries range from straight to
serrated. Most of the matrix orthopyroxene is blebby and
appears pinned between olivine grains. The Bernard harz-
burgites show no dominance of textures implying subgrain
rotation versus grain-boundary migration recrystallization.

Figure 3. XPL photomicrographs of the XZ plane of Bernard Mountain residual tectonites. Scale bar in
all photos is 1 mm. See Figure 2 for sample locations. Sample 0714P15 is from a dunite lens within the
websterite unit and shows subparallel kink bands, serrate grain boundaries, and elongate spinels. Sample
0714P20 is a coarse dunite from the transition zone just beneath the Moho. Sample 1802L3 is a
harzburgite from beneath the transition zone; note plastically deformed orthopyroxene and olivine.
Samples 0714G4 and 0711P2 are dunites from lower in the section. Sample 0711P1 is a harzburgite from
the base of the section.
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In addition, none of the samples have textures indicating
significant postdeformational grain growth.
[20] Minor dunite bodies that crop out in the harzburgite

section (e.g., sample 0711P2 in Figure 3) are texturally
similar to the harzburgites, with �0.5–2 mm elongate
olivine grains with aspect ratios up to 4:1. Grain boundaries
are mostly curved, and subgrain boundaries are more
randomly oriented than in the transition zone dunites.

4.3. Lattice Preferred Orientations: BernardMountain

[21] A suite of 16 oriented samples was collected for
petrofabric study along a vertical structural profile at
Bernard Mountain. Thin sections were mechanically pol-
ished and given a 24-hour colloidal silica polish followed
by washing with petroleum ether or citric acid to remove
silica residue. The samples were sputter coated with Au-Pd
and then most of the coating was rubbed off on paperboard.
LPOs were measured at the University of California, Santa
Barbara, CA with an HKL Technology electron backscatter
diffraction detector (EBSD) and Channel 5 software on a
JEOL 6300 scanning electron microscope operated at 15 kV
and �10 nA. At least 200 crystals with diffraction patterns

that differed from their immediate neighbor were manually
selected and analyzed in each sample; typically, this resulted
in analysis of 10–15% area of each thin section. Five of
these samples were also analyzed with a universal stage;
good agreement was found between the two methods
(compare Figures 4 and 5).
[22] LPO data from Bernard Mountain are shown in

Figure 4 and Table 1. All the olivine fabrics show [100]
maxima subparallel to the lineation, indicating dislocation
glide in the [100] direction. [100] is the shortest Burgers
vector for olivine and therefore the easiest slip direction
[Nicolas and Poirier, 1976]. The concentration of [001]
subparallel to the foliation pole suggests that the dominant
slip plane for the Talkeetna samples is (001). The (001)[100]
slip (i.e., slip on the 001 plane in the 100 direction) has been
recognized as a high-temperature (>1000�C) slip system
[e.g., Carter and Avé Lallemant, 1970; Nicolas and Poirier,
1976], but has only rarely been observed to dominate in
naturally or experimentally deformed rocks (see Section 5).
The weak [010] and [001] girdles in several samples
is evidence for dislocation glide on the more common
{0kl}[100] system, also recognized as a high-temperature,

Figure 5. Olivine LPOs with respect to grain size. Plots follow the conventions of Figure 4. Symbols
indicate <0.25 (crosses), 0.25–1 (open circles), and >1 mm (solid diamonds) divisions. The number of
grains in each size division is listed at bottom. Orientations were measured with a universal stage optical
microscope. There is an good agreement between LPOs measured by U-stage and EBSD (Figure 4) for
these samples.

Figure 4. (opposite) Pole figures for olivine [100], [010], and [001] axes for Bernard Mountain residual tectonites in equal-
area, lower hemisphere projections. First contour is 2s, contour interval is one multiple of random distribution (Kamb
method). Foliation is indicated by the E-W line and lineation is at the intersection of the foliation and the primitive.
Layering, when different from foliation (see text), is indicated by dashed line. Number of grains, shear strain, and maximum
density are listed at lower left, lower right, and bottom of each plot, respectively. Sense of shear is determined by the
orientation of the slip plane with respect to the foliation and is indicated. Samples are ordered from top to bottom of the
section, sample height, next to sample number, refers to position relative to the Moho; see Figure 2 for locations.
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�1000�C, slip system [Carter and Avé Lallemant, 1970].
Analysis of several samples with a universal stage revealed
no clear change in LPO as a function of grain size, indicating
that the same slip system(s) were active during the defor-
mation of all grains (Figure 5).
[23] To further document that deformation was dominated

by slip on (001)[100], we measured crystal orientations
across several low-angle subgrain boundaries, or tiltwalls.
Because tiltwalls are formed of edge dislocations, the
orientation of the tiltwall and the lattice rotation across the
tiltwall can be used to evaluate the dominant slip system. As
shown in Figure 6, [100] tiltwalls within crystals from the
Bernard samples show rotation about the [010] axis, indi-
cating that the walls are formed predominantly by edge
dislocations from the (001)[100] system. Other crystals
show rotation consistent with activity of the (100)[001]
and (010)[100] systems.
[24] In all samples the inferred orientation of the domi-

nant slip plane is oblique to the foliation, indicating a simple
shear deformation history [Nicolas et al., 1973; Bouchez et
al., 1983]. All samples indicate sinistral shear, which may
have implications for the tectonic history of the arc. In
addition, the [001] and [010] concentrations are typically

half as strong as the [100] maximum, suggesting activation
of the (010)[100] or {0kl}[100] slip systems, a component of
constrictional strain, or perhaps transtension [e.g., Tommasi
et al., 1999].
[25] To compare samples within the section, we calcu-

lated shear strains from the angle between the foliation and
the fabric. Calculated shear strains range from 0.7 to 3.8
(Figure 4 and Table 1), although these values could be
minima if the grain-shape foliation is a steady state folia-
tion modified by recrystallization [e.g., Means, 1981; Lister
and Snoke, 1984], or maxima if the LPO is not parallel to
the shear direction, such as observed in experimental
samples at shear strains less than �1 [Zhang and Karato,
1995]. There is a weak inverse correlation between appar-
ent strain and the strength of the fabric: several samples
with low shear strains have very strong LPO (0714P15,
0714G4), whereas samples indicating greater shear have
significantly weaker fabrics (1802L3, 1802L5). The cause
of this trend is unclear, but may be due to one of the
processes mentioned above (the strong LPO representing a
steady state foliation or the weak LPO not yet parallel with
the shear direction). In addition, the strain at which the
LPO becomes parallel to the shear direction may change

Table 1. Structural and LPO Dataa

Location Sample Z, m Lith. S0 S1 L a q g SOS Slip System

Bernard 0714P15 +125 D 033, 72 048, 46 322, 08 26 30 1.2 S (001)[100]
Bernard 0711P7 +50 O W . . . . . . . . . 0 0 . . . . . . . . .
Bernard 0714P20 0 D 085, 90 097, 78 013, 27 12 21 2.2 S {0kl}[100]
Bernard 1802L2 �20 H 054, 77 054, 77 325, 07 0 15 3.5 S (001)[100] and (100)[001]
Bernard 1802L7 �50 H 264, 72 264, 72 347, 22 0 22 2.1 S (001)[100]
Bernard 1802L3 �240 H 030, 76 030, 76 109, 32 0 19 2.6 S (001)[100]
Bernard 0711P5 �250 H 006, 70 006, 70 276, 00 0 14 3.8 S {0kl}[100]?
Bernard 1802L5 �405 H 056, 53 056, 53 136, 18 0 15 3.5 S (001)[100]
Bernard 0714G2 �560 H 053, 30 053, 30 117, 08 0 20 2.4 S (001)[100]
Bernard 0714G1 �600 H 065, 30 065, 30 120, 08 0 29 1.2 S (001)[100]
Bernard 0711P3 �700 H 055, 52 055, 52 110, 45 0 25 1.7 S {0kl}[100] and (100)[001]?
Bernard 0714G4 �1250 H 005, 80 005, 40 272, 00 40 24 1.8 S (001)[100]
Bernard 0714G3 �1300 H 025, 55 025, 45 300, 05 10 20 2.4 S (001)[100]
Bernard 0803L2 �1400 D 009, 81 009, 56 300, 60 25 15 3.5 S (001)[100]
Bernard 0711P2 �1900 D 054, 50 054, 18 338, 05 32 29 1.2 S (001)[100]
Bernard 0711P1 �1950 H 055, 76 055, 44 322, 05 32 30 1.2 S (001)[100]
Bernard Bulk . . . H . . . . . . . . . 0 15 3.5 S (001)[100]
Sheep 0713G4 . . . D 305, 65 305, 65 320, 20 0 16 3.2 S {0kl}[100]
Sheep 0713G1 . . . H 054, 66 054, 66 324, 00 0 18 2.8 S (010)[100]&{0kl}[100]
Sheep 0713P21 . . . W 255, 75 255, 75 351, 68 0 40 0.4? S? cpx: (100)[001]
Scarp 1710L7 �150 H 231, 51 231, 51 174, 26 0 0–35 0.7+ Z (010)[100]
Scarp 1710L9 �100 H 275, 50 275, 50 282, 46 0 0–35 0.7+ S (001)[100] and (100)[001]?
Scarp 0712B1 . . . Q 311, 78 311, 78 036, 32 0 12 4.5 Z (c)<a>
Scarp 2711L10 . . . Q 305, 35 305, 35 025, 08 0 10 5.5 Z (c) and (r)<a>
Scarp 2711L9 . . . Q horiz. horiz. 035, 00 0 10 5.5 S (c)<a>
Scarp 2711L7 . . . Q 333, 47 333, 47 060, 08 0 15 3.5 S (c)<a>
Wolverine 2714L5 +580 D 155, 60 155, 60 098, 44 0 25 1.7 Z (100)[001]
Wolverine 2714L3 +305 D 172, 37 172, 37 097, 12 0 16 3.2 Z (100)[001]
Wolverine 2714L2 +60 D 162, 54 162, 54 090, 13 0 19 2.6 Z {0kl}[100]
Wolverine 2714L1 0 D 144, 65 144, 65 085, 60 0 15 3.5 Z {011}[100]
Wolverine Bulk . . . D . . . . . . . . . 0 10 5.5 Z {0kl}[100]
Eklutna 2808L4 +430 D 119, 75 119, 75 022, 34 0 10 5.5 S (001)[100]
Eklutna 2809L3 � D 310, 87 310, 87 035, 46 0 5 11 S {0kl}[100]
Eklutna 2808L6 +120 D 082, 51 082, 51 050, 44 0 5 11 S {0kl}[100]
Eklutna 0708P1 +60 D 099, 49 147, 50 222, 17 35 25 1.7 S {0kl}[100]
Eklutna 2808L1 +0 D 089, 55 089, 55 203, 15 0 12 4.5 S {0kl}[100]
Eklutna Bulk . . . D . . . . . . . . . 0 10 5.5 S {0kl}[100]

aDefinitions are as follows: Z, position (meters) in relation to Moho (Bernard), or relative to lowermost sample (Wolverine and Eklutna); lith., lithology,
D, dunite, H, harzburgite, W, websterite, O W, olivine websterite, Q, quartz; S0, layering (dip direction, dip); S1, foliation (dip direction, dip); L, lineation
(dip direction, dip); a, angle between foliation and layering; q, angle between foliation and slip plane; g, minimum shear strain; SOS, sense of shear, S,
sinistral, Z, dextral; italics indicate low confidence or assumed.
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under different deformation conditions. In light of these
uncertainties we emphasize that these calculations are
solely for comparison of fabric-foliation obliquity between
samples.
[26] Orthopyroxene and clinopyroxene LPOs are shown

in Figure 8. The only clinopyroxene fabric is from a
cumulate websterite above the Moho and is random. Ortho-
pyroxene grains from the residual harzburgite are typically
either large ‘‘porphyroclasts’’ (>1 mm) or small blebby
crystals (�250 mm) pinned between olivine grains. Surpris-
ingly, both types of grains have similar, essentially random,
orientations. The weak to absent LPOs and blebby textures
could be due to postdeformation crystallization. If so,
this implies deformation at hyper-solidus (�1100�C)
temperatures.

4.4. Lattice Preferred Orientations:
Neighboring Tonsina Peaks

[27] The olivine LPOs from Sheep Mountain harzburg-
ites (refer to Figure 1b for location) show high-temperature
fabrics similar to those measured from Bernard Mountain
(Figure 7 and Table 1). Sheep Mountain is mostly com-
posed of harzburgite and a websterite unit with many
dunite lenses at various orientations. The olivine LPOs
from these lenses have the same strength, similar slip
systems, obliquity between foliation and LPO, and
NW-SE lineations as the Bernard section. Although most
of the websterites at Bernard Mountain have random LPOs
(see 0711P7 in Figures 4 and 7), one olivine websterite
from Sheep Mountain shows a strong clinopyroxene LPO
(sample 0713P21 in Figure 8). This sample has a high
foliation-fabric obliquity and an LPO perhaps suggesting
activation of the high-temperature (100)[001] slip system
[Avé Lallemant, 1978].
[28] Scarp Mountain to the NE is more complex. The

peridotite section at Scarp Mountain is composed of coarse
chromite-bearing dunites similar to the transition-zone du-
nites at Bernard Mountain. Lineation trends are not uniform
(Figure 1b) and the olivine LPOs consist of two [100]
maxima and partial girdle [010] or [001] concentrations,

perhaps implying a change in kinematics or an influence of
dynamic recrystallization [Lee et al., 2002]. Fabrics domi-
nated by slip on both (001)[100] and (010)[100] are
observed (Figure 7).

4.5. Fabrics: Wolverine and Eklutna Complexes

[29] To compare deformation fabrics along the arc, LPOs
were measured on samples from the Wolverine and Eklutna
Complexes (Figures 1c and 1d), �150 and 200 km west of
Tonsina, respectively. These complexes have cumulate
sequences that grade from chromite-bearing dunite to web-
sterite and gabbronorite [Burns, 1985]. In general, the rocks
have equigranular olivine (Fo85–87) grains up to 6 mm
across, up to 15% clinopyroxene (Di93–95) (both intercu-
mulous and matrix), rare orthopyroxene, and equant spinel
both between and within matrix grains. Olivine grains have
straight, curved, or serrate boundaries. Olivines in most
samples have subparallel subgrain boundaries throughout,
although olivines in several samples have only weak undu-
latory extinction. Because these rocks are coarse grained, it
is difficult to see a SPO and thus the foliation plane was
assumed to parallel the compositional layering. This assump-
tion is supported by the few samples with well-defined SPO.
[30] Wolverine and Eklutna samples have strong LPOs

that suggest slip on the {0kl}[100] systems, with either
the (001), (010), or possibly (011) slip planes dominant
in different samples (Figures 9 and 10). Dunites and
gabbros at Wolverine have a southeast-dipping foliation
and an E-W trending lineation (Figure 1c). The lineation
could not be identified for samples 2714L3 and 2714L5,
but if it is assumed to be E-W like the other samples, the
fabrics are indistinguishable from rocks lower in the
section. The foliation is variable in the Eklutna Complex,
but generally dips to the east. Lineations plunge shallowlyNE
and SW and all samples indicate sinistral shear (Figure 1d).
All Wolverine samples indicate dextral shear, opposite to
the Eklutna and Tonsina Complexes; the cause is
unknown.
[31] The slip direction, mineral lineation, and inferred

strike of the arc are subparallel in the Wolverine and Eklutna

Figure 6. Lattice rotation and tiltwall orientations across single olivine crystals. Stereoplots follow the
conventions of Figure 4 and show orientations of several points within each crystal, as determined by
EBSD. The rotation axis is indicated by the olivine axis that varies the least. The remaining two olivine
axes are interpreted as the slip plane and Burgers vector, which can be distinguished by their orientation
relative to the lineation. Olivine [100], [010], and [001] axes are indicated by triangles, squares, and
circles, respectively. Open symbols indicate maximum concentration orientations for the corresponding
whole rock LPO (�200 crystals). Sample 0714G3 shows evidence for slip on (001)[100], while 1802L2
indicates slip on the conjugate (100)[001] system (see also 1802L2 in Figure 4). Sample 2714L2
deformed by slip on {0kl}[100] (indicated by the gray field of [010] and [001] axes), but slip on both
(010)[100] and (001)[100] is indicated by the single-crystal analyses.
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Figure 8. Pole figures for orthopyroxene [100], [010], and
[001] axes and clinopyroxene [100], [010], and [001] axes for
Tonsina samples. Plots follow the conventions of Figure 4.
Large squares in 1802L3 and 0711P3 show orientation of
‘‘porphyroclastic’’ rather than blebby orthopyroxene. Fabrics
are essentially random except 0713P21.

Figure 7. (opposite) Olivine and quartz lattice preferred
orientations for Sheep and Scarp Mountain rocks, see
Figure 4 for plot conventions; refer to Figure 1b for
locations. Quartz samples are from a schist just east of the
BRF at Scarp Mountain. The dashed contours are 1s.
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dunites, similar to the Tonsina samples. The fact that these
cumulate bodies show the same strong LPO and high-
temperature slip systems as the residual Tonsina Complex
suggests that the mantle deformation extended into the
crust.

4.6. Fabrics: Summary

[32] The Talkeetna arc peridotites indicate deformation at
temperatures exceeding 1000�C. Dislocation creep of oli-
vine in residual peridotite samples was dominated by the
(001)[100] slip system, with additional slip along
(010)[100] and {0kl}[100] in some samples. Pyroxenes
comprise �15% of the harzburgites and are randomly
oriented. Slip on {0kl}[100] dominates the samples from
the cumulate Wolverine and Eklutna sections, and the slip
vector, mineral lineation, and inferred strike of the arc are
subparallel, as observed for the Tonsina Complex. Samples
indicate sinistral shear at Tonsina (top-NW), dextral shear at
Eklutna (top-east), and sinistral shear (top-SW) at Eklutna.
Shear is along a Moho-parallel foliation, and most apparent
shear strains range from 0.7 to 3.8. Thus the concentration
of olivine [100] axes, which controls the seismic properties,
is inclined 15�–35� from the mineral lineation. This incli-
nation would be difficult to detect with S wave splitting

because the axis of rotation would be subhorizontal in a
restored section (horizontal Moho).

4.7. Seismic Anisotropy

[33] To compare seismic anisotropy at modern arcs to the
Talkeetna rocks, we calculated seismic properties for resid-
ual Tonsina samples based on the mineral orientation data
(LPO) and density, using the software of Mainprice [1990].
We calculated velocities at 1.0 GPa and 1000�C [minimum
estimates for the Bernard mantle section, Kelemen et al.,
2003] using Voigt-Reuss-Hill averaging and single-crystal
elastic constants and derivatives (@Cij/@T and @Cij/@P) from
experimental studies. Olivine coefficients are from the work
of Kumazawa and Anderson [1969], and orthopyroxene
coefficients are from that of Kumazawa [1969] and Frisillo
and Barsch [1972]. Most Bernard samples did not have
sufficient orthopyroxene orientation analyses to be repre-
sentative of the volume fraction of orthopyroxene, so we

Figure 9. Olivine LPOs for the Wolverine Complex, see
Figure 4 for plot conventions. Sample heights refer to
position above the lowermost sample.

Figure 10. Olivine lattice preferred orientations for the
Eklutna Complex, see Figure 4 for plot conventions.
Heights refer to position above the lowermost sample.
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applied the orientations from sample 1802L3 (50 grains) to
all Bernard samples. The orthopyroxene data alone have a
maximum anisotropy of 2–3%, but given the volume
fraction (up to 15%), their inclusion lowered calculated
anisotropies by �10%. The geothermal gradient beneath the
arc is high enough that the effect of temperature exceeds
that of pressure and produces slower velocities at 1.0 GPa
and 1000�C compared with STP.
[34] Calculated 3-D seismic properties for end-member

Bernard samples are shown as lower hemisphere stereoplots
in Figure 11 and Table 2. Because many seismic studies are
limited to phases with incidence angles less than a critical
angle of �30�, our plots shade orientations outside this
shear wave window. The maximum calculated anisotropy
ranges from 6.4 to 17% and from 5.6 to 13% for P and S
waves, respectively, similar to those calculated from other
peridotites [e.g., Ben Ismaı̈l and Mainprice, 1998]. The
calculated seismic properties consistently show that for
most propagation directions the fast S wave polarization
plane is parallel to the maximum concentration of olivine
[100] axes, and subparallel to the long axis of the Talkeetna
arc.

5. Discussion

5.1. Seismically Measured Anisotropies,
Calculated Peridotite Anisotropies

[35] Because our calculated S wave anisotropies for
individual samples are significantly greater than seismic
measurements from mantle wedges (which generally range
from 0.5 to 2% assuming coherent anisotropic layer thick-
nesses from 400 to 80 km, respectively, Savage [1999]), we
calculate the integrated anisotropy of ‘‘bulk’’ Talkeetna
samples (Figure 12 and Table 2). The bulk Bernard calcu-
lation is obtained by combining all 2873 measured crystal
orientations in the 2-km-thick sampled section, using the
petrologic Moho as the reference frame, and assuming that
the section is composed of 85% olivine and 15% orthopy-
roxene (orthopyroxene orientations are from sample 1802L3,
see above). The maximum S wave anisotropy calculated for
the bulk section is 6.4%, weaker than themean value of 8.8%.
This anisotropy produces a maximum birefringence of
0.3 km/s. Thus, for shear waves traveling normal to the
Moho, VS1

= 4.58 km/s and VS2
= 4.34 km/s resulting in a

0.024-s delay for S waves traveling through the 2-km-thick
Bernard section. In other words, a Bernard-like section
�80 km thick would be sufficient to produce the 1-s splitting
delay typical of observations at most subduction zones
[Savage, 1999].
[36] Calculations for the Wolverine and Eklutna Com-

plexes include elastic coefficients for clinopyroxene [Levien
et al., 1979; Matsui and Busing, 1984]; because the tem-
perature derivatives for clinopyroxene elasticity are un-
known we used the orthopyroxene derivatives from the
work of Frisillo and Barsch [1972]. As with orthopyroxene,
even though the clinopyroxene orientation data do not yield
significant anisotropies (1.6–2.7% for the bulk Eklutna and
Wolverine Complexes, respectively), their inclusion lowers
the bulk anisotropy by �14%. These cumulate peridotites
produce slightly greater Swave anisotropy (�7%) and similar
delay times (0.3 km/s) to the Bernard section (Figure 12 and
Table 2).

[37] It is apparent from Figure 12 that the magnitude of
anisotropy of the bulk sections is controlled by the align-
ment of olivine [100] axes. The [010] and [001] concen-
trations are weak, due to the activity of multiple slip planes
within the {0kl}[100] systems (refer to Figure 6), different
shear strains of the samples, and possibly a varying con-
strictional strain component. The calculated anisotropy of
the bulk Bernard section is significantly greater than that
calculated from seismic measurements. Because [100] ori-
entations are more consistent than [010] and [001] axes
from sample to sample, it is unlikely that simply adding

Figure 11. Estimated seismic properties at 1000�C and
1.0 GPa for representative Bernard Mountain residual
harzburgites. See Figures 2 and 4 for Bernard sample
locations and LPOs. Calculations use a Voigt-Reuss-Hill
average of stiffness [Mainprice, 1990]. All plots are equal-
area, lower hemisphere projections, foliation is indicated by
the E-W line, and lineation is at the intersection of the
foliation and primitive. Contour interval for P wave velocity
is 0.2 km/s and for S wave anisotropy is 1%. The shaded
regions indicate propagation directions outside of the shear
wave window (see text) when the Moho is restored to
horizontal. Refer to Table 2 for P and S wave velocities,
anisotropy, and mineral proportions.
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more samples to the bulk calculations would lower the
calculated anisotropy to match subduction-zone measure-
ments. Alternatively, the mantle section sampled by seismic
waves may contain olivine deformed by slip along direc-
tions other than [100], or more likely for asthenospheric
conditions, the S waves may pass through peridotites with
different flow directions at different depths [see modeling
by Buttles and Olson, 1998], i.e., there may be complex
flow within the mantle wedge.
[38] In all three bulk samples, the fast [100] axes are

subparallel to the mineral lineation. Thus when the Talkeetna
arc was active, the fast polarization plane would have been
subparallel to the strike of the arc (Figure 13), consistent
with seismic observations at modern arcs [e.g., Smith et al.,
2001; Wiens and Smith, 2003].

5.2. Can the (001)[100] Slip System be Induced
by Elevated H2O Activity?

[39] The (001)[100] slip system was dominant within the
residual mantle beneath the Talkeetna arc, in contrast to
observations of naturally and experimentally deformed
peridotites, as well as consideration of the olivine crystal
structure, which indicate that the easiest olivine slip system
at high temperatures is (010)[100] [Nicolas and Poirier,
1976; Zhang and Karato, 1995; Bystricky et al., 2000;
Zhang et al., 2000]. Numerical simulations using visco-
plastic self-consistent theory and equilibrium-based models
also produce dominant slip on (010)[100] even when
(001)[100] is assigned an equal critical resolved shear
stress, because strain compatibility requires activity of the
(010)[001] system [Tommasi et al., 2000]. Dominance of
(001)[100] slip has only been generated by fabric modeling
that incorporates dynamic recrystallization when the
(100)[001] and (010)[001] slip systems are assigned equal
critical resolved shear stresses [Wenk and Tomé, 1999].
[40] Given the tectonic setting of the Talkeetna arc and

the likelihood that deformation took place in a wet, sub-
duction-zone, environment, we suggest that the dominance
of (001)[100] slip is a result of elevated H2O activity.
Experimental deformation of olivine at elevated H2O con-
ditions is limited, but supports a link between the
(001)[100] system and H2O. Mackwell et al. [1985] deter-
mined that olivine single crystals are weakest under wet
conditions when compressed parallel to [101]c; this orien-
tation favors primary slip on (001)[100] and secondary slip
on (100)[001] under dry conditions [Durham and Goetze,
1977]. Some of the LPOs from the Talkeetna arc suggest

that (100)[001] may have been active (note the weak sec-
ondary [100] and [001] peaks in sample 1802L2 (Figures 4
and 6) and [100] peaks in samples 1802L5 and 0711P3
(Figure 4), such peaks could also be due to recrystallization;
see Lee et al. [2002]).
[41] Experiments on olivine aggregates also indicate that

crystals in the [101]c orientation are weakest at elevated
H2O contents and moderate stresses and that these crystals
control the developing LPO [Jung and Karato, 2001].
However, the ‘‘type-C’’ fabrics that develop in Jung and
Karato’s experiments indicate that the (100)[001] system
dominates over the conjugate (001)[100] system. The
(001)[100] fabric in the Talkeetna samples suggests that
the dominant Burgers vector switches from [001] at the
relatively high stresses of Jung and Karato’s experiments to
[100] at lower stresses, such as experienced during defor-
mation in the arc. A change in Burgers vector with decreas-
ing stress suggests that the stress exponent for the
(001)[100] system is lower than that for the (100)[001]
system.
[42] To compare the Talkeetna samples with the experi-

ments of Jung and Karato, we calculated the OH concen-
tration, COH, for H2O-saturated olivine corresponding to the
minimum (cooling) PT estimates at the base of the arc. We
used the relationship [Zhao et al., 2003; see Hirth and
Kohlstedt, 2003]:

COH ¼ AH2O exp �ðEH2O þ PVH2OÞ=RT½ 
 fH2O;

where AH2O
= 26 H/106 Si/MPa, EH2O

= 40 kJ/mol,
VH2O

= 10�10�6 m3/mol, fH2O
= water fugacity in MPa. The

OH concentration, COH, in saturated olivine ranges from
422 to 945 H/106 Si at pressures of 1–1.1 GPa, temperatures
of 1000�–1200�C, and fH2O

= 1826–1968 MPa [extra-
polated from the work of Tödheide, 1972]. We emphasize
that these are maximum values for H2O content at these
conditions, however, high H2O contents are calculated for
the source of some primitive arc magmas [e.g., Baker et al.,
1994]. Thus despite the fact that the Talkeetna arc mantle is
residual, i.e., depleted, it might still have contained enough
H2O to fall within the field of Jung and Karato [2001] for
H2O-induced slip systems (see their Figure 2).
[43] Peridotites with LPOs indicating a dominance of

(001)[100] slip, although rare, have been described from a
number of locations. Two of these, dredge samples from the
Tonga and Mariana arcs [Nicolas et al., 1980], are from
tectonic settings for which high H2O contents could be

Table 2. Calculated Seismic Properties at 1000�C and 1.0 GPa for Talkeetna Arc Peridotitesa

Sample % Ol Position VP max VP min AVP
VS1

max VS1
min VS2

max VS2
min AVS

max AVS
min dvs min

1802L7 100 top 8.72 7.33 17.3 4.89 4.42 4.49 4.19 13.26 0.49 0.61
0711P5 85 upper 8.05 7.54 6.4 4.63 4.43 4.51 4.34 5.56 0.11 0.25
0803L2 95 middle 8.45 7.48 12.2 4.75 4.44 4.52 4.26 9.42 0.20 0.43
0711P1 85 base 8.13 7.40 9.4 4.67 4.41 4.49 4.32 7.00 0.07 0.32
Bernard 85 bulk 8.16 7.48 8.8 4.66 4.45 4.50 4.32 6.43 0.27 0.29
Wolverine 90 bulk 8.38 7.57 10.2 4.64 4.47 4.49 4.24 7.14 0.11 0.32
Eklutna 96 bulk 8.37 7.58 9.8 4.67 4.48 4.52 4.25 6.95 0.44 0.31

aDefinitions are as follows: % Ol, percent olivine in rocks. Calculations assume that the remainder is orthopyroxene for Bernard and clinopyroxene for
Wolverine and Eklutna. Position, structural position in Bernard section when the Moho is restored to horizontal; VP max, min, maximum and minimum
velocities for P waves; AVP

maximum P wave anisotropy; VS1
max, min, maximum and minimum velocities for fast S waves; VS2

max, min, maximum and
minimum velocities for slow S waves; AVS

max, min, percent anisotropy for S waves; dvs maximum time delay in seconds between fast and slow S waves.
Elastic constants and PT derivatives are from the work of Kumazawa and Anderson [1969] for olivine, Kumazawa [1969], Frisillo and Barsch [1972] for
orthopyroxene, and Levien et al. [1979] and Matsui and Busing [1984] for clinopyroxene.
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expected. However, in other cases, a clear link to deforma-
tion at high H2O contents is not established [e.g., the
Voltri Massif, NW Italy, Van Der Wal et al., 1992; the
Bay of Islands Ophiolite, Mercier, 1985; Suhr, 1993; New
Caledonia, the Betic Cordillera, and the Erro-Tobbio massif,
Tommasi et al., 2000].
[44] It is generally assumed that the common high-tem-

perature (010)[100] fabrics from the mantle section of
ophiolites, such as in Oman, represent asthenospheric de-
formation [Nicolas et al., 1980; Nicolas and Violette, 1982;
Rabinowicz et al., 1984; Ceuleneer et al., 1988]. However,
conditions beneath intraoceanic arcs are significantly dif-
ferent than for ophiolites. Unlike Oman, where decompres-
sion melting likely resulted in the removal of water, the
mantle beneath island arcs is fluxed by H2O or hydrous
melts derived from the subducting slab. In addition, the
deformation beneath arcs occurs at higher pressures, and
thus the concentration of H2O in the olivine would be
greater (refer to the equation above).
[45] An additional implication for slip on (001)[100], if

H2O induced, is that it may be the dominant slip system in the
oceanic asthenosphere at depths below the melting region of
mid-oceanic ridges. Estimates of COH in olivine in the
oceanic upper mantle based on electrical conductivity [e.g.,
Lizarralde et al., 1995; Hirth et al., 2000] or partition
coefficients [e.g., Hirth and Kohlstedt, 1996] are �800–
3000 H/106 Si, high enough to suggest that olivine defor-
mation in the upper oceanic mantle may be dominated by one
of the H2O-induced slip systems. Slip on (001)[100] is more
likely than its conjugate (100)[001] system because fast S
wave polarizations from oceanic plates are consistent with
the alignment of [100] axes parallel to the flow direction
[Hiramatsu and Ando, 1996; Wolfe and Solomon, 1998].

5.3. False Arc-Parallel Flow

[46] Fast S wave polarizations have been observed paral-
lel to the strike of several active intraoceanic arcs (see

Figure 12. Estimated seismic properties and olivine LPO
for bulk Bernard Mountain, Wolverine and Eklutna
Complexes at 1000�C and 1.0 GPa. See Figures 4 and 11
for plot conventions. Mineral proportions are as follows:
Bernard: 85% olivine, 15% orthopyroxene; Wolverine: 90%
olivine, 10% clinopyroxene; Eklutna: 94% olivine, 6%
clinopyroxene.

Figure 13. Calculated VS1
polarization planes for bulk

Talkeetna arc peridotites. The fast seismic component is
subparallel to the mineral lineation (black dot on stereoplot)
and inferred strike of the arc over a distance of �200 km.
Steroplots are in map view, white region indicates the shear
wave window.
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references in section 1). The assumption that the fast
polarization contains the olivine [100] maxima and is
therefore subparallel to the (subhorizontal) flow direction
at high strain leads to the interpretation of arc-parallel
mantle flow in these settings. However, arc-parallel flow
is not accounted for in most mantle wedge flow models,
which assume that flow is dominated by back arc extension
[Fischer and Wiens, 1996; Fouch and Fischer, 1996] or 2-D
corner flow induced by the subducting slab [e.g., McKenzie,
1979; Ribe, 1989; Fischer et al., 2000]. Various scenarios
that incorporate arc-normal mantle flow and produce the
observed arc-parallel fast polarization planes have been
envisioned:
[47] 1. Arc-parallel fast polarizations could be due to the

passage of the seismic waves through bodies other than the
mantle wedge, such as the subducting slab [Hiramatsu and
Ando, 1996] or asthenosphere for SKS phases [Russo and
Silver, 1994]. Subslab anisotropy has been proposed to
account for arc-parallel anisotropy measured by SKS waves
passing beneath the Nazca plate [Russo and Silver, 1994],
and beneath the North Island of New Zealand [Gledhill and
Stuart, 1996].
[48] 2. In addition to the ‘‘wet’’ (100)[001] moderate

stress system discussed above, Jung and Karato [2001]
observed fabrics dominated by slip along (010)[001] at
higher stresses. If dominant, this slip system could align
olivine fast [100] axes parallel to the arc even though mantle
flow is perpendicular to the arc. While this theory merits
consideration because the arc mantle may be hydrated, we
did not observe fabrics indicative of this slip system.
[49] 3. The presence of melt in aligned fractures or dikes

can result in seismic anisotropy [Kendall, 1994]. Melt prop-
agating in arc-parallel conduits through the mantle wedge
could produce an arc-parallel fast polarization. Although this
is likely a significant factor in some arcs, particularly those
with back arc extension, the Talkeetna arc provides evidence
for arc-parallel flow without such features.

5.4. True Arc-Parallel Flow

[50] LPOs from the Bernard section indicate that the
olivine [100] slip direction became aligned to within
�20� of the stretching direction. The stretching direction
is parallel to the inferred strike of the arc at several locales,
suggesting that mantle flow was arc parallel, and supporting
the common assumptions made when using seismic anisot-
ropy as a constraint for the kinematics of mantle flow. Given
this evidence for arc-parallel flow within a mantle wedge,
we reexamine models that incorporate 3-D flow within the
mantle wedge.
[51] It is important to clarify that the Talkeetna peridotites

represent residual mantle from beneath a Jurassic intra-
oceanic arc. The high-temperature fabrics within the peri-
dotites likely formed during asthenospheric flow because,
unlike continental lithosphere, arcs have relatively simple
histories. We expect the Talkeetna arc lithosphere to either
have retained fabrics from the spreading center where it
formed, or developed due to the flow of the asthenosphere
within the mantle wedge beneath the arc. The latter is most
likely based on the similar kinematics observed for residual
mantle rocks and the ultramafic cumulates above the Moho,
and that evidence suggests deformation occurred at astheno-
spheric temperatures.

[52] First, we address strain in the mantle wedge.
Figure 14 illustrates three end-member scenarios for the
orientation of the foliation and stretching direction within
the arc mantle, and S wave polarization orientations for high
strain on the (010)[100] and (001)[100] slip systems. Two-
dimensional corner flow and any of olivine’s high-temper-
ature {0kl}[100] systems align the fast olivine [100] axes
parallel to the convergence direction (Figure 14a). Fast
polarization planes have been observed subparallel to the
convergence direction at many active arcs [see review by
Savage, 1999], supporting this model for many tectonic
settings.
[53] The fast polarization plane has also been measured

parallel to many arcs. In this case, it is commonly assumed
that arc-parallel flow induces a foliation that is vertical and
parallel to the strike of the arc [Yang et al., 1995; Fouch
and Fischer, 1996]. This foliation orientation results from
the assumption that the principal shortening direction, or
plate motion, is horizontal and suborthogonal to the arc. If
the foliation is vertical and slip occurs on any of the
{0kl}[100] systems, the active slip plane is parallel to the
vertical foliation and the [100] slip direction is parallel to
the trend of the arc, as shown in Figure 14b. There is no
evidence for a vertical foliation in the Talkeetna arc
peridotites.
[54] A relatively unexplored alternative, indicated by

structural analysis of the Bernard Mountain section, is that
flow in the mantle wedge is arc parallel, but that the
foliation is horizontal (Figure 14c); a similar model for
continental lithosphere has been suggested by Meissner et
al. [2002]. The calculated S wave polarization planes for the
two possibilities b and c are indistinguishable. Thus without
knowledge of the active olivine slip system(s), S wave
polarization alone can only be used to assess the extension
or flow direction, and cannot be used to determine the
orientation of the foliation or flow plane.
[55] Given that arc-parallel flow is a real phenomenon,

we illustrate several schematic 3-D flow models to explain
arc-parallel flow (Figure 14d) [see also Wiens and Smith,
2003]. Perhaps the simplest explanation is homogenous
transpression due to oblique convergence. Most plate
boundaries have a significant component of arc-parallel
plate motion [Jarrard, 1986], and numerical modeling
indicates that LPOs and seismic anisotropy developed
under transpression are consistent with seismic observa-
tions at some active arcs [Tommasi et al., 1999]. However,
there are also arcs with nearly orthogonal convergence
where the fast S wave component has been observed
parallel to the strike of the arc, such as the eastern
Aleutians [Yang et al., 1995] and the Lau back arc [Smith
et al., 2001], so oblique convergence alone does not
provide the answer. Other factors that may contribute to
arc-parallel flow include the rates of convergence and
trench migration [Fouch and Fischer, 1996; Buttles and
Olson, 1998], or impediment of the wedge mantle by the
slab. Smith et al. [2001] proposed that observations of arc-
parallel fast components in the Lau basin and Tonga
mantle wedges are due to a combination of slab rollback
and arc-parallel mantle flow entering from a tear in the
Pacific plate. Similarly, complex wedge flow could also
result from a nonplanar subducting slab, with arc-parallel
flow driven by slab topography.
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Figure 14. Flow within the subarc asthenospheric mantle. Upper mantle flow indicated by solid arrows,
arrows are flat parallel to the foliation plane. The orientation of olivine crystals deformed by slip on
(001)[100] and (010)[100] are shown in the same reference frame as the arc, a = [100], b = [010],
c = [001]. Plan view stereoplots indicate calculated VS1

polarization planes at high strain. Foliation is
indicated by heavy lines, incidence angles outside of the S wave window are shaded gray. (a) Two-
dimensional corner flow aligns fast olivine [100] axes parallel to plate convergence. (b) Arc-parallel
flow in subvertical planes with a vertical foliation, which produces a fast S wave polarization plane
parallel to the strike of the arc. (c) Arc-parallel flow in subhorizontal planes consistent with the
Talkeetna fabrics. The same polarization plane orientations are calculated with a horizontal foliation
and slip on (001)[100] as for slip on (010)[100] illustrated in Figure 14b. (d) Models that account for
arc-parallel flow within the mantle wedge; arrows are not drawn to imply that each process occurs at
a specific depth.
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6. Conclusions

6.1. Olivine Deformation

[56] 1. Peridotite fabrics from the mantle of the accreted
Talkeetna arc indicate dislocation creep of olivine primar-
ily on the (001)[100] slip system, plus subsidiary slip
along the {0kl}[100] and (010)[100] slip systems. These
three systems, as well as coarse porphyroclastic textures,
indicate deformation at temperatures of �1000� to
>1100�C, consistent with minimum PT constraints of
1.1 GPa and 1025�C from the garnet-gabbro/norites
exposed above the Moho at Bernard Mountain. Since
the temperature estimates across the Moho are equivalent,
we believe that the lithospheric mantle fabrics developed
during growth of the arc and in response to asthenospheric
flow.
[57] 2. Slip on (001)[100] has only rarely been observed

to dominate deformation of peridotites. We suspect that
(001)[100] is induced by elevated H2O activity given the
subduction zone setting. In addition, the (001)[100] slip
system may be the dominant slip system in the astheno-
sphere: H2O concentration estimates in the oceanic upper
mantle are high enough for H2O-induced slip and seismic
observations are consistent with alignment of olivine [100]
axes parallel to the flow direction.

6.2. Implications for Modern Arcs:
Seismic Anisotropy

[58] 1. Slip on (001)[100] with a horizontal foliation and
slip on (010)[100] with vertical foliation yield the same
calculated S wave polarization. This means that the S wave
anisotropy observed at modern arcs may be due to the
(001)[100] slip system active in the Talkeetna arc rather
than the commonly assumed (010)[100] slip system, and S
wave polarization alone cannot be used to infer the orien-
tation of the foliation or flow plane.
[59] 2. S wave anisotropy calculations for Talkeetna arc

samples, in agreement with calculations and measurements
for other natural samples, are significantly greater than
measurements at active subduction zones. This discrepancy
could be due to variation in the flow direction, or orientation
of olivine [100] axes, within the mantle sampled by the S
waves, indicating complex flow within the mantle wedge. S
waves passing through the mantle wedge would only need
an �80-km-thick anisotropic layer with Talkeetna-type
fabrics to produce the 1-s delay time typical of most
subduction-zone measurements.

6.3. Implications for Modern Arcs:
Arc-Parallel Flow

[60] 1. In the Talkeetna arc, the stretching direction, the
[100] olivine slip direction, and the long axis of the arc are
subparallel, indicating that mantle flow was parallel to the
arc axis. This alignment of olivine [100] axes produces an S
wave anisotropy with the fast polarization direction subpar-
allel to the arc. Thus the fast polarization directions ob-
served parallel to some modern arcs now have an exposed
geological analog.
[61] 2. Arc-parallel fast polarization directions can be

caused by anisotropic peridotites and do not require the
presence of fracture zones, fluid-filled pockets, or the high-
stress H2O-induced (010)[001] slip system proposed by
Jung and Karato [2001].
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