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Abstract

We conducted triaxial compression experiments to investigate the effects of pressure, temperature and strain rate on the rheology of talc rocks.
The tests were carried out at T from 25 to 860 °C, P from 0.1 to 300 MPa, and & from 0.3 to 30x 10> s~ !. In addition to being very weak, there
are other important differences between the mechanical behavior of talc and that of most other silicates. Deformation at all temperatures up to
dehydration was accommodated by a combination of crystal plasticity, frictional sliding, and cataclasis. A transition from localized to distributed
deformation occurred at =300 MPa and 7=400 °C, but this transition is ill-defined as both distributed and localized deformation were observed
at P=300 MPa and 7=600 °C. Unlike most silicates, both the coefficient of internal friction and the coefficient of (sliding) friction are very low
and nearly equal to each other. Temperature enhances plastic deformation (kinking), and inter- and intra-granular microcracks are observed parallel
to the (001) planes at all conditions. Voids are created by delamination along (001) planes at kink-band boundaries. Full crystal plasticity was not
achieved under any of the conditions tested, i.e., the von Mises criterion was never satisfied. However, the strength of the aggregates remained
much less than the confining pressure. These unusual properties are likely a manifestation of the pronounced mechanical anisotropy of talc at the
grain scale. At 7>750 °C dehydration is observed, but only along shear zones. These results suggest that feedbacks between deformation and
reaction kinetics could control fluid flow in fault zones. The presence of talc can promote significant weakening and strain localization in the
oceanic lithosphere, the subducting plate and the overlying mantle wedge.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction been identified on active slip surfaces of major faults (e.g., San

Andreas (e.g., ICDP, 2005; Moore and Rymer, 2007) and

Talc is a metamorphic alteration product commonly found
along long-lived oceanic transform and detachment faults
(MacLeod et al., 2002; Escartin et al., 2003; D’Orazio et al.,
2004; Schroeder and John, 2004; Boschi et al., 2006). It has also
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Moresby faults (e.g., Floyd et al., 2001; Taylor and Huchon,
2002)). Talc is stable up to temperatures of 800 °C at pressures
of 5 GPa and, consequently, is one of the last phyllosilicates to
dehydrate during prograde metamorphism associated with plate
subduction. Because it contains ~4.8 wt.% H,0, talc could be a
significant source of water percolating into the mantle wedge
overlying the subducting slab (e.g., Peacock and Hyndman,
1999).

Previous experiments on intact cores (e.g., Edmond and
Paterson, 1971a,b; Summers and Byerlee, 1977) demonstrate
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that talc is extremely weak at laboratory conditions, consistent
with its well-known position on the Moh’s hardness scale. Thus,
if present along a fault, talc could play an important role in the
rheology of oceanic rocks and in the dynamics of subduction.
However, the grain-scale deformation mechanisms are not well-
studied, and therefore an understanding of how to apply the
experimental deformation results is somewhat limited. For
example, the style of brittle deformation is important for
constraining relationships between faulting and fluid transport.
Friction experiments on talc gouge show that the coefficient of
sliding friction (u) decreases from 0.36—0.24 under dry

conditions, to about 0.2 under wet conditions (Morrow et al.,
2000; Moore and Lockner, 2004). The low coefficient of
friction is attributed to weak bonding along basal (001) planes
(Morrow et al., 2000).

In this study, we report results of triaxial deformation
experiments on intact cores of talc; the tests investigated the
effects of confining pressure (P), temperature (7), and strain rate
(&) on rheology. Samples were subsequently examined using
optical, scanning electron (SEM) and transmission electron
microscopy (TEM) to characterize the micromechanisms of
deformation and to compare them with those of other

Table 1
Summary of experimental conditions and results
Run#' T P Strain rate O oo, Sliding Stress Fault Ae S
5 s 6 Y/ o

©C) (Mpa) <10 5 sfl) (Mpa) mode evolution’ angle, 8 %)
TM-4.1 25 100 3 55 - w 45 -0.10
T™M-4.3° 25 50 3 13 - w Split -
TM-3.1 25 100 3 58 - w 51 -0.05
T™-3.2 25 74 3 61 - w 50 0.15
TM-4.2 25 112 3 54 - w 50 -
TMO04 600 305.2 03,1,3,1 90.5 U w 45 -
TMO5 400 292.4 3 - 71.7 S H D -
TMO06 400 290.0 3,10, 30, 3 - 56.0 S H D -
T™MO07 400 50.2 3,9,3 48.8 37.8 w 25 -
TMO08a 400 49.8 3 33.5 22.3 S w 43 -
TMO8b 400 198.2 3 - 64.1 S H - -
TMO8c 400 294.8 3 - 80.6 S H - -
TMO09 400 49.7 3 26.5 19.6 S w 45 -
T™M10 400 295.7 6 - 49.8 S H D(42) -
™11 400 51.0 3 - - - - -
T™M20 600 299.2 3 - 55.6 S H D(43) -
™21 400 99.3 3 41.1 S W 45 -
T™M23 600 101.0 3 57.1 45.3 U w 47 -
TM24a 600 99.6 3 49.5 445 U w 43 -
TM24b 600 199.7 3 - 61.7 U H - -
TM24c¢ 600 298.6 3 - 78.8 S H - -
TM25 600 100.3 3,30 42.1 - U w 40 -
T™M26 500 99.6 3 46.4 33.1 U w 49 -
T™27 750 101.1 3 56.2 50.3 U H D(45) -
T™M28 860 99.2 3 48.2 36.5 - w 33 -
TM30 600 50.1 3 35.1 14.3 S w 30 -
TM31 600 285.7 3 - 93.8 U H D -
TM32 600 52 3,9,3 61.7 31 S w 45 -
T™M33 600 302 3,9,3,1 72.9 S,U H D -
TRA 727 100.1 3 50.1 22.8 S w 45 -
TRB 600 100.0 3 57.7 34.8 S w 45 -
TRD 600 301.8 7 - 86 S H D -
TRF 875 100 3 30.2 13.8 S w 32 -

"Experiment run. Runs in italics were conducted on a stiff apparatus, and the rest on an internally heated ‘Paterson Instruments’ apparatus. P-stepping runs are

indicated by the run number and a letter for each P step.

2P Effective confining pressure. P.g=P — Py. Pris the pore fluid pressure. All runs had P¢=0, except for TMO09, run at P.=107.3 and Pr=59 MPa with a sinusoidal +1

and +2 MPa variation for permeability measurement.

36 max: FOr stress—strain curves showing weakening, this corresponds to the peak stress. Jacket correction using the flow law of copper (Frost and Ashby, 1982) is

applied to reported values.

401%: For strain hardening curves, we report o; — o3 at 1% non-elastic strain ¢,,. &, is calculated from the measured strain &, and the elastic strain &, &,=¢ —&.; &.=0 —03/
E, and E is the Young’s Modulus. Jacket correction using the flow law of copper (Frost and Ashby, 1982) is applied to reported values.

3Sliding mode. S: stable; U: unstable.
*Mode. W: Strain weakening after o, and localization; H: Strain hardening.

Fault angle: f3 corresponds to the angle between o and the fault plane as measured on polished cut surfaces. For samples showing distributed deformation, the angle

of visible shear zones is given in parenthesis.

8Ae,: Total change in an elastic volumetric strain at o, after the onset of dilatancy or compaction.

Run TM4.3 developed a pressure leak during the experiment.

1Runs stopped at low strain, after yield prior to peak stress (TM11) or immediately after it (TM20).
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Fig. 1. Bright field TEM images of the undeformed TM starting material. The
sample shows grains <10 um in length and <300 nm in width and no apparent
porosity.

phyllosilicates, such as serpentine (Morrow et al., 2000;
Escartin et al., 1997a; 2001). We discuss the implications of
these results for the mechanisms of strain localization along
oceanic faults and for processes operating at subduction zones.

2. Experimental details
2.1. Starting materials

Most experiments were done on intact cylindrical samples
cored from a nominally pure talc rock, provided by Mondo
Minerals, which has a weak and variable schistosity. A few
experiments were performed on talc rocks with no apparent
schistosity, provided by E. Rutter (University of Manchester,
England). These runs are named TM and TR, respectively in
Table 1. In both rocks, talc grains range from 1-10 pum in
length, and 50-300 nm in width (Fig. 1). When observed in
TEM, TM samples exhibit domains of strong lattice preferred
orientation (Fig. 1), but these domains are only continuous at
scales of 1 to 2 pm. The density of the material is ~2780+20 kg/
m®, at the higher end of the 2600-2800 kg/m® range reported
for talc (Deer et al., 1962), and consistent with both the apparent
lack of porosity (Fig. 1), and the presence of trace amounts of
higher-density apatite (3160-3220 kg/m?> (Deer et al., 1962)).

2.2. Experimental design and sample preparation

Deformation experiments were conducted from room tem-
perature to 860 °C, P from 50 to 300 MPa, and & from 0.3 to
30x107° s ' (Table 1; Figs. 2—4). Most experiments were
conducted within the stability field of talc, i.e., <700 °C for the
pressures we employed (Pawley, 1998; Pawley and Wood, 1995).
Four samples were deformed outside the stability field at
P=100 MPa (TM27, TM28, TRA and TRF, Table 1); these
samples showed trace amounts of dehydration reaction products
in TEM (Andreani et al., 2006).

Room temperature experiments were conducted on talc cores
(~12.5 mm in diameter and ~25.5 mm in length) using a stiff,
gas-medium apparatus and jacketed in thin (<0.1 mm) copper
foil. Radial and axial strains were measured using strain gauges

glued onto the copper jackets (see Escartin et al. (1997a) for
details; Fig. 5). Higher temperature experiments, using a servo-
controlled, internally heated, gas-medium apparatus from
Paterson Instruments (see Paterson (1990) and Xiao and
Evans (2003)) were conducted on cores 10 mm in diameter
and 20 mm in length, also jacketed in copper (~0.3 mm thick).
Argon was the confining medium in all experiments. Tempera-
ture was monitored 3 mm above the sample; furnace
calibrations show that 7 varied by less than 3 °C along the
sample length. In all experiments except TM09 (Table 1) solid
spacers were used at the upper and lower ends of the samples.
Split spacers were used in experiment TMO09 so that we could
measure permeability.

Raw data from the axial displacement and load transducers
were converted to axial strain and differential stress. The
permanent inelastic strain was calculated by subtracting the
elastic strain, i.e., e.=(0; —03)/E, from the total sample strain;
E was calculated from the linear portion of the stress—strain
curve. For experiments where strain-gauge data were available,
a similar calculation was done to obtain the inelastic volumetric
strain (&,). In calculating stress, we corrected the data in Table 1
for the strength of the copper jackets (Frost and Ashby, 1982),
based on calibration experiments on jacketed aluminum
samples. In calculating the jacket correction we assume

400°C
100 a) 105,202 MPa ] b)__ 205mpa
] ] 198 MPa
& 1B TM10, 296 MPa
= TM21, 99 MPa ]
¢ 50 ]
il ] 50 MPa
© TM09, 50 MPa]
254 ]
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con{ecﬁan ] TMo8
0 s [A—
0 2 4 6 8 0 2 4
600°C
100 - c) TM33, 286 MPa {d)
] ] 299 MPa
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. TM20, 299 MPa |
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1 Cu-jacket correction ]
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Fig. 2. Differential stress (o;—o03) vs. axial strain (g,) curves of selected
experiments at constant P (left), and with increasing P steps (right). All
experiments were conducted at constant & (see Table 1). Note the variability
of the differential stress in experiments conducted at ~300 MPa both at
400 °C (a-b) and 600 °C (c—d). The magnitude of the copper jacket
correction for is shown for each 7'at £=3x10"> s '; no strength correction
is actually applied to the curves shown in the figure.
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Fig. 3. Pressure dependence of the strength of intact cores (a) and of the sliding stress
(b), at different 7. Data are corrected for the strength of the copper jacket (Table 1).
Samples that show localized deformation (Loc.) display strain weakening, while
those that show distributed deformation (Dist.) display constant stress or strain
hardening. Byerlee’s Law, Goetze’s criterion (o1 —3=03) and lines for #=0.1 and
0.2 are plotted for reference. EP: Edmond and Paterson (1971a,b); SB: Summers and
Byerlee (1977); S: Scruggs (1997); ML: Moore and Lockner (2004).

homogenous deformation of the jacket, thus the correction may
be overestimated for samples that exhibit strain localization. We
did not apply any geometric corrections to the load data, as
might be based on assumptions of changes in cross-sectional
area of the sample or in fault surface area.

After deformation, selected samples were impregnated with
epoxy, cut perpendicular to the macroscopic shear zone, and
made into double-sided, polished thin sections. Ion-milled
samples were observed using a JEOL 2000fx TEM operating at
200 kV, at the CRMCN (Marseille, France). SEM observations
were performed on a LEICA S440 at LISE (CNRS/UPMC, Ivry,
France).

3. Mechanical results
3.1. Stress—strain curves

Table 1 summarizes the conditions and results of 29 triaxial
deformation experiments. At low confining pressures, samples
display an upper yield point, i.e., a fracture strength, followed by
an interval of strain at lower stresses (Fig. 2). As is common in
other brittle rocks, strain weakening was associated with

localization of deformation, followed by subsequent sliding
along a fault. We used the latter portion of the stress versus strain
curve to characterize the sliding strength (see Section 4.1). With
increasing pressure, the samples undergo a transition from strain
weakening to strain hardening. Strain hardening was observed in
all experiments conducted at 400 °C and P~300 MPa. By
contrast, at 600 °C we observed strain weakening at
P<300 MPa, but both hardening and weakening were observed
at P=300 MPa (compare TM33 and TM20 in Fig. 2). In all
experiments, the slope of the elastic portion of the stress—strain
curves is similar, with no resolvable dependence on P or T.

The stress—strain curves (Fig. 2a and c) illustrate the
variability in mechanical behavior of the TM samples, which
likely arises from heterogeneity in sample microstructure. To
mitigate the influence of sample variability on the interpretation
of mechanical behavior, we also conducted pressure-stepping
experiments at 400 and 600 °C (TM08 and TM24, Table 1 and
Fig. 2b and d). In these tests, samples were initially loaded past
failure at either P=50 or 100 MPa (e of about 2%), unloaded,
and then reloaded at the same displacement rate, but at higher
confining pressures. During the pressure-stepping experiments,
any damage caused by strain localization did not significantly
modify the elastic slope during subsequent loading cycles.

3.2. Pressure and temperature dependence of strength and
sliding stress

The pressure dependence of strength at different tempera-
tures is shown in Fig. 3a. We report the maximum differential
stress, omax, for samples that localized, and the differential
stress at 1% permanent strain, oi.,, for samples that showed
distributed deformation (see Table 1). In Fig. 3b we plot the
sliding stress after strain localization, picked as .,; in all cases
1% permanent strain is achieved after the stress drop associated
with localization. A modest P dependence of both strength and
sliding stress is evident at all temperatures, despite the ~30 MPa
scatter in the data (Fig. 3). The strength versus confining
pressure data were fit to a linear Mohr failure envelope to obtain

1 400 MPa, Strength ~

E I8 100 MPa, Strength 4
=150 # 100 MPa, Sliding stress ¢
") 1 =
o 1
%100 ] s A
et P
8 i A
o
=]
@ 50 ’ ¢ § f\"f{"a\
% 1 4 24
£ ] * 3
D p
0 +—

R A R e S ] P S S |
0 250 500 750 1000
Temperature, °C

Fig. 4. Temperature dependence of strength and sliding stress of talc. At
P=100 MPa (this study) talc displays no systematic 7 dependent weakening
within the scatter of the strength data. At P=400 MPa (Edmond and Paterson,
1971a) talc shows a progressive decrease in strength with increasing 7. At
T>600 °C the strength of talc is similar at both P=100 and P=400 MPa.
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estimates of the uniaxial compressive strength (o) and the
slope of the envelope (1/). These values were then used to
calculate the coefficient of internal friction (u;,) and the
cohesive strength (7o) using the relationships (Paterson, 1978):

! on)

U
A 1T =
W BT W, gy

Similarly, Eq. (1) was used to calculate the coefficient of
sliding friction (u) and frictional cohesion (¢,) using the sliding
stress data shown in Fig. 3b.

Both the strength (Fig. 3a) and the sliding stress data (Fig. 3b)
show only modest effects of temperature between 400—-600 °C.
The P dependence of strength (Fig. 3a) corresponds to a decrease
of w; from 0.14 at room 7'to 0.06 and 0.05 at 400 °C and 600 °C
respectively. As shown in Fig. 3, our room 7 data agree reasonably
well with previous studies (Edmond and Paterson, 1971a; Scruggs,
1997; Morrow et al., 2000; Moore and Lockner, 2004). With
increasing 7, u decreases to 0.1 at both 400 °C and 600 °C, and to
0.11 and 0.08 at 400 °C and 600 °C respectively for the P-stepping
experiments alone (Fig. 3b).

At P~100 MPa we observe no systematic variation in
strength or sliding stress with increasing 7 (Fig. 4). In contrast,
experiments at P=400 MPa (Edmond and Paterson, 1971a)
display a progressive reduction of strength from ~150 MPa at
room 7 to ~50 MPa at 7> 600 °C, a strength similar to that of
talc deformed at 100 MPa in our study.

Linear fits to our strength data (Fig. 3) indicate a cohesive
strength of 7y~ 13 at room 7 and 400 °C, and 7,~20 MPa at
600 °C. The apparent frictional cohesion (c,) is lower, approxi-
mately 7 MPa at both 400 °C and 600 °C. Previous room 7'
experiments indicate ¢, ~0 MPa at P<130 MPa (Scruggs, 1997).

Small amounts of dehydration reaction products were
observed in the samples deformed at 750 °C and 860 °C.
However, as also noted by Edmond and Paterson (1971a), we
did not observe a significant reduction in strength upon crossing
the talc thermal stability limit. The approximately 10-25 MPa
decrease in stress shown at 860 °C (Fig. 4) is comparable to
sample-to-sample strength variability (Fig. 3).

(1)

3.3. Rate-dependence of frictional sliding and strength

We conducted experiments with imposed displacement rate
(i.e., axial strain rate) changes to determine the velocity
dependence of frictional sliding (Fig. 5a and b, Table 1). The
nominal coefficient of sliding friction (t,0m) is calculated from
the sliding strength (o, —03), the confining pressure (P=03)
and the fault angle with respect to o, () measured on cut
polished surfaces of deformed cores (see Table 1). Assuming no
cohesion within the fault (e.g., Jaeger and Cook, 1971):

- 1/2(01 — 03}5ir(2ﬂ)
Mnom = 1/2(01 + 03) + 1/2(61 — o38092p) " 2

Displacement rate-stepping experiments on samples that
displayed localized deformation suggest that talc is velocity
strengthening (Fig. 5), although the velocity dependence of talc

. Room temperature
&5 1 TM3.2, 75 MPa

§ ’ ----TM4.2, 112 MPa
& TM3.1, 100 MPa
]
= 404
2] |
S
)
q:, 4
5 20
E ]
[a) - Ev

- » C'

0 I

-25 0 25 5 .75

Strain, %

Fig. 5. Stress versus volumetric strain curves (bold lines, ), calculated from the
measured axial and radial strain (g, and &,). ¢’ corresponds to the deviation from
the linear trend of &, (dashed grey lines). The difference between observed &,
and elastic strain at peak stress (gray solid lines, Ae,) corresponds to dilatancy
(Ae,<0) or to compaction (Ag,>0).

friction is modest; at 50 MPa and 400 °C (TMO7, Fig. 5b)
Atpom = 0.02 for a strain-rate change between 3and 9x 10 s ™!,
and A, <0.01 at 50 MPa and 600 °C (TM32, Fig. 5¢). The
modest changes in sliding stress are consistent with previous
results on talc gouge deformed at room 7" and normal stresses
<150 MPa (Scruggs, 1997). Samples that displayed distributed
deformation showed a similar positive dependence on strain rate
(TM06 and TM33, Fig. 5c, Table 1). We did not observe a
systematic correlation between strain rate dependence and 7 or P.
The jacket correction with strain-rate changes may not be
adequate owing to the localization of deformation both in the
sample and the jacket (Fig. 6).

Small stress drops were observed in both constant strain-rate
and strain-rate stepping experiments at 600 °C (Fig. 2, Table 1),
but not at 400 °C. While stick slip may be an indicator of
velocity-weakening mechanisms, further calibration tests are
required to determine the interplay between the dynamic machine
behavior and the properties of talc. Hold tests conducted during
some of the experiments (30 s for TMO07, Fig. 5a, and 90 s for
TM33, Fig. 5c) show an initial relaxation due to creep. The
samples resume sliding with no apparent increase in strength
(i.e., we did not resolve time dependent healing) after accounting
for a linear interpolation of the strengthening trend observed prior
to and after the hold. These results are consistent with the small
increase in friction of Au<0.003 reported for talc gouge in slide-
hold-slide tests (Scruggs, 1997).

3.4. Volumetric strain and permeability

At room temperature and low axial strain, the inelastic
volumetric strains measured by strain gauges were modest. All
experiments show non-linear axial strain during initial loading,
which we attribute to seating of the pistons, sample, and jacket.
After a subsequent interval of linear strain, three samples
displayed either minor compaction or dilation at stresses of 70%
to 95% of 0. Two samples provided no usable data due to
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Fig. 6. a) Differential stress-axial strain curves for strain-rate stepping
experiments at P=50 MPa, and 7=400 °C and 600 °C. Rate changes were
imposed when samples exhibited approximately constant strength after the
initial strain localization. No jacket corrections are applied to the differential
stress curves. b) Detail of the nominal coefficient of friction o, Vvs. strain for
the experiments shown in a). 1,0, 18 calculated from the differential stress after
copper jacket correction using Eq. (2) (see Table 1 and [2]). ¢) Differential stress-
axial strain curve for a strain-rate stepping experiment that displayed distributed
deformation. Stick—slip behavior initiates after the first strain rate step and after
the hold (arrow) in the second strain-rate step. The differential stress curve has
no copper jacket correction.

strain-gauge failure or inhomogeneous strain distribution. The
stresses at which the onset of dilation or compaction occurred,
denoted as ¢’ and c¢* respectively (Fig. 7), were much nearer to
the fracture strength in talc than those reported for granite or
dunite (e.g., Brace et al., 1966; Shimada et al., 1983). In
addition, the inelastic volumetric strain during the initial stages
of failure, |Ae,|, was less than that of the higher grade rocks
(|Ae,|<0.2% for talc and >1% for granite and dunite (Table 1
and Fig. 7). Small magnitudes of |A¢,|, and the onset of inelastic
volumetric strain at stresses near ¢ ,,,, have also been observed
in serpentinites and weakly serpentinized dunites (Escartin
et al., 1997a, 2001).

A permeability test was carried out at 7=400 °C and
P=50 MPa using argon as a pore fluid (experiment TM09, Figs.
2a and 6b; Table 1). At these conditions, the permeability
remains below the resolution of the apparatus (~ 10~ 2° m?) after
yielding and during localization of deformation. Any damage
occurring during deformation at those conditions was therefore
not efficiently connected.

4. Deformation textures

All samples deformed in the semibrittle regime, and displayed
either localized or distributed deformation. Kinking accommo-
dates plastic deformation, and its style varies with P and 7, and
strain. Below we first describe macroscopic and microstructural
observations for experiments conducted at 7< 600 °C, within the
stability field of talc (Sections 4.1 and 4.2). Observations from
samples deformed at 7>750 °C, which show evidence of
dehydration, are described in Section 4.3.

4.1. Mode of deformation and shear zone structure

Examination of deformed samples suggests a strong correla-
tion between macroscopic deformation mode and the shape of
the stress—strain curves. Deformation localized in samples that
strain weakened (e.g., TM3.2, TM09, TM28, Fig. 6), whereas
deformation was distributed in samples that deformed with
constant strength or that strain-hardened (e.g., TM33, TM 10, and
TMOS, Fig. 6). Distributed deformation was observed at
P=300 MPa and T=400 °C, and both localized and distributed
deformation were observed at P=300 MPa and 7=600 °C
(Table 1). At room 7 Edmond and Patersion (1971b) report a
transition at about P=400 MPa. In most cases strain localization
occurred on a single fault (Fig. 6 and Table 1), however, 2 to 3
sub-parallel faults developed in some samples (e.g., TM04 and
TMO09, Fig. 6).

At P<100 MPa and 7<400 °C, anastomosing shear bands
developed with thicknesses varying from 100 to 500 pm (e.g.,
TM4.2 and TMO7, Fig. 8a—c). Within the shear zone, a
cataclastic foliation developed by grain-size reduction, rigid
rotation and limited folding/kinking of individual grains (e.g.,
TMO07, Fig. 8b and c¢). When deformation was stopped after the
first evidence for yielding (e.g., TM20, Fig. 8e) samples exhibit
highly localized shear zones. The shear zone geometry
becomes more irregular in locations where the fault intersects
talc grains that have (001) planes at high angles to the fault
trace (Fig. 8e).

At T>400 °C and P=300 MPa, distributed deformation is
accommodated by a set of sub-parallel and closely spaced faults.
Examination of the number of shear zones visible on the sample
jackets, as well as deformation features seen on polished surfaces,
indicates that the width of the deformation zone increases with
strain (Fig. 6). Furthermore, in P-stepping experiments, a sample
that faulted at 7=400 °C and P=50 MPa and was subsequently
deformed at P=200 and 300 MPa (TMOS, Table 1, Figs. 2b and
6b) develop a broad band of distributed deformation (~5 mm,
TMOS in Fig. 6b). By contrast, in a similar P-stepping experiment
at 7=600 °C (TM24, Table 1) deformation at P=200 and
300 MPa remained localized along a fault initially formed at
P=100 MPa.

4.2. Deformation microstructures

Shear zone deformation was accommodated by both crystal—
plastic and cataclastic mechanisms (Figs. 8—10). Within the shear
zones, TEM observations show intense kinking and microcrack-
ing of talc grains (Fig. 9a, c and e). Less than | mm away from the
optically visible shear zones (see Fig. 6), deformation intensity
decreases significantly. Instead of the pervasive kinking found in
the shear zones, TEM observations document minor bending of
crystals and a decrease in the density of microcracks (Fig. 9b, d
and f).

Distributed deformation (Fig. 10d) is accommodated by
semibrittle mechanisms similar to those documented in the
faulted samples. The intensity of microcracks, and the style of
kink bands (Fig. 10a, d and e) are similar to those observed
within and around fault zones (Fig. 9). While polished surfaces
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Fig. 7. Photographs of jacketed deformed samples (a) and of polished cut surfaces (b). Talc shows very efficient strain localization along a single fault, with evidence
for distributed damage at low 7 (TM3.2) or P (TM09). Distributed deformation is observed at 300 MPa and 400 °C, while at 300 MPa and 600 °C both localized and
distributed deformation occur (TM20, TM31 and TM33). At low ¢ (<2%) distributed deformation is characterized by numerous sub-parallel shear zones (TM10), that
with increasing ¢ continue to develop while damage becomes widespread (TMO05). At high 7 (TM28) deformation is localized along a shear zone with no evidence
of damage away from it. P-stepping experiments (TMO08) show a shear zone developed at low P, and distributed deformation around it developed at higher P.
Fault angle is partially controlled by the weak foliation of the sample (TM30).

and jackets show that distributed deformation is at least partially
accommodated by displacement on sets of sub-parallel faults
(Fig. 6), at the TEM scale these faults are indistinguishable from
the damaged matrix.

Both P and T influenced the micromechanisms of deforma-
tion. At low pressures, kink formation was accommodated by
slip along (001) planes and grain boundaries, resulting in
delamination of grains into thin (<100 nm) slabs (Fig. 9a and c).
With increasing P, the size of the arcuate voids and microcracks
formed at kink-band boundaries decrease (Fig. 10a—b). TEM
observations suggest that while increasing 7 may enhance
kinking (Fig. 10c, d and b), the intensity of microcracking
remains unchanged (compare Figs. 9¢ and 10d, and Fig. 10b
and e).

4.3. Dehydration microstructures

Samples deformed at temperatures above the thermal
stability limit of talc developed single shear zones dipping at
B~45° at 750 °C (TM27 and TRA, Table 1) and at ~30° at
T>860 °C (TM28 and TRF, Table 1 and Fig. 6b). The shear
zones that formed at these conditions are similar to those formed
at ~600 °C (compare Fig. 8¢ and f). TEM observations show
intense kinking and microcracking within the shear zone
(TM28, Fig. 9e—1).

Evidence for dehydration reactions was found within the shear
zones. TEM showed porous regions within the fault zone where
talc grains disaggregated along basal planes and lost their
crystallographic structure (Fig. 11a and b). These textures were
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Fig. 8. SEM BSE images of fault zones at selected experimental conditions: room Temperature (a), 400 °C (b—c), 500 °C (d), 600 °C (e) and 750 °C (f). All image are
oriented and arrows indicate the shortening direction.

associated with microcracking (Fig. 11a); however, the porosity ~ contained dehydration reaction products, amorphous silica and
within the disaggregated regions was greater than that associated  distributed enstatite crystallites (Fig. 11c). Within approximately
with microcracking and kink-band formation at lower T (Fig. 9). 1 mm of the fault zone, amorphous silica was also found in voids
In a sample deformed at 860 °C, the porous regions also surrounded by unaltered talc with no enstatite (Fig. 11d).
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TM20: 100 MPa, 600°C

TM23:300 MPa, 600°C

TM28:100 MPa, 750°C

Fig. 9. Bright field TEM images of deformation microstructures within the shear
zone (‘In’, left) and away from it (‘Out’, right) at different deformation conditions
for samples TM20 (a—b), TM23 (c—d) and TM28 (d—e). Kinking develops in the
shear zone, with associated microcracking. Away from the shear zone, talc shows
mild bending and reduced kinking, with abundant microcracking along inter- and
intra-granular (001) planes.

Apparently, silica was transported away from the reaction zone,
along microcracks or voids associated with kinking. At
T=1750 °C, some void walls were coated with an amorphous or
microcrystalline phase, perhaps silica (Fig. 6a), but no associated
enstatite crystals were identified. In all cases, evidence for
dehydration was restricted to the shear zone.

5. Discussion

During conventional triaxial tests at laboratory strain rates, low
temperatures, and low confining pressures, the fracture strength of

most low-porosity silicate rocks is larger than the confining
pressure (Mogi, 2006; Paterson and Wong, 2005). Failure (i.e. a
sudden drop in load-bearing capacity) is associated with the
formation of a localized shear zone. As confining pressure is
increased, u;, decreases and becomes less than u (for reviews see
Paterson and Wong (2005), Mogi (2006), and Evans et al. (1990)).
The magnitude of the permanent inelastic strain at failure, an
indicator of ductility, often increases with pressure, particularly if
conditions allow the material to deform in part by crystal plasticity
(Mogi, 2006). Typically, as temperature and pressure are
increased, the rock ceases to fail by localized rupture and deforms
by distributed cataclastic strain, a state often called the brittle—
ductile transition. At higher temperatures, when the rock deforms
completely by crystal—plastic mechanisms, the pressure depen-
dence of strength becomes very small (Heard, 1960; Evans et al.,
1990). This transition is called the brittle—plastic transition, or the
frictional-viscous transition behavior (Rutter, 1986; Mogi, 2006).

5.1. Macroscopic behavior of talc and the brittle—ductile transition

Our results, combined with those from previous investiga-
tions, illustrate several important differences between the
mechanical behavior of talc and the generalized view outlined
above. First, even at room temperature, intact cores of talc have
very low cohesive strength and low coefficient of internal
friction, pi=0.14 (this study) or 0.1-0.15 (Hickman et al.,
1997). Second, for laboratory strain rates, the fracture strength
of talc depends on pressure up to the temperature limit of its
chemical stability, and deformation may be localized even at
high temperatures. Third, the coefficient of sliding friction u is
small and nearly the same as u;,: £=0.08—0.10 at 400 °C and
600 °C (this study); 0.15 at room 7 (Scruggs, 1997); or 0.24—
0.36 at room 7 (Morrow et al., 2000; Moore and Lockner,
2004). Both ;. and u decrease with increasing temperature.
Fourth, the sliding strength on a newly formed fault increases
slightly with increasing velocity, despite the fact that localiza-
tion occurs at all temperatures. Fifth, the strength of unvented
samples does not decrease by a large amount when the
temperature exceeds that at which dehydration occurs.

At the sample or macroscopic-scale, the transition from
localized deformation (associated with strain weakening) to
distributed deformation (associated with strain hardening)
occurred at a confining pressure of about 200 MPa at T to
400 °C (Fig. 3a). This transition occurs at the intersection of the
Mohr strength envelope and the friction law of talc, recalling the
insight of Maurer (1965), Mogi (1966), and Byerlee (1968) that
the brittle—ductile transition occurs when the cataclastic
strength of a rock becomes less than the stress predicted for
frictional sliding along an optimally oriented internal surface. A
similar transition was observed in serpentinites deformed at
room temperature (e.g., Escartin et al., 1997a). However, at
higher temperatures, the transition was not as well defined;
localized deformation was observed at 500 °C (TM26, Table 1),
and both localized and distributed deformation were observed at
600 °C (Fig. 3a). Assuming Byerlee’s (1968) assertion is
correct, these observations suggest that the transition from
localized to distributed deformation is poorly defined owing to
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Fig. 10. Bright field TEM micrographs from experiments conducted at different P and 7'conditions. Porosity associated with kinking is reduced with increasing P (b and c).
Microcracking along (001) planes is somewhat reduced with increasing P, but displays no 7" dependence (c—e).

small changes in p;,; and/or y with increasing temperature (e.g.,
Fig. 12), pressure, or other parameters.

Deformation also seemed to be slightly more unstable at
higher 7. The small stress drops observed during stick—slip
events became larger with increasing temperature at 7>400 °C
(Fig. 5). However, we repeat our caution concerning the
interplay of dynamic machine behavior with material behavior.
Several of the unusual characteristics of talc could arise owing
to dehydration. For example, dehydration might promote both
localization and stick slip deformation. However, we did not
observe any evidence for dehydration at 600 °C.

5.2. Micromechanics of deformation and the brittle—plastic
transition

Microstructural observations indicate that deformation at all
conditions was accommodated by a combination of crystal
plasticity, frictional sliding, and cataclasis. Slip is likely restricted
to the basal plane of talc, either by the motion of full or partial
dislocations or by large-scale shear rupture. Plastic flow along
non-basal planes may be difficult to achieve, as the stress
necessary to activate such systems is very large. Qualitatively, this
large anisotropy in slip strength can be attributed to weak bonding

across the basal plane (e.g., Morrow et al., 2000), and much
stronger bonding within (001). At most, two independent strain
components may be generated by slip on a single plane, thus,
basal slip is insufficient to promote fully plastic creep (i.e., satisfy
the von Mises criterion (Paterson, 1969)). The reduction of £,
with increasing temperature is consistent with an enhancement of
crystal plasticity (Fig. 9). The small voids associated with kinking
and bending (Fig. 9), even near the dehydration temperature,
indicate that some dilatancy is always necessary, and accounts for
the modest pressure dependence of the fracture and sliding
strength (Fig. 3).

The competition between crystal plasticity and dilatant
cataclasis in talc may be responsible for the complicated and
ambiguous range of deformation modes displayed. Plastic
deformation (bending and kinking) is probably either modestly
velocity strengthening or, at the extreme, rate-independent, as
suggested by the strain rate-stepping experiments (Fig. 5). Stick—
slip events, if attributable to material response, may arise from
the local breakdown of cohesion within shear zones, as voids are
produced. Grains or groups of grains might then rotate to
orientations less advantageous for basal slip, causing hardening
and broadening of the shear zone, as observed in P-stepping
experiments (TMOS, Fig. 6b). Such a scenario is consistent with
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Fig. 11. Bright field TEM micrographs from experiments conducted at P=100 MPa and 7=750 °C and 860 °C. a) At 7=750 °C talc locally disaggregates in very thin
lamellae near voids created during deformation (labeled d). An amorphous or microcrystalline phase (labeled a) is observed associated with this disaggregation, and
along the grain boundaries surrounding voids. b) The sample deformed at 7=860 °C shows localized zones that are highly porous within the fault zone. c¢) Talc
dehydration results in the precipitation enstatite (En) and amorphous silica (SiOx(q)) Within these porous zones. d) Amorphous silica is also found within pores
approximately 1 mm away from the fault zone, suggesting limited mobility of the dehydration products along the fault zone.

small volumetric strains (Fig. 7), because the zone in which
dilation occurs is a very small volume fraction of the sample.
The extreme anisotropy of slip strength also has implications
for the transition from cataclasis to full crystal plasticity that
often occurs with increasing temperature, and for the transition
from localized to ductile flow, that typically occurs with
increasing pressure. Because slip on the basal plane of
phyllosilicates is very easy, even at room temperature, rocks
composed of talc and serpentine (Escartin et al., 1997a) have
initial yield stresses that are much lower than those of other
silicates, e.g., the yield stress for talc is <10% of that of dunite
and ~20% of that of lizardite. In addition, the coefficients of
friction in such rocks are much lower than 0.6, i.e., Byerlee’s
law. The latter property allows localized failure to occur at
lower differential stresses than in most other silicates. The
extreme anisotropy in yield stress results in a low coefficient of
internal friction, which persists to thermal stability limit of talc.
The net result is that, for laboratory test conditions, the
aggregate strength never rises to the level of the confining
pressure, nor does the material achieve full crystal plasticity at
the conditions tested. Thus, two common rules of thumb for
deformation mode applicable to other intact silicate rocks,
Byerlee’s law and the Goetze criterion (Evans et al., 1990;
Kohlstedt et al., 1995), do not strictly apply to talc rocks.

5.3. Consequences of dehydration

Talc dehydration during subduction is important for the
evolution of strength along faults within the slab. In our

experiments, dehydration products were observed only within
the porous shear zones (e.g., TM28, Figs. 6b and 10), and not
within the remainder of the sample, suggesting that the
temperature overstep was not large enough to produce reaction
in the bulk during the time of the experiment. Apparently, the
reaction progress is enhanced by the creation of porosity
associated with kinking and microcracking. If the pore space is
effectively undrained, dilatancy could reduce the local pore
pressure and, consequently, lower the chemical activity of the
reaction products. Additionally, delamination during deforma-
tion would increase the surface area of the reactants. Either
might be expected to increase the reaction rate.
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Fig. 12. Variation in the position of the brittle to ductile transition (BDT) induced
by small changes in the coefficient of sliding friction. Small changes in u can
significantly modify the point of intersection between the strength envelope and the
friction law, which corresponds to the BDT. Changes in 7, P and other parameters
can also modify the coefficient of internal friction t,, the cohesive strength o, or
the frictional cohesion ¢ (see Eq. (1)) of talc, resulting in a poorly defined BDT.
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Judging from the presence of amorphous silica away from
reaction zones, we suppose that water and other reaction products
were mobilized by dilatancy, even if only over very short distances.
If sufficient water were liberated by dehydration, the effective
confining pressure would be lowered, thus promoting weakening.
The lack of dehydration-related weakening in our experiments
(Fig. 3b) might be attributed the relative rates of reaction kinetics
and dilatancy (e.g., Ko et al., 1997, Wong et al., 1997). If
dehydration kinetics were accelerated relative to the rate of
dilation, the effective confining pressure and therefore the
aggregate strength might be lowered more efficiently. At natural
conditions, active fault zones may thus serve as the locus of
dehydration reactions prior to bulk dehydration of the host rock.

5.4. Implications for long-lived faulting

While talc is not a major component of the lithosphere, it is
commonly recovered from both long-lived oceanic faults (e.g.,
Escartin et al., 2003; Schroeder and John, 2004; Boschi et al.,
2006), and more recently from continental faults (e.g., ICDP,
2005; Moore and Rymer, 2007; Floyd et al., 2001; Taylor and
Huchon, 2002) such as San Andreas. Talc can thus have a very
important weakening effect, even if present in small proportions.
Its mode of deformation can contribute to elevated pore fluid
pressures, as proposed for serpentinites (Escartin et al., 1997a,b).
Both talc and serpentine are stable to high pressures, but talc is
stable to higher 7" (~700 °C) than antigorite (~600 °C) or
lizardite (~400-500 °C). In addition to a more important
weakening effect than serpentinites (Escartin et al., 1997b), talc
can thus promote strain localization and the weakening of faults.
This effect can thus affect almost the complete thickness of the
lithosphere and faults rooting close to the brittle to plastic
transition (7~750 °C (Hirth et al., 1998)). Talc can also form in
high silica activity conditions associated with the alteration of
gabbros of the oceanic lithosphere, and possibly linked to
hydrothermal activity near mid-ocean ridges (McCaig et al.,
2007). The presence of talc in subducting oceanic lithosphere can
also contribute to the weakening of the slab beyond the stability
field of serpentinites and to P of at least 8§ GPa (Pawley and
Wood, 1995). Fluids from the dehydrating slab wedge can
hydrate the overlying mantle wedge, and result in talc formation
along olivine grain boundaries. Motivated by results on weakly
serpentinized peridotites (Escartin et al., 2001), we speculate that
substantial weakening may occur even with small amounts of talc
of 10% or less.

6. Conclusions

Deformation experiments conducted on intact cores of talc at 7’
up to 860 °C and P up to 300 MPa demonstrate that while talc’s
strength is well below the confining pressure, deformation localized
even at high temperatures. There is also a modest pressure
dependence of strength corresponding to i, ~0.14 at room
temperature decreasing to i, <0.1 at 7>400 °C; the coefficient
of sliding friction u shows similar values and 7" dependence. At
P=300 MPa only distributed deformation is observed at 400 °C,
while both localized and distributed deformation are observed at

600 °C. The poorly defined transition from localized to distributed
deformation may arise owing to small variations in p;,, and u with
changes in temperature and pressure. Semibrittle deformation is
observed at all conditions, but crystal plasticity (bending and
kinking) is enhanced with temperature, consistent with the modest
decrease in both g, and u. Deformation microstructures within
faults and distributed deformation zones result from a combination
of kinking and microcracking, both of which are strongly controlled
by deformation on the weak (001) plane. Samples are nominally
non-dilatant at room temperature, suggesting that only a minor
volume of the sample shows significant deformation. Evidence for
incipient talc dehydration is observed at 750 °C, and dehydration
products (enstatite crystallites and amorphous silica) are observed
at ~860 °C. Dehydration microstructures are restricted to the shear
zones, and result in highly porous zones. The creation of void space
and the increase of surface area along faults apparently promotes
dehydration reactions, and can facilitate fluid transport along them.

Talc’s strength, which is <10% of that of peridotite and
~20% of that of lizardite, and its mode of deformation can have
important rheological consequences for many oceanic and
continental faults where talc is common. In subduction zones
talc can weaken both the slab, and the overlying mantle wedge
if it is hydrated. In these tectonic environments active brittle
deformation on faults can also promote dehydration reactions
that in turn affect the rheology and pore fluid pressure along
shear zones.
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