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[1] The depth extent, strength, and composition of oceanic detachment faults remain poorly understood
because the grade of deformation-related fabrics varies widely among sampled oceanic core complexes
(OCCs). We address this issue by analyzing fault rocks collected from the Kane oceanic core complex at
23°30'N on the Mid-Atlantic Ridge. A portion of the sample suite was collected from a younger fault scarp
that cuts the detachment surface and exposes the interior of the most prominent dome. The style of
deformation was assessed as a function of proximity to the detachment surface, revealing a ~450 m thick
zone of high-temperature mylonitization overprinted by a ~200 m thick zone of brittle deformation.
Geothermometry of deformed gabbros demonstrates that crystal-plastic deformation occurred at
temperatures >700°C. Analysis of the morphology of the complex in conjunction with recent
thermochronology suggests that deformation initiated at depths of ~7 km. Thus we suggest the detachment
system extended into or below the brittle-plastic transition (BPT). Microstructural evidence suggests that
gabbros and peridotites with high-temperature fabrics were dominantly deforming by dislocation-
accommodated processes and diffusion creep. Recrystallized grain size piezometry yields differential stresses
consistent with those predicted by dry-plagioclase flow laws. The temperature and stress at the BPT
determined from laboratory-derived constitutive models agree well with the lowest temperatures and highest
stresses estimated from gabbro mylonites. We suggest that the variation in abundance of mylonites among
oceanic core complexes can be explained by variation in the depth of the BPT, which depends to a first order
on the thermal structure and water content of newly forming oceanic lithosphere.
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1. Introduction

[2] Slow- and ultraslow-spreading ridges make up
60% of the Earth’s mid-ocean ridge system, with
oceanic core complexes recognized as a common
feature along these ridges [e.g., Tucholke et al.,
1996, 1998 ; Smith et al., 2006; Cannat et al., 2006;
Escartin et al., 2008; John and Cheadle, 2010;
Schoolmeesters, 2011]. Well-developed OCCs are
characterized by a domed morphology with
spreading-parallel corrugations, and areal extents
from 150 to over 6000 km?. Samples collected from
OCCs along the Mid-Atlantic Ridge [Mutter and
Karson, 1992; Cann et al., 1997; MacLeod et al.,
2002; Escartin et al., 2003 ; Schroeder and John,
2004 ; Dick et al., 2008 ; Blackman et al., 2011], the
Southwest Indian Ridge [Cannat, 1991; Dick et al.,
1991, 2000], and in the Parece Vela Basin [Ohara
et al., 2003 ; Harigane et al., 2008] consist of ser-
pentinized peridotite, gabbroic rocks, diabase, and
basalt. Based on these morphologic and lithologic
observations [Tucholke and Lin, 1994; Tucholke
et al., 1996, 1998; Cann et al., 1997; Schroeder
and John, 2004 ; Boschi et al., 2006; Karson et al.,
2006; Smith et al., 2006; MacLeod et al., 2009] and
associated numerical simulations [Lavier et al.,
1999; Buck et al., 2005; Tucholke et al., 2008;
Olive et al., 2010], OCCs are hypothesized to be
bounded by normal faults with apparent offsets of
~15-125 km that undergo flexural rotation (i.e.,
“roll over”) while tectonically denuding the lower
crust and upper mantle.

[3] The ubiquity of OCCs at slow- and ultraslow-
spreading mid-ocean ridges implies that the rheolog-
ical behavior of oceanic detachment faults is a key
process in the generation of new oceanic litho-
sphere. Yet the depth extent, strength, and composi-
tion of fault-rock assemblages of oceanic
detachment faults remain poorly understood. In gen-
eral, samples from oceanic detachment faults exhibit
evidence of pervasive interaction between fault
rocks and seawater which produces weak, hydrous
alteration phases [MacLeod et al., 2002; Escartin
et al., 2003; Schroeder and John, 2004; Boschi
et al., 2006; Paulick et al., 2006; Harigane et al.,
2008; McCaig et al., 2010; Picazo et al., 2012].
However, evidence for high-temperature, viscous

deformation related to detachment faulting varies
from relatively little [MacLeod et al., 2002;
Escartin et al., 2003 ; Kelemen et al., 2004 ; Hirose
and Hayman, 2008], to moderate [Schroeder and
John, 2004; Karson et al., 2006; Harigane et al.,
2008; Picazo et al., 2012], to pervasive [Dick et al.,
2000; Mehl and Hirth, 2008; Miranda and John,
2010]. Additionally, some microstructural observa-
tions have led to the suggestion that a melt phase
plays an important role in the deepest portions of
the system [Agar and Lloyd, 1997; Dick et al.,
1991, 2000]. Because long-lived detachment faults
likely need a rheological boundary for localization
[Searle and Escartin, 2004], the above observations
have led to four primary models for the initial local-
ization/rooting of the fault system at depth: (1) an
alteration front [Escartin et al., 2003], (2) the
brittle-plastic transition (BPT) [Tucholke et al.,
1998, 2001, 2008; Schroeder and John, 2004], (3)
the boundary between gabbro intrusions and weak-
ened hydrated peridotite [/ldefonse et al., 2007], or
(4) a melt-rich zone [Dick et al., 1991, 2000].

[4] In an attempt to better understand the rheolog-
ical behavior of oceanic detachment faults, we
examine the characteristics of deformation associ-
ated with the central section of the Kane OCC at
23°30'N on the Mid-Atlantic Ridge (Figure 1). By
looking at the spatial distribution of fault rocks,
combined with petrographic, crystallographic, and
thermometric analysis of fault rocks that have
undergone high-temperature deformation, we
demonstrate that the Kane oceanic detachment
fault was initiated at high temperature and
extended below the BPT. Finally, we attempt to
reconcile the varying styles of deformation
recorded by fault rocks collected from other
OCCs by combining microstructural observations
with laboratory-derived constitutive models for
rock deformation to produce an overarching pic-
ture of oceanic detachment-fault rheology.

2. Geological Overview of the Kane
OCC

[s5] The Kane OCC is centered near 23°30'N,
45°20'W on the western flank of the Mid-Atlantic
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General structure and sampling locations at the Kane OCC. (a) Oblique view of Kane OCC ba-

thymetry with locations of East Fault and detachment fault breakaway and termination. (b) Map view of Abel
and Cain Dome bathymetry with major faults indicated [after Tivey et al., 2004; Dick et al., 2008]. Red lines
denote locations of dredges and dives from which samples used in this study were collected. Thick lines indi-
cate locations of cross sections A-A’ and B-B’, which appear in Figure 1d and Figure 8, respectively. The
same depth scale is used for Figures 1a and 1b. (c) Detailed bathymetry of East Fault scarp surveyed by the
autonomous vehicle ABE in vicinity of Jas112 drive track. Locations of samples used to construct profiles in
Figure 2 are indicated with sample numbers. (d) Velocity perturbation model from Xu et al. [2009]. Velocity
perturbations are differences from an initial 1-D velocity model. The blue region on the east flank of Cain
Dome is interpreted as seismically fast gabbro, while the pink regions of Cain and Abel Domes are interpreted

as seismically slow, serpentinized peridotite.

Ridge just south of Kane Fracture Zone (Figure 1)
and extends from ~3.5 Ma crust at the breakaway
to ~2.2 Ma crust at the termination [7ivey et al.,
2004; Cheadle et al., 2008; Dick et al., 2008;
Schoolmeesters, 2011]. The OCC is ~580 km? in
areal extent and exhibits several structural domes
that are corrugated parallel to the fracture zone:
the northern Babel Dome (~12 km long parallel
to the spreading direction), the central Cain and
Abel Domes (~25 km long), and the southern
Adam and Eve Domes (~6 km long and ~4 km
long, respectively) [Tivey et al., 2004; Dick
et al., 2008]. The Kane OCC is similar in size
and morphology to other recognized detachment-
bounded OCCs [e.g., Blackman et al., 1998;
Tucholke et al., 1998]. Additional similarities
include residual mantle Bouger gravity that is ele-
vated (~10-15 mGal) over much of the core
complex [Maia and Gente, 1998; Dick et al.,
2008], suggesting that the massif is cored by
high-density rocks.

[6] The complex is dissected by several normal
faults that trend parallel to the ridge axis (Fig-
ure 1). The 35 km long East Fault, a down-to-the
west normal fault, truncates the western edge of
Babel Dome and separates Cain and Abel Domes.
At Cain Dome, the fault trace is defined by a
~500 m high scarp, which exposes the interior
structure of the dome and provides an excellent
opportunity to collect samples from below the
main detachment surface.

[7] Based on the same sample suite used in this
study, Dick et al. [2008] mapped the architecture
of the Kane OCC from the Kane Transform to the
southern edge of Eve Dome. They interpreted Ba-
bel Dome in the north and Adam and Eve Domes
in the south to represent two exposed fossil mag-
matic centers. In contrast to those domes, Dick
et al. [2008] suggested the central Cain and Abel
Domes represent an area of very limited magma-
tism due to the relative lack of recovered dunite
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and primitive gabbros. Xu et al. [2009] further elu-
cidated the internal structure of the Kane OCC
using seismic tomographic models along several
cross sections through the complex. Their velocity
model of the central section (Figure 1b) is consist-
ent with the interpretation that Cain and Abel
Domes are largely composed of low-velocity, ser-
pentinized ultramafic rocks, although the east flank
of Cain Dome appears to be cored by a higher ve-
locity body, which they interpret as a series of
gabbroic intrusions.

3. Methods

3.1. Sample Collection and Profile
Construction

[s] The Kane OCC was investigated by extensive
magnetic, bathymetric, and sampling surveys dur-
ing R/V Knorr Cruise 180, Leg 2 [Tivey et al.,
2004; Dick et al., 2008]. Samples were collected
in 28 dredges and during seven dives with the
remotely operated vehicle Jason II, and ~2600 kg
of rock consisting dominantly of peridotite, dunite,
gabbro, diabase, and basalt were recovered. A
number of samples determined to be in situ were
geographically oriented using Jason II compass
orientation and video footage. Hand samples were
characterized based on their primary mineralogy,
alteration mineralogy, and deformation fabrics im-
mediately after sampling. For this study, we reana-
lyzed the deformation fabric intensity present in
each sample using available thin sections to sup-
plement observations from hand samples. We used
a scale of 0-5 to describe both brittle and crystal-
plastic deformation fabric intensity [Dick et al.,
1999; Schroeder and John, 2004, Table 2; Dick
et al., 2008]. We assume crystal-plastic deforma-
tion occurs at depths below the BPT, and we there-
fore include semibrittle deformation with brittle
deformation. For brittle fabrics, an intensity of 0
corresponds to undeformed, 3 corresponds to sig-
nificant brecciation with clast rotation, and 5 cor-
responds to an ultracataclasite. For crystal-plastic
fabrics, an intensity of 0 corresponds to an unde-
formed rock, 3 corresponds to a protomylonite,
and 5 corresponds to an ultramylonite.

[v] To examine the spatial distribution of defor-
mation below the main detachment surface, we
constructed profiles of deformation fabrics as a
function of depth using rocks collected by Jason II
on dive Jasl12 from the East Fault scarp on the
west flank of Cain Dome (Figure 1). Samples col-

lected from material clearly contained within a
large slump mass (Figure 1c¢) were not included in
the analysis. Because (1) the East Fault exposes
the interior of Cain Dome, and (2) the surface of
Cain Dome represents the main detachment sur-
face, the depth of any rock below the detachment
surface can be determined from the bathymetric
depth after correcting for the dip of the fault scarp
relative to the projected dip of the detachment sur-
face above the fault scarp. Here we extrapolate the
dip of the detachment surface from the western-
most part of the Cain Dome and use a planar con-
tinuation dipping at 1.5° to the west, the average
dip of the surface of Cain Dome in the vicinity of
cross section A—A’ (Figure 2). A change in the
projected dip of £5° varies the total reconstructed
section height by =95 m. Any downslope move-
ment of samples not collected in situ will exagger-
ate the thickness of the section, but given that
many samples were collected from outcrop (see
squares in Figure 2), we assume that this factor is
not significant. Figure 2 plots both brittle and
high-temperature deformation fabric intensities as
a function of depth below the detachment surface.

3.2. Microstructural Analysis

[10] In order to examine a spectrum of deforma-
tion fabrics, we analyzed samples from dive
Jas112 (Figure 2) as well as samples collected
from dives Jas113 and Jas114 and two dredges, all
in the area of Cain and Abel Domes. Deformation-
related microstructures were characterized through
analysis of thin sections with both petrographic
and electron microscopes. When possible, thin
sections were cut perpendicular to foliation and
parallel to lineation. We characterized fabrics
based on grain shape, grain size distribution, sub-
grain development, undulose extinction, kink
bands, and crystallographic-preferred orientations
(CPOs). Any cross-cutting and overprinting rela-
tionships between fabric types were recorded.

[11] Crystallographic fabrics were measured using
electron-backscatter diffraction (EBSD) on seven
of the least-altered samples that are interpreted to
span ~1 km through the detachment fault system.
Probe-polished thin sections were additionally pol-
ished with colloidal silica (0.04 um) for several
hours and analyzed using a JEOL 5800LV scan-
ning electron microscope with an attached HKL
Technology electron backscatter detector. Data
were acquired in a low-vacuum operating mode to
enable examination of electrically insulating sam-
ples without application of a conductive coating.
Data for relatively large areas were acquired by
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Figure 2.

Reconstructed deformation-depth profiles from samples collected on dive Jas112 (see Figure 1 for

sample locations). The strength of the crystal-plastic and brittle fabric in each sample was categorized using a
scale of 0—5 (none to high strain). Colors indicate the rock type for each sample. Squares denote samples that
appear to be in situ where they were collected. An ~450 m envelope of crystal-plastic deformation is seen
compared to an ~200 m envelope of brittle deformation (denoted by gray arrows), suggesting localization of
deformation toward the detachment surface as the footwall was tectonically denuded. Abundant carbonate ta-
lus in the upper 80 m of the section limited the recovery of igneous rocks. An interpreted lithologic column is
shown on the right. The lower plot illustrates how the depth below sea level for each sample was converted to
depth below the detachment surface. The red line denotes the main detachment surface. Data are available in

supporting information, Table S1.!

stage mapping: the electron beam remained verti-
cally incident on the sample surface while the
sample was moved to acquire data for a grid of
points, with step sizes ranging from 20 to 40 um.
Electron-backscatter patterns were indexed for oli-
vine, plagioclase, orthopyroxene, clinopyroxene,
ilmenite, magnetite, and hornblende using the
HKL Channel 5 software package.

[12] Grain boundaries were defined to be a misor-
ientation of >15° between neighboring pixels.

Subgrain boundaries were defined to be those with
misorientations between 2 and 15°. When possi-
ble, data sets were filtered to one point per grain to
prevent single grains from dominating pole fig-
ures. As listed in Table 1, the strengths of crystal-
lographic fabrics were measured using the M-
index [Skemer et al., 2005], which is set on a scale
of 0 (random fabric) to 1 (single crystal fabric).

'Additional supporting information may be found in the
online version of this article.
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Table 1. Summary of Data Used for Rheological Analysis

Sample Rock Type CP Fabric  d® (um) o¢° (MPa) Piezometer’ M-Index T¢(°C) Location
Jas112-32 Amph gabbro 35 90 49 T 0.03 811 East Fault scarp
Jas113-20a Amph gabbro 2.5 52 71 T 0.2 766 East slope Abel Dome
Jas113-20b Amph gabbro 4 29 106 T 0.05 766 East slope Abel Dome
Jas114-2 Amph gabbro 3.5 54 70 T 0.12 East slope Abel Dome, in situ
Kn180-19-4 Fe-Ti oxide gabbro 5 32 99 T 0.02 North slope Abel Dome
Kn180-19-12a  Plag layer 3.5 172 31 T 0.07 848 North slope Abel Dome
Kn180-19-12b  Gabbronorite 3.5 95 26 MH 0.07 848 North slope Abel Dome
Jas112-93b Harzburgite 3.5 99 43 VW 0.15 Detachment surface upslope of
East Fault scarp
Kn180-17-14a  Harzburgite 2.5 78 51 VW 0.21 South slope Abel Dome
Kn180-17-14b  Harzburgite 2.5 95 44 VW 0.14 South slope Abel Dome

*Mean recrystallized grain size.
“Estimated differential stress.

“Grain size piezometers used are from (T) Twiss [1977], (MH) Mehl and Hirth [2008], and (VW) van der Wal et al. [1993].
9Temperatures are averages of those calculated for multiple mineral pairs as reported in Table S1.

3.3. Grain Size Piezometry

[13] Measurements of recrystallized grain size
were used to estimate differential stress during de-
formation. Average recrystallized grain sizes were
measured using the linear intercept method on
photomicrographs of thin sections. A correction
factor of 1.5 was applied to average intercept
lengths to approximate the 3-D average grain size
[Underwood, 1970, pp. 80-93]. The anorthosite
piezometer from 7Twiss [1977] was used to calcu-
late paleostresses in plagioclase-rich regions. The
Twiss [1977] piezometer was also used by Mehl
and Hirth [2008] to estimate a polyphase piezo-
metric relationship in mixtures of plagioclase and
pyroxene. We use this estimated piezometric rela-
tionship to calculate paleostress in the polyphase
layers of a layered gabbronorite (Knl180-19-12).
The olivine piezometer from [van der Wal et al.,
1993] was used to calculate paleostresses in sam-
ples of peridotite. Calculated stresses are listed in
Table 1.

3.4. Thermometry

[14] Deformation temperatures of amphibole-
bearing gabbros were constrained by the
plagioclase-amphibole thermometer of Holland
and Blundy [1994]. Equilibrium B of Holland and
Blundy [1994] is based on the exchange of Al and
Na between amphibole and plagioclase and does
not require quartz saturation. The application of
this thermometer to oceanic gabbros is detailed in
Manning et al. [1996]. Chemical compositions of
plagioclase and amphibole were determined using
a JEOL JXA-8900 five-spectrometer electron
microprobe. Adjacent plagioclase and amphibole
grain pairs were sampled from 15 to 40 pm from
shared grain boundaries. Measured total Fe was

redistributed among the Fe*" and Fe®>" oxidation
states following the method of Dale et al. [2000].
A similar method was used to analyze orthopyrox-
ene and clinopyroxene pairs. Temperatures were
calculated using the Ca-QUILF thermometer
[Lindsley and Frost, 1992 ; Anderson et al., 1993].
Potential sources of error include uncertainty in
the thermometer, analytical uncertainty, low-
temperature diffusion across grain boundaries, and
nonequilibrium between measured phases.

[15] Deformation temperatures were not deter-
mined for peridotites. Although a variety of geo-
thermometers have been calibrated for use in
peridotites [Fabries, 1979; Brey and Kéhler,
1990; Sack and Ghiorso, 1991; Witt-Eickschen
and Seck, 1991], calculated temperatures can only
be assumed to represent deformation conditions if
neoblast pairs are analyzed. Neoblasts of a neces-
sary second phase (orthopyroxene, clinopyroxene,
or spinel) are not present in our unaltered samples,
which reduces the reliability of any calculated
temperatures.

4. Results

[16] A large proportion of the rocks collected from
the Kane OCC during R/V Knorr Cruise 180, Leg
2 (~25%) exhibit significant mylonitization and/or
brittle deformation, and many samples preserve a
retrograde deformation and alteration history. In
general, a down-temperature sequence of over-
printing fabrics is observed and characterized by
initial granulite- or amphibolite-grade mylonitic
fabrics that are subsequently overprinted by
greenschist retrogression; the development of a
distinct schistosity often defined by talc, tremolite,
or chlorite; and finally brecciation or cataclastic
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deformation. We first examine the spatial distribu-
tion of deformed rocks and then focus on the high-
temperature microstructures related to the deepest
portions of the detachment system.

4.1. Spatial Variations in Deformation

[17] As demonstrated by Dick et al. [2008], the
surface of each prominent dome (Cain, Abel, Ba-
bel, Eve, and Adam) hosts a high proportion of
deformed rocks, consistent with the hypothesis
that these surfaces are exposed detachment faults.
Of the samples collected, 26% have a fabric inten-
sity (brittle and/or crystal plastic) greater than 3.
This density of fault rocks is in contrast to rocks
collected from the scarps of East and West faults,
where only 7% have a fabric intensity greater than
3. As illustrated in Figure 3, measured foliations in
oriented samples are subparallel to the average ori-
entation of the main detachment surface (diping
10-30° to the southeast).

[18] The depth profile of deformation fabric inten-
sity (Figure 2 and Table S1; supporting informa-
tion) allows investigation of variations in
distribution and magnitude of strain below the
detachment surface to characterize the detachment
zone. The samples used to construct this profile
are dominated by peridotite (88 wt%) and gabbro

N

mJas113
AJas114
eJasi116

Figure 3. Poles to mylonitic foliation of in situ samples
plotted on a lower-hemisphere equal-angle stereonet. Large,
open, symbols represent poles to the detachment surface near-
est to sampled outcrops. Small, filled, symbols represent
poles to foliation measured in hand samples. Orientations of
foliations in hand samples are estimated to be accurate to
within +20°. Data are available in Table S2 (supporting
information).

(10 wt%) with lesser amounts of dunite and dia-
base [Dick et al., 2008]. Several samples of harz-
burgite are intruded by gabbroic veins, some of
which are obviously incorporated into the high-
temperature deformation zones (see section
4.2.1.2). There is abundant carbonate talus on the
uppermost part of the scarp, which limited recov-
ery of igneous rocks near the main detachment
surface.

[19] Figure 2 demonstrates that, in general, defor-
mation fabrics increase in intensity at higher struc-
tural levels adjacent to the detachment fault, with
broad zones of both high-temperature and brittle
deformation near the top of the section. Protomy-
lonitic to mylonitic deformation is contained in a
~450 m thick envelope. Intense brittle deforma-
tion (>2) is present to depths of ~200 m. In the
upper ~450 m, 23% of sampled rocks show signif-
icant high-temperature deformation, and in the
upper ~200 m, 15% of sampled rocks show signif-
icant brittle deformation. These percentages are
significantly higher than percentages for all sam-
ples collected on dive Jas112 (18% high tempera-
ture, 5% brittle) and are only slightly lower than
the percentages of deformed rocks recovered from
the surface of Cain Dome (26% high temperature,
20% brittle) [Dick et al., 2008]. We note that the
presence of undeformed rocks intermingled with
highly deformed rocks is consistent with observa-
tions of hand specimens in which centimeter-wide
mylonitic shear zones can be observed. Based on
these observations, we suggest that (1) the Kane
detachment fault system is characterized by a
broad zone of high-temperature deformation that
localized into a narrower zone of brittle deforma-
tion, and (2) both high-temperature and brittle sys-
tems are composed of many discrete shear zones
on the order of centimeters to meters thick, sur-
rounding less deformed rocks interspersed
between these shear zones.

4.2. Characterization of Deformation
Conditions

4.2.1. High-Temperature Mylonitic
Microstructures

[20] Gabbronorites, amphibole-bearing gabbros,
and Fe-Ti oxide gabbros sampled from the Cain
and Abel Domes exhibit mylonitic microstructures
characteristic of high-temperature, crystal-plastic
deformation (Figure 4). Plagioclase in gabbroic
mylonites exhibits extensive core-and-mantle
structure, ribbon-shaped porphyroclasts, and sub-
grain development. Neoblasts and subgrains are
similarly sized (30-200 pm) and significantly
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Figure 4. Characteristic microstructures of gabbroic mylonites (crossed nicols: Figures 4a, 4c, and 4d;
plane-polarized light: Figures 4b and 4e). The shear sense is oriented top to the right for all images. The red
boxes indicate regions analyzed with EBSD. (a) Plagioclase, pyroxene, and hornblende in an oriented gabbro
mylonite (Jas114-2). Tails of recrystallized amphibole have retrogressed to hornblende and define the crystal-
plastic foliation. Plagioclase forms the matrix and is substantially recrystallized. The foliation dips ~45° to
the south. (b) Gabbro mylonite exhibiting large gradients in deformation (Jas113-20). The highest strain
region is composed of fine layers of amphibole and plagioclase and is significantly finer grained than the low-
strain region. (c) Dynamically recrystallized plagioclase with core-and-mantle structure (Jas113-20). Plagio-
clase porphyroclasts have significant subgrain formation and twinning. Photo is taken from just outside the
high-strain region in Figure 4b. (d) Fine-grained gabbronorite mylonite (Kn180-19-12). Recrystallized grains
of pyroxene and plagioclase are well mixed. (e) The most intensely deformed rock collected from the Kane
OCC, an oxide gabbro ultramylonite (Kn180-19-4). Large plagioclase porphyroclasts have recrystallized tails
that mark the foliation. The matrix is dominated by very fine-grained plagioclase, ilmenite, and amphibole.

10.1002/ggge.20184

smaller than plagioclase porphyroclasts (500—1000
pm). Neoblasts are equigranular and lack signifi-
cant internal deformation, which suggests that sub-
grain development and neoblast formation has
served as a recovery mechanism after extensive
dislocation nucleation during intragranular dislo-

cation creep. This texture has often been attributed
to subgrain rotation as a mechanism for dynamic
recrystallization [e.g., Drury and Urai, 1990;
Hirth and Tullis, 1992]. Amphibole-bearing gab-
bros commonly exhibit alternating bands of
brown-green amphibole and plagioclase defining a
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millimeter- to centimeter-scale foliation. Amphi-
bole forms rims on pyroxene grains and extends
from the pyroxene hosts in fine-grained, mono-
phase tails. Several gabbro mylonites contain elon-
gate stringers of Fe-Ti-rich melt that follow the
mylonitic foliation while some relatively unde-
formed pockets of Fe-Ti-rich melt surround brittle
fractured plagioclase and pyroxene, which sug-
gests that a highly evolved melt phase was intrud-
ing the fault rocks throughout the deformation
history (i.e., premylonitization, synmylonitization,
and postmylonitization). One ultramylonite was
collected from the surface of Abel Dome, record-
ing the highest strain of all samples (Figure 4e).
Pyroxene, zircon, and a few plagioclase por-
phyroclasts sit in a very fine-grained, well-mixed
matrix of plagioclase, ilmenite, and amphibole.
Plagioclase porphyroclasts have intense undulose
extinction and are mantled by fine-grained
neoblasts.

[21] Several deformed peridotites without a heavy
brittle overprint were collected from both the sur-
face of Cain and Abel Domes and the East Fault
scarp. These are, in general, extensively serpenti-
nized and exhibit low-temperature, static retro-
gression (i.e., alteration of pyroxene to fine-
grained tremolitic amphibole). The latest stages of
alteration largely prevent the identification of
many of the high-temperature microstructures.
However, even in the most severely altered sam-
ples in which the original mineralogy is no longer
present, relict protomylonitic and mylonitic fabrics
can be recognized as asymmetric porphyroclasts
with fine-grained tails hosted by a fine-grained ma-
trix (Figures 5a and 5b). Several samples collected
from the surfaces of Cain and Abel Domes exhibit
a mylonitic fabric despite late brittle deformation.
The highest-temperature fabrics are characterized
by large pyroxene porphyroclasts that are often
kinked and bent suggesting at least limited plastic-
ity, and their asymmetry provides a sense of shear.
Tails of recrystallized pyroxene that have since
severely retrogressed, extend from the large por-
phyroclasts and define a foliation. Foliations and
senses of shear determined from oriented samples
indicate shear planes subparallel to the main
detachment and slip directions consistent with that
of the detachment system. Fine-grained matrices
consist of tremolite, magnetite, serpentine, and
talc, and the olivine can sometimes be identified as
the fine-grained, prealteration phase.

[22] Although rare, several relatively unaltered pe-
ridotite mylonites were collected. Olivine in these

samples (Figure 5c) has a well-developed core-
and-mantle structure with ribbon-shaped porphyr-
oclasts and subgrain development. Olivine neo-
blasts and subgrains are similarly sized (~100 pm)
and significantly smaller than olivine porphyro-
clasts (~1000 pm). Some tails of unaltered,
recrystallized pyroxene extend from pyroxene
porphyroclasts. These observations indicate the
operation of deformation and recrystallization
mechanisms in the olivine-rich rocks similar to
those interpreted for the plagioclase-rich rocks.

[23] Several deformed peridotites host gabbroic
veins that appear to have been emplaced during
deformation. The detail of one of these samples is
depicted in Figure 5d. Aggregates of fine-grained
olivine are surrounded by a matrix of chlorite and
epidote. The matrix also contains relict amphibole
and zircon, confirming the gabbroic origin. Optical
inspection of olivine with a retardation plate
shows a significant preferred orientation. Further
details of the crystallographic fabric are discussed
below. The fine-grained nature and preferred ori-
entation of the olivine indicates deformation prior
to intrusion, while schistose fabrics developed in
the gabbroic matrix suggest further deformation
subsequent to intrusion.

4.2.1.1. CPOs: Plagioclase

[24] CPOs of plagioclase are plotted in Figure 6.
We examined plagioclase CPOs in three
amphibole-bearing gabbro mylonites, one Fe-Ti
oxide gabbro ultramylonite, and one layered gab-
bronorite mylonite. In two cases, we mapped two
areas (denoted by “a” and “b”) of differing plagi-
oclase grain size and fabric within the same thin
section. Plagioclase CPO strengths were quantified
using the M-index [Skemer et al., 2005] and range
from 0.03 to 0.20. Although there is significant
variation in the magnitude and orientation of the
CPO, samples with the strongest CPOs (Jas113-
20a, Jas114-2, Kn180-19-12a and b) tend to have
clusters of [100] axes aligned with the shear direc-
tion (Figure 6). The [010] axes tend to be grouped
into weak point maxima oriented perpendicular to
the shear plane. These data are consistent with de-
formation being accommodated primarily by acti-
vation of the (010)[100] and (010)[001] slip
systems. The (010)[100] and (010)[001] slip sys-
tems have been documented as primary slip sys-
tems during high-temperature (750-900°C)
deformation of plagioclase by transmission elec-
tron microscopy [e.g., Olsen and Kohlstedt, 1984],
by examination of CPOs in experimentally
deformed rocks [e.g., Ji and Mainprice,1990;
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Figure 5. Characteristic microstructures of peridotite protomylonites and mylonites (crossed nicols). The
shear sense is oriented top to the right for all images. The red boxes indicate regions analyzed with EBSD. (a)
Oriented image of a peridotite mylonite that has been significantly altered and overprinted by brittle deforma-
tion, and is now seen as a fractured talc clast in a fine-grained tremolite-serpentine matrix (Jas116-16). The
shear sense matches that of the overall detachment. (b) Statically altered peridotite mylonite (Jasl13-36).
Large altered pyroxene grains sit in a matrix of olivine retrogressing to magnetite, serpentine, and amphibole.
(c) Relatively unaltered peridotite mylonite (Kn180-17-14). Pyroxenes and olivine porphyroclasts are asym-
metric in a manner consistent with the top to the right shear sense. Olivine porphyroclasts are dynamically
recrystallized into a fine-grained olivine matrix. Undulose extinction and subgrain development is ubiquitous
in the large grains. (d) Peridotite mylonite intruded by a gabbroic melt (Jas112-93). The full thin section
image is accompanied by a schematic interpretation denoting the peridotite host and the intruding gabbro. Pe-
ridotite aggregates are chiefly composed of very fine-grained olivine, indicating significant grain size reduc-
tion and mylonitization.

Stunitz et al., 2003], and by examination of CPOs  randomly distributed plagioclase orientations
in naturally deformed rocks [e.g., Xie et al., 2003;  (e.g., Jas112-32, and Knl180-19-4) with low M
Mehl and Hirth, 2008]. Several samples exhibit indices (M < 0.03). The weakest fabrics tend to
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Figure 6. Pole figures (PF) and inverse pole figures (IPF) for plagioclase in the gabbros. For pole figures, all
EBSD data were filtered to one point per grain, and the number of grains is given along with the calculated
M-index. All pole figures are lower-hemisphere, equal-area plots. For inverse pole figures, correlated misor-
ientations between 2° and 15° are plotted in the crystallographic reference frame. Details of the reference
frames are given in the legend.
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be associated with the smallest grain sizes
(Table 1).

[2s] Distributions of  misorientation  axes
describing plagioclase subgrain boundaries are
plotted on inverse pole figures in Figure 6.
Subgrain boundaries are taken to be those
boundaries with misorientation angles between
2 and 15°. All samples except the finest-grained
sample (Knl180-19-4) exhibit strong preferred
orientations of misorientation axes. Misorienta-
tion axes tend to cluster between [100] and
[001]. This observation is consistent with sub-
grain boundaries being built out of (010)[100]
and (010)[001] edge dislocations during pro-
gressive subgrain-rotation recrystallization [e.g.,
Lloyd et al., 1997]. Preferred misorientation-
axis orientations in rocks with mylonitic fabrics
provide further confirmation that intragranular
dislocation creep was facilitating recrystalliza-
tion [Wheeler et al., 2001]. The paucity of sub-
grain boundaries in sample Knl80-19-4 is
consistent with the interpretation that the sam-
ple was deforming dominantly by diffusion
creep [Fliervoet et al., 1999; Sundberg and
Cooper, 2008]. Interestingly, two samples with
relatively weak CPOs (Jas112-32 and Jasl13-
20b) also have a significant number of subgrain
boundaries, and the misorientation axes associ-
ated with those boundaries are clustered near
[100] and [001]. We interpret the lack of a
strong CPO in these samples to reflect simulta-
neous diffusion creep in the numerous fine-
grained neoblasts and dislocation creep in the
few coarse-grained porphyroclasts that are still
forming subgrain boundaries as a part of the
recrystallization process.

4.2.1.2. CPOs: Olivine

[26] Olivine CPOs are plotted in Figure 7. Sample
Kn180-17-14, a harzburgite mylonite, exhibits a
well-developed CPO with an M-index of 0.21. The
[100] axes are subparallel to the lineation defined
by elongated pyroxene grains and olivine porphyr-
oclasts. The [010] axes are roughly normal to the
shear plane, but both [010] and [001] axes form
weak, diffuse girdles perpendicular to the linea-
tion. This type of fabric is frequently seen in natu-
rally deformed lithospheric peridotites [e.g., Ismail
and Mainprice, 1998 ; Karato et al., 2008 ; Warren
et al., 2008] and high-strain laboratory experi-
ments [e.g., Bystricky et al., 2000; Hansen et al.,
2012]. Nicolas and Christensen [1987] interpreted
girdling of [010] and [001] axes to indicate activa-
tion of the {0kl}[100] family of slip systems,
which is likely dominated by the (010)[100] and

(001)[100] slip systems [Warren et al., 2008].
However, the presence of [010] and [001]
maxima suggests that (010)[100] has accommo-
dated most of the deformation. In other, more
highly altered samples, olivine occurs in clusters
of equigranular polygonal grains. These olivine
grains do not exhibit undulose extinction or
subgrain development, but optical inspection
with a retardation plate suggests a strong CPO
for most samples, implying they are neoblasts
formed during dynamic recrystallization in a man-
ner similar to that described for sample
Kn180-17-14.

[27] We also analyzed olivine CPOs for two of the
peridotite aggregates in sample Jas112-93 (Fig-
ure 7). Because this sample consists of peridotite
aggregates hosted in a meta-gabbroic matrix, the
dominant peridotite foliation is unclear. Both
aggregates have strong CPOs, which indicates a
large contribution from dislocation motion to the
total deformation and is consistent with the domi-
nant mechanism being either dislocation creep
[Zhang and Karato, 1995; Zhang et al., 2000] or
dislocation-accommodated grain boundary sliding
[Hansen et al., 2011, 2012]. The lack of informa-
tion regarding the shear direction or shear plane
prevents interpretation of a dominant slip system
from the CPO. Importantly, the dominant axis
directions in either aggregate are not parallel,
which suggests that the aggregates were rotated
with respect to each other. We interpret these
observations to indicate that the peridotite was first
deformed plastically and subsequently intruded
and broken up by a basaltic melt that crystallized
as a gabbro.

[28] Distributions of misorientation axes describ-
ing olivine subgrain boundaries are plotted on
inverse pole figures in Figure 7. All analyzed
regions in the peridotites exhibit strong preferred
misorientation-axis orientations. Misorientation
axes are dominantly distributed between [001] and
[010], as would be expected for subgrain bounda-
ries that are built from {0kl}[100] edge disloca-
tions. The similarity in misorientation-axis
distributions between samples Kn180-17-14 and
Jas112-93 indicates that dislocations with similar
slip systems were contributing to subgrain bound-
ary formation. Notably, misorientation axes meas-
ured in Knl80-17-14a tend to be more aligned
with [010], which suggests (001)[100] dislocations
were dominant in this region. Because Kn180-17-
14a is only ~1 cm away from Knl180-17-14b, we
suggest the predominance of misorientation axes
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Figure 7. Pole figures (PF) and inverse pole figures (IPF) for olivine in the peridotites. For pole figures, all
EBSD data were filtered to one point per grain, and the number of grains is given along with the calculated
M-index. All pole figures are lower-hemisphere, equal-area plots. For inverse pole figures, correlated misor-
ientations between 2° and 15° are plotted in the crystallographic reference frame. Details of the reference

frames are given in the legend.

near [010] reflects the orientation of the host grain
or grains from which the measured grains were
nucleated.

4.2.2. Gabbro Thermometry

[29] Temperatures during mylonitization of gab-
broic rocks were calculated from both the amphi-
bole gabbros and from the gabbronorite (Table 2).
Hornblende and plagioclase neoblast pairs from
samples Jas112-32 and Jas113-20 yield tempera-
tures between 706°C and 797°C = 40°, in good
agreement with temperatures suggested by the
inferred slip system in plagioclase. We assume
that these temperatures reflect conditions during
mylonitization because measurements were made
on neoblasts of both hornblende and plagioclase,
which likely equilibrated during deformation-

related recrystallization. These calculated temper-
atures are also consistent with the observation that
high-temperature microstructures reflect deforma-
tion at depths below the BPT and at temperatures
below the solidus.

[30] Six orthopyroxene-clinopyroxene pairs were
also analyzed from sample Kn180-19-2, a gabbro-
norite. Calculated temperatures range from
872°C =27° to 914°C = 17°. These pyroxene
grains are neoblasts formed during dynamic
recrystallization from nearby pyroxene crystals
that are several orders of magnitude larger. There-
fore, we suggest that these temperatures represent
the highest temperatures of deformation deter-
mined for the Kane OCC.
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Table 2. Summary of Temperatures Calculated by
Geothermometers

Jas112-32° Jas113-20"

[Holland and [Holland and Kn180-19-12

Blundy, 1994] Blundy, 1994] (Ca-QUILF)

Analyses T(°C) Analyses T(°C) Analyses T(C)

P4 Hb4 850 P20 Hbl7 757 CPX8 OPX9 910
P5 Hb5 863 P21 Hbl8 765 CPX10 OPX9 891

P6  Hb6 794 P24 Hb21 794
P7  Hb7 862 P25 Hb22 791
P8  Hb8 868 P28 Hb25 758
P9 Hb9 874 P29 Hb26 792
P10 Hbl0 843 P30 Hb27 752
P11 Hbll 853 P32 Hb29 753
P12 Hbl2 818 P33 Hb30 727
P13 Hbl3 808 P34 Hb3l 771
P35 Hb32 775
P36 Hb33 770
P37 Hb34 759
P38 Hb3s 797
P39 Hb36 789
P41 Hb38 707

CPX22 OPX19 872
CPX24 OPX21 901
CPX29 OPX26 905
CPX30 OPX27 914

“P =plaglioclase; Hb = hornblende.

5. Discussion

5.1. Deep Root of the Kane Oceanic
Detachment Fault

[31] The observations described above prescribe a
fault system that rooted sufficiently deep for high-
temperature, viscous deformation to be dominant.
The package of mylonites near the main detach-
ment surface is concordant with overprinting brit-
tle fabrics, and therefore mylonitic microstructures
likely record the highest temperatures at which the
detachment was operating. Mylonitic microstruc-
tures in peridotites and gabbros are characterized
by subgrain development, core and mantle struc-
ture, and strong CPOs. These structures are clearly
indicative of deformation accommodated by high-
temperature processes, particularly dislocation
mechanisms and transport of material by diffusion
[e.g., Poirier, 1985; Passchier and Trouw, 2005].
The measured recrystallized grain sizes record rel-
atively large differential stresses (Table 1), which
suggests that the observed mylonitic textures are
more likely related to detachment faulting than to
suprasolidus emplacement (for mafic rocks) or
asthenospheric flow (for ultramafic rocks). Follow-
ing the scheme of Rutter [1986] and Kohlistedt
et al. [1995], the presence of high-temperature
mylonites suggests that the upper part of the foot-
wall of the detachment fault was at some point
deforming viscously at depths below the BPT.
There is also clear evidence for a down-
temperature trend in textures akin to those
observed in other investigations of detachment

related rocks [Schroeder and John, 2004 ; Miranda
and John, 2010; Picazo et al., 2012]. This obser-
vation is consistent with the footwall rocks
deforming as they were being transported upward
through the BPT into a zone of semibrittle defor-
mation and eventually through the brittle-ductile
transition where brittle deformation localized into
the narrow fault now exposed as the detachment
fault surface.

[32] Further constraint on the depth of faulting can
be obtained from the morphology of the break-
away ridge in the vicinity of Abel Dome (Figure 8),
from which we can estimate the original depth of
fault rocks exposed at East Fault when detachment
faulting began. The current dip of the east slope of
the breakaway ridge indicates that 26° of flexural
rotation has occurred. Following the method of
Smith et al. [2008], the amount of rotation indi-
cated by the dip of the east slope of the breakaway
ridge combined with the current dip of the west
slope requires that the dip of the detachment fault
at initiation was ~48°. Thus, because the East
Fault scarp at Cain Dome is ~10 km east of the
breakaway ridge, the rocks exposed on the scarp
were at ~7 km depth when faulting initiated. Error
in the fault dip of =5° results in <1 km variation
in the calculated depth.

[33] Recent thermochronometry provides addi-
tional constraints on the depth of the detachment
faulting. Schoolmeesters [2011] and Schoolmeest-
ers et al. [2011] used both U-Pb and (U-Th)/He
chronometers to calculate zircon ages from gab-
bros in the same sample suite used here. Assuming
a fault dip of 48° (as outlined above), and follow-
ing the method outlined by Grimes et al. [2011],
they demonstrated that footwall rocks passed
through the 735°C and 190°C isotherms at 6.0-8.0
km and 1.5-2.5 km below seafloor, respectively,
in good agreement with our prediction of high-
temperature deformation at depths of ~7 km.

[34] Several models have been proposed for the
deep roots of OCC detachment faults, including
the fault rooting into an alteration front [Escartin
et al., 2003], into a magma chamber or melt-rich
zone [Dick et al., 2000], into the boundary
between gabbro intrusions and weakened hydrated
peridotite [/ldefonse et al., 2007] or into the BPT
[Tucholke et al., 1998, 2001, 2008]. Escartin et al.
[2003] proposed that the detachment fault at
15°45'N rooted into an alteration front correspond-
ing to temperatures of 300-450°C. The high-
temperature deformation presented in this study
clearly requires the fault at the Kane OCC to have
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Figure 8. Calculation of initial fault dip from breakaway to-
pography. The upper two plots schematically indicate the
manner in which the initial dip angle is preserved at the break-
away after tectonic denudation and flexure of the footwall
[modified from Tucholke et al., 2001]. The lower plot depicts
a cross section through the breakaway measured near Abel
Dome, yielding an initial fault dip of 48°. Location of B-B' is
indicated in Figure 1b.

rooted at a much deeper structural level. Because
of the extensive gabbroic intrusions observed in
Ocean Dirilling Program (ODP) Hole 735B, Dick
et al. [2000] proposed that the Atlantis Bank
detachment fault rooted into a melt-rich zone
where new oceanic crust was continuously
accreted in the footwall as it was tectonically
denuded. This model allows for the interaction of
detachment-related shear zones with melt, as well
as high-temperature deformation, both of which
are suggested here for the Kane OCC. However,
the large proportion of ultramafic rocks composing
Cain and Abel Domes implies that magmatism
was relatively limited. Therefore, we suggest that
any nucleation of shear zones into a melt-rich
zone at the Kane OCC was transient and con-
strained to small areas with respect to the overall
mylonitic zone. [ldefonse et al. [2007] argued that
oceanic detachment faults can nucleate at the con-
tact between gabbroic intrusions and the surround-
ing peridotite due to local serpentinization, which
is consistent with several OCCs being cored by
large gabbro bodies. Similar processes may have
been important on the east flank of Cain Dome in
which high seismic velocities indicate the pres-
ence of a large gabbroic intrusion [Xu et al.,

2009]. However, local serpentinization would only
contribute to localization at higher structural levels
at which low enough temperatures for stable for-
mation of serpentine would be achieved
(T<~550°C) [e.g., Ulmer and Trommsdorff,
1995]. Additionally, the relative paucity of gab-
bros collected from Abel Dome and the west
flank of Cain Dome along with the observation
that some gabbros intrude already mylonitized
peridotites demonstrates that deformation can
also localize into relatively unaltered ultramafic
rocks.

[35] We propose that our observations are consist-
ent with a detachment fault system that roots into
or below the BPT (Figure 9). We stress that a
detachment fault rooting into the BPT does not
imply that material below the BPT translated with-
out deformation. Rather, Figure 9 depicts a distrib-
uted zone of mylonitic deformation whose upper
boundary roughly corresponds to the BPT. The
active mylonitic shear zones also interact with
small gabbroic intrusions, some of which may be
partially molten. With increasing depth, this zone
of mylonitic deformation must transition into dis-
tributed asthenospheric mantle flow. Above the
BPT some mylonitization may be still active and
likely is accommodated by semibrittle processes.
The active portion of the system progressively nar-
rows into a zone of intense localized brittle defor-
mation characterized by hydration of mineral
phases; relict mylonitic shear zones away from the
localized fault see only static alteration.

5.2. Rheological Profile of an Oceanic
Detachment Fault

[36] To quantify the rheological properties of the
Kane detachment fault, we use observed micro-
structures in combination with laboratory-derived
constitutive equations. For the viscously deform-
ing portion of the fault system, rock deformation
can be described by a flow law of the form

é:A%exp (;—?) (1)

where ¢ is the strain rate, 4 is a material-
dependent constant, ¢ is the differential stress, 7 is
the stress exponent, d is the average grain size, p is
the grain size exponent, Q is the activation en-
thalpy, R is the gas constant, and 7 is temperature.
The term A can be expanded to describe dependen-
cies of the strain rate on a variety of other state
variables including the water fugacity, the oxygen
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Figure 9. Cartoon describing the tectonic denudation of the Cain and Abel Domes of the Kane OCC. Gab-
broic rocks are depicted as shades of blue and peridotite as shades of green, with gray portions representing
the volcanic carapace. A zone of distributed, high-temperature, mylonitic shear zones extends below the BPT.
Discrete gabbroic intrusions are incorporated into some shear zones. The BPT is warped upward in response
to the advection of hot material. Above the BPT, some shear zones continue to be active in a semibrittle mode
of deformation while others are abandoned in favor of a localized brittle damage zone (yellow line). Due to
limited magmatism, peridotite (and serpentinite) and small gabbroic lenses in the footwall are exposed on the
sea floor. The inset schematically depicts the distributions of rock type, mylonitic shear zones (black lines),

and brittle shear zones (yellow lines).

fugacity, and the melt fraction [Hirth and Kohl-
stedt, 2003].

[37] The flow law in equation (1) describes the de-
formation behavior of a single phase or polyphase
material dominated by a single deformation mecha-
nism. In general, multiple deformation mechanisms
operate simultaneously. Viscous deformation mech-
anisms such as dislocation creep, diffusion creep,
and dislocation-accommodated grain-boundary slid-
ing are often considered to be operating independ-
ently of each other. Thus, a constitutive relationship
describing the total strain rate of the material can be
written as a summation of the strain rates due to
each mechanism,

&= Zs, = ZA,—%exp (;%), (2)

where i denotes the value for the ith deformation
mechanism.

[33] Figure 10a presents temperature and differen-
tial stress predictions for the samples presented in
this study compared to calculated differential
stress as a function of temperature using flow-law
parameters for wet plagioclase (0.07 wt% H,0),
dry plagioclase, and dry olivine. To calculate dif-
ferential stresses at a given temperature, we use
parameters for three sets of flow laws and a range
of strain rates consistent with those expected in
detachment-fault shear zones (10~'* and 10~'*°
s 1) [John and Cheadle, 2010]. For wet and dry
plagioclase, we use the diffusion creep and dislo-

cation creep flow-law parameters for An;o plagio-
clase from Rybacki and Dresen [2000]. For dry
olivine, we use the dislocation creep and diffusion
creep flow laws from Hirth and Kohlstedt [2003]
and the dislocation-accommodated grain-boundary
sliding flow law from Hansen et al. [2011]. We
modify the pre-exponential constant, 4, for diffu-
sion creep of olivine according to Hansen et al.
[2011]. The evolution of grain size with changing
stress conditions can be approximated using
empirically derived piezometric relationships for
plagioclase [Twiss, 1977] and olivine [van der Wal
et al.,1993], which take the form

a=" 3)

[39] The parameters B and ¢ are material depend-
ent constants. After inserting equation (3) into
equation (2), the stress at any given temperature
can be solved for numerically.

[40] The resulting curves in Figure 10a are com-
pared to values determined by grain size piezome-
try and geothermometry of gabbros (see Table 1).
The measured values are most consistent with
stresses predicted using the dry-plagioclase flow
law. Notably, the wet-plagioclase flow law dra-
matically under-predicts the observed stresses at
the assumed strain rates. Strain rates of at least
107° s~ are necessary for the wet-plagioclase
flow law to predict reasonable stress/temperature
profiles. An estimate of realistic strain rates can be
obtained following the argument of Mehl and
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Figure 10. Rheological analysis of the Kane detachment fault. (a) Stress-temperature profiles calculated
using laboratory-derived flow laws for plagioclase and olivine. Profiles are illustrated as shaded regions
encompassing the stresses predicted for strain rates ranging from 10™'* to 107" s™!. For dry flow laws, the
transition from dislocation creep or dislocation-accommodated grain-boundary sliding to diffusion creep is
depicted with a blue dashed line for plagioclase and a grey dashed line for olivine. Stress and temperature cal-
culated from mylonitic samples are presented for comparison. (b) Stress-depth profile including frictional
strength at shallow depths. The red line denotes the predicted stress profile assuming fault strength is con-
trolled by talc in the shallowest portions, frictional sliding with a hydrostatic pore fluid in the intermediate
portions, and composite viscosity including mafic and ultramafic rocks below the BPT.

Hirth [2008]. Approximately, 20% of the sampled
rocks exhibit significant crystal-plastic deforma-
tion fabrics in the upper 450 m of the profile con-
structed in Figure 2, which yields a total thickness
of viscous shear zones of ~90 m. The fault slip
rate has been estimated from U/Pb dating of zircon
to be ~16.5 mm/yr [Cheadle et al., 2008].
Combining fault slip rate and total shear zone
thickness yields a maximum shear strain rate of
~6 x 107?57 which, when converted to an
equivalent axial strain rate [Paterson and Olgaard,
2000], is ~3 x 107'? s7'. Because this estimate is
within an order of magnitude of that predicted by
dry-plagioclase flow laws using the measured
stresses, we suggest that the rheological behavior
of the gabbroic rocks in the Kane detachment sys-
tem are best described by a dry flow law. The dif-
ference between our calculated stresses and those
predicted from grain size piezometry could poten-
tially be explained by the incorporation of a small
amount (i.e., <0.07 wt%) of water into plagioclase
[Rybacki and Dresen, 2000] or by geometric soft-
ening associated with CPO development [e.g.,
Hansen et al., 2012]. We note that our estimate of
~90 m for the total thickness of shear zones would
have to be reduced by over 2 orders of magnitude
to result in strain rates similar to those necessary
for the wet-plagioclase flow law from Rybacki and
Dresen [2000] to predict reasonable stresses.

[41] Stresses predicted for olivine-rich rocks are
also illustrated in Figure 10a. Although we do not
have temperature data to allow comparison
between measured stresses and predicted stresses,
we note that dry olivine is similar in strength to
dry plagioclase at these conditions. The predicted
stress profiles for olivine suggest that peridotite
mylonites formed at ~800°C, consistent with
observations of shear zones in orogenic peridotites
[Linckens et al., 2011a, 2011b].

[42] In further support of the above analysis, data
from fault rocks are plotted in Figure 10a with
symbols that correspond to the strength of the
crystallographic fabric. Samples deformed at the
highest stresses, with one exception (Jas113-20a),
tend to have the weakest fabrics (M < 0.05). The
highest measured stresses correlate well with
the boundary between deformation dominated by
dislocation processes (dislocation creep or
dislocation-accommodated grain-boundary slid-
ing) and that dominated by diffusion creep. The
weakening of crystallographic fabrics with
increased stress (i.e., reduced grain size) is com-
monly attributed to the increased contribution of
diffusion creep to the total strain rate [e.g., Jaro-
slow et al., 1996; Bestmann and Prior, 2003;
Linckens et al., 2011a]. Although we do not have
temperature data for olivine-rich rocks, the
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measured stresses are within the dislocation-
accommodated grain-boundary sliding regime for
a wide range of temperatures, and olivine CPOs
correspondingly have relatively high M indices
(M=0.14-0.24).

[43] Plagioclase and olivine flow laws are used to
construct the profile of fault strength with increas-
ing depth illustrated in Figure 10b. To describe the
deformation behavior of a shear zone intersecting
both mafic and ultramafic rocks, we assume the
strain rate is spatially constant and the stress varies
between plagioclase-rich rocks and olivine-rich
rocks, which yields

-1
O composite = (fﬂ + &) ’ (4)

Oplag Ool

where f,;,, and f,; are the volume fractions of
plagioclase-rich rocks and olivine-rich rocks,
respectively. The above statement is equivalent to
the Voigt bound for the bulk properties of multi-
phase rocks [e.g., Handy, 1994; Ji et al., 2001,
2004]. We use f,,o = 0.4 and f,;= 0.6 according to
the proportions of deformed rocks collected from
dive Jasl12 (Figure 2). Alternatively, using a
constant-stress assumption (Reuss bound) pro-
duces qualitatively similar results because olivine
and plagioclase have similar strengths under the
relevant conditions. Figure 10b demonstrates that
the Predicted composite stress for a strain rate of
10722 s7! is in good agreement with the data
obtained from the gabbro mylonites.

[44] To convert the temperature profile used in
Figure 10a to a depth profile, we calculate a
temperature-depth relationship following Faul and
Jackson [2005]. Values for the potential tempera-
ture, heat capacity, coefficient of thermal expan-
sion, thermal diffusivity, and age of the
lithosphere are taken to be 1573 K, 1350 Jkg ™'
K™, 29%x107° K, 107" m%~', and 1 Myr,
respectively. Gabbro mylonites with calculated
temperatures plot between 6 and 8 km below the
seafloor. The resulting temperature-depth relation-
ship agrees with the constraints provided by zircon
U/Pb and (U-Th)/He geo- and thermochronology
from gabbros collected from Cain and Abel
Domes that suggest temperatures of 735°C at 5-8
km below the sea floor [Schoolmeesters, 2011].

[45] The maximum stresses observed place impor-
tant bounds on the rheological behavior of the
shallow portion of the fault system. The maximum
stress measured among deformed rocks is on the

order of 100 MPa, which is a minimum estimate of
the stress at the BPT. This value is at least a factor
of 2 less than the stress at the intersection of the
viscous strength curve and the Goetze Criterion,
which is often used as a proxy for the BPT [Kohl-
stedt et al., 1995]. Interestingly, the maximum
measured stress is in good agreement with the
intersection of the viscous strength curve and Bye-
rlee’s Law when the pore fluid pressure is assumed
to be hydrostatic. This assumption appears reason-
able since the earliest deformation to overprint
mylonitic fabrics is accompanied by alteration of
the primary minerals to hydrous phases. Notably,
pore fluid pressures greater than hydrostatic would
result in a brittle strength less than the measured
maximum stress of viscous deformation and are
therefore unlikely. Several studies have provided
evidence for interaction of seawater with the brit-
tle and semibrittle portions of oceanic detachment
faults, which includes petrographic and isotopic
observations [MacLeod et al., 2002; Escartin
et al., 2003; Boschi et al., 2006, 2008; McCaig
et al.,2010; Picazo et al., 2012]. Additionally, the
maximum depth of microearthquakes recorded at
the Trans-Atlantic Geotraverse (TAG) detachment
system [deMartin et al., 2007] correlates well with
the depth of maximum stress recorded in mylonitic
rocks from the Kane detachment system. Thus, we
conclude that the transition from plastic to semi-
brittle and brittle deformation occurs at 67 km
depth, at ~750°C, and ~100MPa differential
stress.

[46] The strength of the shallow portion of the
fault may also be significantly affected by altera-
tion products including talc and serpentine. The
frictional strengths of serpentine and talc are
depicted in Figure 10b. The strength of serpentine
is similar to that predicted by Byerlee’s Law modi-
fied by a hydrostatic pore pressure [Escartin et al.,
1997, 2001]. However, the temperature range of
serpentine stability is constrained to be below
~550°C at 10 km depth [e.g., Ulmer and Tromms-
dorff., 1995], and is therefore unlikely to be con-
trolling portions of the fault just above the BPT.
The strength of talc is significantly lower than that
predicted by Byerlee’s Law [Escartin et al., 2008],
consistent with the model of [lldefonse et al.
[2007] that suggests retrograde reaction products
at gabbro-peridotite contacts (e.g., talc-tremolite-
chlorite assemblages) will be significantly weaker
at shallow depths than either gabbro or peridotite
host rocks. However, if talc were controlling the
strength of the entire brittle portion of the fault,
then the intersection of the brittle and viscous
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Response of the BPT to changes in the viscous strength curves for the deepest portion of the detachment fault sys-

tem. (a) Compositional variation. The strength of the viscous portion of the fault is significantly reduced if the constituent rocks
are sufficiently hydrated, which decreases the depth of the brittle plastic transition by ~2 km. This effect increases the time over
which rocks are deforming viscously allowing for larger strains to be reached and, therefore, development of thicker zones of
mylonites. Crystallization of “wet” gabbros at Atlantis Bank might be responsible for the significant thickness of mylonitic rocks
observed there [John and Cheadle, 2010]. (b) A similar effect can be induced by increasing the temperature such that isotherms
are compressed upward. All calculations are for a strain rate of 10~ 125671,

strength curves would be at much lower stresses
than measured by piezometry. Because of the
prevalence of talc-tremolite-chlorite schists col-
lected from oceanic detachment faults [MacLeod
et al., 2002 ; Escartin et al., 2003 ; Schroeder and
John, 2004; Boschi et al., 2006], we argue that
talc controls the strength of the shallowest portion
of the fault. We note that a transition from stronger
rock-types to talc-rich rocks might be indicated by
the lack of seismicity in the upper ~3 km of the
TAG detachment system [deMartin et al., 2007].
Such a change in the dominant mineralogy would
likely correspond to a change in the coefficient of
internal friction, which may be responsible for the
abrupt change in the apparent dip of the detach-
ment fault at TAG [deMartin et al., 2007].

[47] The strength profile depicted in Figure 10b
highlights two primary factors that control the
strength of the detachment system. First, the vis-
cosity of the mylonitic portion of the system is the
primary factor determining the strength of the
fault. Decreasing the viscous strength of the con-
stituent rocks will shift the viscous portion of the
strength profile to shallower depths (Figure 11a),
reducing both the maximum stress and the inte-
grated strength of the system. An overall decrease
in viscous strength can be facilitated by hydrolitic
weakening [e.g., Kohlstedt, 2006], increased tem-
peratures resulting in compression of isotherms to-
ward the sea floor, or the interaction of the
detachment system with a partially molten region
(Figure 11b). Second, weakening of the shallowest
portion of the system through the production of
weak alteration products also dramatically lowers
the integrated strength.

5.3. Comparison to Other OCCs

[4s] Investigations of fault rocks at other OCCs
have yielded a variety of results regarding the
rheological nature of oceanic detachment faults.
Examinations of fault rocks collected in Integrated
Ocean Dirilling Program (IODP) Hole 1309D at
Atlantis Massif [Hirose and Hayman, 2008;
McCaig et al., 2010], as surface samples from the
OCC at 15°45'N [MacLeod et al., 2002 ; Escartin
et al., 2003], and in ODP Leg 209 drill cores from
Hole 1275B at 15°45'N [Kelemen et al., 2004]
have found a relative paucity of strong crystal-
plastic fabrics. In contrast, substantial mylonitiza-
tion has been observed along the south wall of
Atlantis Massif in a region that is dominantly peri-
dotite [Schroeder and John, 2004 ; Karson et al.,
2006] and in ODP Hole 735B at Atlantis Bank.
Karson et al. [2006] mapped a 100 m thick zone
of deformation-induced foliation near the detach-
ment surface at Atlantis Massif by sampling a
mass-wasting scarp that exposed the interior of the
main dome. Based on profiles reconstructed from
the same scarp by Schroeder and John [2004]
(their Table 3), the proportion of rocks with
crystal-plastic fabric intensity >2 suggests a total
thickness of viscous shear zones of ~40 m. Mylo-
nitization is pervasive at Atlantis Bank and esti-
mates for the total thickness of viscous shear
zones range from 150 m [Mehl and Hirth, 2008] to
400 m [Miranda and John, 2010], depending on
the criterion used to define mylonitic deformation.
The observations and interpretations presented
here regarding the depth extent and style of defor-
mation at the Kane OCC are clearly more in line
with those at the south wall of Atlantis Massif and
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Atlantis Bank than they are with the rocks in
IODP Hole 1309D and ODP Leg 209 boreholes.

[49] We suggest that the differences in the abun-
dance of crystal-plastic deformation fabrics
recorded at the above mentioned OCCs can be
explained through a simple rheological argument.
First, it is worth noting that the semiquantitative
scale ubiquitously used to describe crystal-plastic
deformation at OCCs is effectively a measure of
strain because the observation is based on the vol-
ume fraction of recrystallized grains, which is
strongly strain dependent [e.g., Drury, 2005]. Of-
ten the total thickness of high-temperature defor-
mation is estimated by the number of rocks above
a certain threshold in fabric strength [Mehl and
Hirth, 2008 ; Miranda and John, 2010] (we have
chosen to use fabric intensities >2). This approach
overlooks the possibility that many other rocks are
deforming viscously but have only experienced
small strains. For instance, although core recov-
ered from IODP Hole U1309D records relatively
few rocks hosting a crystal-plastic fabric strength
>2 [Blackman et al., 2006; Hirose and Hayman,
2008], there is a substantial thickness of rock that
exhibits weak crystal-plastic fabrics parallel to the
main cataclastic structures. Fault systems that
extend farther below the BPT will allow larger vis-
cous strains to be accumulated. Thus, detachment
faults with little or no mylonitization may have
resulted from a relatively deep BPT while those
with significant mylonitization may have resulted
from a relatively shallow BPT.

[s0] Several factors can affect the depth of the
BPT (Figure 11). In short, the BPT is shallower
for weaker rocks. A reduction in rock strength can
be due to composition (e.g., water or melt content)
or compression of isotherms to shallower depths.
We posit that detachment faults associated with
limited viscous deformation, such as at the OCC at
15°45°N, are relatively strong because they are
cold and/or dry. In contrast, we suggest that oce-
anic detachment faults exhibiting pervasive high-T
deformation, such as at the Kane OCC and Atlan-
tis Massif, are relatively hot and possibly weak-
ened by a small amount of dissolved water and/or
their interaction with partially molten rocks. Fur-
ther, we suggest that oceanic detachment faults
such as at Atlantis Bank, which exhibits the most
abundant mylonitization, are weakened further by
the incorporation of water-related crystal defects
into plagioclase as gabbros crystallized from a
hydrous melt [John and Cheadle, 2010]. This last
suggestion is supported by piezometry and ther-

mometry that yields relatively low stresses and
high strain rates in amphibole-bearing gabbros
from Atlantis Bank [Miranda, 2006].

6. Conclusions

[51] In an effort to characterize the rheological
behavior of oceanic detachment faults, we exam-
ine a suite of rocks collected from the Kane oce-
anic core complex at 23°N on the Mid-Atlantic
Ridge. We focus on rock samples from Cain and
Abel Domes and the scarp associated with East
Fault, which exposes the interior of Cain Dome.
The analyzed section is dominantly peridotite with
lesser gabbroic rocks.

[52] Reconstruction of a profile down the East
Fault scarp reveals a ~450 m zone of high-
temperature mylonitization and a 200 m zone of
brittle deformation in the upper part of this zone
that make up the exposed portion of the detach-
ment fault system. The high-temperature mylonitic
portion is composed of a series of centimeter-thick
to meter-thick anastomosing shear zones with
interspersed lenses of relatively undeformed rock.
The morphology of the breakaway ridge indicates
that the fault system extended to depths >7 km,
which agrees with recent estimates from zircon
geochronology. Geothermometry of dynamically
recrystallized neoblasts yields temperatures of de-
formation greater than 700°C. Petrography of
mylonitic fabrics, grain size piezometry, analysis
of crystallographic fabrics, and comparison to
laboratory-derived flow laws confirm that high-
temperature deformation occurred by a combina-
tion of  dislocation  creep,  dislocation-
accommodated grain-boundary sliding, and diffu-
sion creep with grain size sensitive processes dom-
inating at the smallest grain sizes. The stresses
measured by grain size piezometry are best
explained by dry flow laws of plag%ioclase and oli-
vine and strain rates near 10 '*—107'%° s,
Faster strain rates (3 x 10~'% s ') are indicated by
the spatial distribution of shear zones and esti-
mated slip rates, which can be explained by weak-
ening of the mylonites by either a small addition
of water or geometric softening associated with
CPO development.

[53] Our microstructural and rheological analysis
demonstrates that the Kane detachment fault sys-
tem extends into or below the BPT. The highest
differential stresses estimated from analysis of
mylonites provide a minimum estimate of the
stress at the BPT (~100MPa). Notably, this
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estimated stress at the BPT is in good agreement
with that predicted by the intersection of the dry
viscous flow laws and Byerlee’s Law with a
hydrostatic pore fluid. We suggest that most oce-
anic detachment faults extend below the BPT and
that the variation in the abundance of mylonites
among OCCs can be explained by variations in the
depth of the BPT, which controls the amount of
viscous strain that can be accumulated. Thus, dif-
ferences in water content and/or the thermal struc-
ture of the oceanic lithosphere can control the
degree of mylonitization through their effect on
the depth of the BPT.
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