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Abstract Principal slip zone gouges recovered during the Deep Fault Drilling Project (DFDP-1), Alpine Fault,
New Zealand, were deformed in triaxial friction experiments at temperatures, T, of up to 350°C, effective normal
stresses, a,,', of up to 156 MPa, and velocities between 0.01 and 3 um/s. Chlorite/white mica-bearing DFDP-1A
blue gouge, 90.62 m sample deptbh, is frictionally strong (friction coefficient, u, 0.61-0.76) across all experimental
conditions tested (T=70-350°C, g, =31.2-156 MPa); it undergoes a transition from positive to negative rate
dependence as T increases past 210°C. The friction coefficient of smectite-bearing DFDP-1B brown gouge,
128.42 m sample depth, increases from 0.49 to 0.74 with increasing temperature and pressure (T=70-210°C,
0,'=31.2-93.6 MPa); the positive to negative rate dependence transition occurs as T increases past 140°C. These
measurements indicate that, in the absence of elevated pore fluid pressures, DFDP-1 gouges are frictionally
strong under conditions representative of the seismogenic crust.

1. Introduction

The Alpine Fault represents the largest onshore seismic hazard in New Zealand, accommodates 65-75% of
the total relative Australia-Pacific plate boundary motion, ruptures episodically in large magnitude (M,, ~ 8)
earthquakes, and is late in its seismic cycle (last event 1717 AD; recurrence interval 329 + 68 years)
[Sutherland et al., 2007; Berryman et al., 2012]. On the central Alpine Fault, between the Wanganui and
Waiho (Franz Josef) Rivers, rapid exhumation of amphibolite-facies mylonites from c. 35 km depth in the
past 5-8 Myr has resulted in a high shallow geothermal gradient of 62.6 + 2.1°C/km [e.qg., Norris and Cooper,
2007; Sutherland et al., 2007, 2012]. Because the central Alpine Fault exhumes its hanging wall, the min-
eralogical, microstructural, and frictional properties of principal slip zone (PSZ) materials may be diagnostic
of similar materials currently deforming at depth [Townend et al., 2009].

Understanding the geological, geophysical, hydrological, and seismological properties of the Alpine Fault are
aims of the Deep Fault Drilling Project (DFDP). The first phase of the Deep Fault Drilling Project (DFDP-1) suc-
cessfully constructed two shallow boreholes intersecting the fault (DFDP-1A, 96.6 m and DFDP-1B, 150.4 m) at
Gaunt Creek and collected rock cores, wireline logging data, and hydraulic measurements spanning the fault
zone (Figure 1). Initial DFDP publications have highlighted the important role fluid-rock interactions, which re-
sult in phyllosilicate precipitation and calcite mineralization, may play in modulating the mechanical properties
of the Alpine Fault [Sutherland et al., 2012; Townend et al., 2013].

Norris and Cooper [2007] found that central Alpine Fault gouges and cataclasites form from mechano-chemical
alteration of primarily Pacific-plate Alpine Schist-derived mylonites, which are continuous for ~150 km along-
strike. Warr and Cox [2001] documented two main phases of alteration in Gaunt Creek surface-outcrop fault
gouges and cataclasites: (1) hydrous chloritization at temperatures less than 320°C, and (2) growth of swelling
clays, particularly smectite, at temperatures less than 120°C. The extent to which alteration processes affect the
frictional strength and frictional stability of central Alpine Fault gouges remains incompletely understood. Here,
we report the results of low-velocity hydrothermal friction experiments designed to investigate the conditions
requisite for earthquake rupture nucleation. Experiments were conducted on two fault gouges comprising the
principal slip zone intersected in DFDP-1A and DFDP-1B. Because each PSZ gouge has a distinct mineral
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Figure 1. Location map and materials used in hydrothermal friction experiments. (a) Lithological cross sections of the two boreholes drilled
during Phase 1 of the Deep Fault Drilling Project (DFDP-1), Alpine Fault, at Gaunt Creek. Horizontal axis (distance between boreholes) located
across the top of figure. Samples were collected from the depths designated with stars. (b) A schematic cross section of prominent fault
scarp outcrop geology on the south side of Gaunt Creek. (c) The Australia-Pacific plate boundary in the South Island of New Zealand. (d)
180° scan of DFDP-1A Run 66, section 1, from which 1A blue gouge was sampled. (e) 180° scan of DFDP-1B Run 59, section 1, from which
1B brown gouge was sampled. Figure modified from Sutherland et al. [2012].

assemblage representative of high or low temperature alteration, experimental results quantify how frictional
properties vary with mineralogy, temperature, and pressure.

2. Materials Studied

DFDP-1 principal slip zone (PSZ) materials occur within a wider alteration zone characterized by cataclastic
deformation and precipitation of phyllosilicates and carbonates [Sutherland et al., 2012; Townend et al., 2013]
(Figure 1). Two random-fabric PSZ fault gouges (incohesive fault rock with >90% matrix grains <0.1 mm in
size) were selected from DFDP-1A and DFDP-1B cores for investigation: (1) a blue fault gouge from DFDP-1A
(Run 66, section 1, 0.44 m below top of core, 90.62 m adjusted hole depth; hereafter “1A blue gouge”) and (2)
a brown fault gouge from DFDP-1B (Run 59, section 1, 0.12 m below top of core, 128.42 m adjusted hole
depth; hereafter “1B brown gouge”).

For the hydrothermal friction experiments, gouge samples were vacuum dried overnight at 40°C and then
gently disaggregated using a mortar and pestle. Sieved separates (<150 pm) were made by passing each
gouge powder through a 100# sieve. Quantitative X-ray diffraction (XRD) was done on the sieved gouge sep-
arates following methods described by Boulton et al. [2012]. Particle size analysis of each separate was under-
taken with a Saturn Digisizer 5205 following the method of Storti and Balsamo [2010].

The ¢. 18 cm thick 1A blue gouge forms a gradational upper contact with foliated cataclasite and a sharp, but
undulating (cm- to mm-scale), lower contact with c. 2 cm thick brown gouge. It contains calcite vein fragments
and clasts of ultramylonite, cataclasite, and the underlying brown gouge. The sieved separate contains the
following minerals: quartz (29%), K feldspar (42%), plagioclase (6%), calcite (7%), muscovite/illite (9%), chlorite
(clinochlore) (7%), anatase (< 1%), and rare pyrite. Median grain size is c. 4 pm, with 90% of analyzed grains
having diameters <65 um.
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Figure 2. Plots of coefficient of friction vs. axial displacement for triaxial experiments conducted on Alpine Fault gouges. For a 30° inclined
saw cut, fault-parallel displacement is approximately 15% larger than axial displacement. (a) Representative DFDP-1A blue gouge experi-
ments conducted following depth-dependent increases in temperature and effective normal stress. Rate and state friction parameters
are depicted graphically in the inset figure. (b) Representative DFDP-1B brown gouge experiments conducted following the same method.
Velocity steps are demarcated.

The upper contact of the c. 20 cm thick 1B brown gouge was not recovered, but this material is composi-
tionally similar to the brown gouge that occurs below the 1A blue gouge. Compared to the 1A blue gouge, 1B
brown gouge has a higher proportion of brown gouge clasts, fewer cataclasite and ultramylonite clasts, fewer
calcite vein fragments, and Fe oxide-hydroxide cement. The sieved separate contains the following minerals:
quartz (22%), K feldspar (15%), plagioclase (21%), calcite (10%), muscovite/illite (5%), smectite (montmoril-
lonite) (26%), chlorite (clinochlore) (1%), and rare pyrite. The 1B brown gouge median grain size is c. 3 um,
with 90% of analyzed grains having diameters <41 um; thus, it is finer grained than the 1A blue gouge.

3. Hydrothermal Friction Experiments
3.1. Experimental Procedure

A total of 18 shearing experiments were conducted using a triaxial deformation apparatus: 10 experiments
following a lithostatic confining pressure gradient consistent with crustal density of 2650 kg/m?, hydrostatic
pore fluid pressure, and a 35°C/km geothermal gradient. A geothermal gradient of 35°C/km was chosen to
coincide with seismological observations of microseismicity in the hanging wall of the Alpine Fault extending
to 10+ 2 km depth [Boese et al., 2012], consistent with available geological data [Toy et al., 2010]. Although the
shallow geothermal gradient on the Alpine Fault is high, a depth-averaged geothermal gradient of 35°C/km is
appropriate if the onset of quartz plasticity at approximately 350°C represents the base of the brittle
seismogenic crust [e.g., Scholz, 1998].

To explore how elevated temperatures might affect frictional properties, six experiments were conducted to
simulate higher crustal temperatures at effective normal stresses between 31.2 and 93.6 MPa. The remaining
two experiments were conducted at room temperature and an effective normal stress of 31.2 MPa to provide
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Figure 3. Summary plots of experimental results. (a) Frictional strength as a function of gouge lithology, temperature, and effective normal
stress. DFDP-1A blue gouge u values are in blue font, and DFDP-1B brown gouge x values are in brown font. 1A blue gouge symbols (circles)
and 1B brown gouge symbols (open squares) are color coded to match temperature in plots b, ¢, and d. Typical uncertainties in u for tests
from room temperature to 210° (using Pb jackets) are +0.02; uncertainties at higher temperatures (with Cu jackets) are +0.03. Plotted for
reference are 0,-T curves approximating in situ conditions for 35°C/km and 70°C/km geothermal gradients. (b) DFDP-1A blue gouge friction
rate parameters. (c) Results from more detailed experiments on 1A blue gouge investigating the competing effects of temperature and pres-
sure on frictional stability. (d) DFDP-1B brown gouge friction rate parameters. The standard deviation in g, b;, b,, and (a-b) is in the order of
10", All data are tabulated in supporting information.

data comparable with those of previous experiments on surface-outcrop gouges [Boulton et al., 2012]. The 1A blue
gouge was tested at temperatures up to 350°C; these temperatures are within the thermodynamic stability range
of chlorite and muscovite/illite. Experiments on the 1B brown gouge were conducted at temperatures up to
210°C, somewhat in excess of the thermodynamic stability range of smectite [Pytte and Reynolds, 1989].

Experiments were conducted using an inclined (30° plane) saw cut configuration, furnace assembly, and
methods described in Moore and Lockner [2011]. To determine the rate dependence of friction, velocity steps
of 0.01-3 pm/s were imposed. Total axial displacement varied between 2.41 and 3.63 mm (Figure 2). For a 30°
inclined saw cut, fault-parallel displacement is approximately 15% larger than axial displacement. Supporting
information contains full experimental methods, data processing details, and a table of all

experiments conducted.

3.2. Data Analysis

We present strength results in terms of the coefficient of friction, u = 7/0,,’ where 7 is the resolved shear stress,
0,' =0, — P, is the effective normal stress, and 0,, and P, are the resolved normal stress and the pore pressure,
respectively. Because many of the samples experienced strain hardening, nearly all of the reported friction
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coefficients (Figure 3a) were measured at 2.70 mm axial displacement and 0.1 um/s velocity. Two samples
(AFHT16 and AFHT23) underwent early jacket failure; in those cases, the reported value of 1 was measured
near the beginning of the 0.1 um/s velocity step (2.39 mm axial displacement).

In terms of rate and state friction equations, linear stability analysis shows that the mechanical conditions and
constitutive properties that distinguish stable (aseismic) from unstable (seismic) sliding can be quantified by
a friction rate parameter (a-b) and a critical slip distance d. [Dieterich, 1979; Ruina, 1983]. We estimated (a-b)
and other constitutive parameters using an iterative least squares method incorporating the Dieterich [1979]
constitutive friction equation

v Vo0, Vo0,
= In{ — byl by 1
Mes = Ug +a n(Vo)+ 1n(dc1)+ zn(dcz) (m

where V, and V are the initial and final load point velocities, respectively, uo and u are the initial and final,
steady-state, coefficients of friction, a, by, b, d.1, and d, are empirical constants, and 0, and 0, are state vari-
ables that evolve with time according to

do; 1 Vo,

@ g, =12 @

For many velocity steps, data are well fit using a single state variable, and 6, = 0 (equation (1)). In the two state
variable models, a-b was determined by letting b = b, + b,. Within the rate and state framework, frictional
sliding will be unstable, or potentially unstable, when a-b <0. Frictional sliding will be stable when a-b > 0.
The stability criterion also requires that the elastic stiffness, k, of the loading system be smaller than the
critical stiffness, k., which is defined by the frictional properties of the slipping fault [Ruina, 1983; Scholz, 1998].
Constitutive parameters for the least squares fit of all modeled velocity steps are tabulated in the
supporting information.

3.3. Results

The friction coefficient of the 1A blue gouge increased from x =0.61 at low effective normal stress and temper-
ature (0,'=31.2 MPa and T=70°C) to u = 0.76 at higher effective normal stress and temperature (0,,'= 156 MPa and
T=350°C). As seen in Figure 3a, the 1A blue gouge friction coefficient depends primarily on temperature and has
little sensitivity to o,,', especially above 250°C. We observed a rapid increase in the 1B brown gouge friction co-
efficient, from 1 =0.49 at low effective normal stress and temperature (0, =31.2 MPa and T=70°C) to x =0.74 at
higher effective normal stress and temperature (o,'=93.6 MPa and T=210°C; Figures 2 and 3).

1A blue gouge exhibited near zero or positive (a-b) for all velocity steps conducted at T< 140°C, 0,,' < 62.4 MPa
(Figures 2a and 3b). In experiments conducted at temperatures >210°C, values of (a-b) were negative for all
velocities and all effective normal stresses (Figures 3b and 3c). We observed one exception at 210°C, 0,,'=62.4,
v=3 um/s, where (a-b) was positive (Figure 4c). The friction rate parameter, (a-b), of 1B brown gouge, was near
zero or positive at 23°C and 70°C. At 140°C, 0,,' =62.4 MPa, values of (a-b) were negative for every velocity step
size, becoming less negative with increasing velocity. At 175°C, 0,'=62.4MPa, and at 210°C, 0,,'=93.6 MPa, all
measured values of (a-b) were negative (Figure 3d).

4, Discussion

In hydrothermal experiments conducted under conditions approximating those expected for a 35°C/km geo-
thermal gradient to a depth of 10 km, 1A blue gouge underwent a transition from positive to negative (a-b) as
temperature increased past 210°C. A similar transition to rate-weakening behavior at elevated temperatures
also occurred in low velocity hydrothermal friction experiments on granite gouges (T=100-350°C) [Blanpied
et al., 1995], illite-rich San Andreas Fault gouges (T=266-349°C) [Tembe et al., 2009], and quartz-illite gouges
(T=250-400°C) [Den Hartog and Spiers, 2013]. The frictional stability transition observed in the 1A blue gouge at
210°C can be interpreted in the context of microphysical models for quartz-phyllosilicate gouges developed by
Den Hartog and Spiers [2013] following Niemeijer and Spiers [2007].
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In those microphysical models, shear deformation is accommodated by dilational granular flow with
interchanging framework silicate contacts and frictional slip on phyllosilicates. At steady state, dilation
is balanced by solution-assisted compaction and gouge porosity remains low. During a velocity step,
dilation accompanies frictional slip along the grain contacts. If the dilation (increase in porosity) that
accompanies a velocity increase is greater than the compaction (decrease in porosity) that accom-

panies sliding at the higher velocity, gouge steady-state frictional strength decreases after a velocity
step. According to this interpretation, variations in gouge porosity underpin rate-weakening behavior.

The microphysical models suggest that negative (a-b) is linked to temperature-, grain size-, effective normal
stress-, and time-dependent solution-transfer processes that increase grain contact area. These thermally
activated processes result in negative (a-b) at temperatures greater than c. 150-250°C and less than c. 350-
600°C, depending on sliding velocity and the ratio of phyllosilicate minerals to quartz. At lower temperatures,
higher sliding velocities, and/or higher ratios of phyllosilicate minerals to quartz, increases in grain contact
area associated with solution-assisted compaction are slow and shear deformation is accommodated pri-
marily by rate-strengthening frictional sliding along grain contacts [Niemeijer and Spiers, 2007; Den Hartog
and Spiers, 2013]. From these microphysical models, it follows that increasing the modal abundance of in-
soluble, thermodynamically stable, phyllosilicate minerals (e.g., a Gaunt Creek surface-outcrop PSZ gouge
had 41% chlorite-muscovite/illite in Boulton et al. [2012]) would increase the temperature at which the
transition from positive to negative (a-b) occurs.

Our observation of an increase in the 1B brown gouge friction coefficient coincident with rate-weakening
behavior agrees with previous findings correlating conditionally unstable or unstable (seismic) slip with
frictionally strong materials [Beeler, 2007; Ikari et al., 2011]. The change from positive to negative rate de-
pendence occurred in the temperature range associated with the thermally driven dehydration of smectite to
illite (T=120-150°C) [Pytte and Reynolds, 1989], which may accelerate solution-assisted compaction and/or
promote strain localization, both of which are associated with frictional instability [e.g., Niemeijer and Spiers,
2007; Saffer et al., 2012; Den Hartog and Spiers, 2013]. However, the smectite-to-illite reaction is unlikely to
have progressed to completion during an ~18.5 h experiment, and the increase in the 1B brown gouge
friction coefficient remains the focus of future study. Smectite is a low temperature alteration product of
precursor chlorite and muscovite/illite minerals [Warr and Cox, 2001; Boulton et al., 2012]; therefore, gouges
similar to the 1B brown gouge are unlikely to affect central Alpine Fault frictional properties at depths greater
than c. 2-3 km given the high shallow geothermal gradient.

High-velocity friction experiments indicate that sliding at coseismic slip rates (~1 m/s) activates dynamic
weakening mechanisms that result in very low friction coefficients (x =0.2-0.4) [e.g., Di Toro et al., 2011].
Whether an earthquake rupture tip can provide the acceleration needed to activate dynamic weakening
mechanisms is strongly influenced by the areal distribution of rate-weakening and rate-strengthening materials
on the fault plane [e.g., Noda et al., 2009; Kaneko et al., 2010]. Indeed, frictional failure of the Alpine Fault requires
the presence of rate-weakening material as well as sufficient resolved shear stress to overcome its frictional
strength. If, as our hydrothermal friction results indicate, earthquake rupture nucleation occurs in frictionally
strong, rate-weakening Alpine Fault gouge, determining the stress tensor, pore fluid pressure, and fault ge-
ometry at depth is critically important to understanding nucleation processes [e.g., Wannamaker et al., 2002;
Boese et al., 2012; Barth et al., 2012].

5. Conclusions

The coefficient of friction of DFDP-1A blue gouge increases with temperature and pressure from x4 =0.61 to
1 =0.76. The transition from positive to negative (a-b) occurs in 1A blue gouge at 210°C, irrespective of ef-
fective normal stress in the range tested (0,'=31.2 to 93.6 MPa). The friction coefficient of DFDP-1B brown
gouge increases markedly from x =0.49 at T=70°Cand 0,,'=31.2 MPa to u =0.65 at T=140°C and 0,,=62.4 MPa,
coincident with the transition from positive to negative rate dependence. Our 1B brown gouge data indicate
that smectite precipitation promotes rate-strengthening behavior in the shallowest part of the Alpine Fault
(uppermost c. 3-4 km for a geothermal gradient of 35°C/km). For the same geothermal gradient, in the depth
range c. 6-10 km, the chlorite/white mica-bearing 1A blue gouge exhibits rate-weakening behavior conducive
to earthquake rupture nucleation.
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