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ABSTRACT

Identification of the nano-scale to micro-scale mechanochemi-
cal processes occurring during fault slip is of fundamental impor-
tance to understand earthquake nucleation and propagation. Here
we explore the micromechanical processes occurring during fault
nucleation and slip at subseismic rates (~3 x 10 m s™!) in carbonate
rocks. We experimentally sheared calcite-rich travertine blocks at
simulated upper crustal conditions, producing a nano-grained fault
gouge. Strain in the gouge is accommodated by cataclastic commi-
nution of calcite grains and concurrent crystal-plastic deformation
through twinning and dislocation glide, producing a crystallographic
preferred orientation (CPO). Continued wear of fine-grained gouge
particles results in the mechanical decomposition of calcite and pro-
duction of amorphous carbon. We show that CPO and the production
of amorphous carbon, previously attributed to frictional heating and
weakening during seismic slip, can be produced at low temperature
during stable slip at subseismic rates without slip weakening.

INTRODUCTION

Carbonate rocks in the upper crust host hypocenters of medium to large
earthquakes worldwide and studies conducted on exhumed carbonate-
hosted faults indicate that coseismic slip is accommodated within highly
localized slip zones a few millimeters thick, filled with fault gouge. These
slip zones are characterized by the presence of nano-scale grains (Siman-
Tov et al., 2013), the occurrence of decarbonation products and amorphous
phases linked to frictional heating (Collettini et al., 2014), and crystal-
lographic preferred orientation (CPO) (Smith et al., 2013). Elucidating
the conditions and nano-scale to micro-scale deformation mechanisms
that control the occurrence of these microstructural features and how
they relate to the frictional behavior of the fault gouge during seismic
and subseismic slip is crucial for understanding the processes leading to
earthquake slip in carbonate rocks.

Here we present a microstructural and nanostructural analysis of exper-
imentally deformed calcite gouge to identify the fundamental processes
occurring during subseismic slip at conditions mimicking the interseis-
mic period in upper crustal carbonate faults. We monitor the frictional
response of the rock as a function of shear displacement during direct
shear experiments and use a range of microanalytical techniques including
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neutron diffraction, high-resolution scanning electron microscopy (SEM)
imaging, electron backscatter diffraction (EBSD), transmission Kikuchi
diffraction (TKD), transmission electron microscopy (TEM), electron
energy loss spectroscopy (EELS), and microfocused Raman spectroscopy
for quantitative microstructural characterization. Our results show that
deformation at subseismic slip rates is accommodated by a combination
of cataclastic grain comminution, crystal-plastic deformation by twinning
and dislocation glide, and mechanically activated dissociation of calcite
leading to generation of amorphous carbon, simultaneously occurring
without changes in bulk frictional properties of the fault zone.

METHODS

Direct shear experiments were conducted on water-saturated intact
blocks of travertine (with dimensions of 24 x 11 x 15 cm?®) sourced from
a quarry in the central Apennines in Italy. The starting material was com-
posed of 99 wt% calcite, as determined by quantitative X-ray diffraction
analysis. Trace amounts (0.16 + 0.11 wt%) of organic carbon were identi-
fied using conventional pyrolytic tests.

Direct shear tests were conducted at subseismic slip rates of 3—17 x
10~ m s~! under a maximum normal stress of 45 MPa, and ambient labo-
ratory temperature of ~25 °C (Giwelli et al., 2016). Shear (t) and normal
(o) stresses are recorded allowing derivation of the friction coefficient
(1 = o/7). To study the evolution of the microstructure in the gouge as a
function of progressive deformation, several samples were sheared to dif-
ferent maximum displacements of 20, 70, and 120 mm, and subsequently
studied via optical, neutron and electron based analytical techniques (see
the GSA Data Repository' for methodology).

MICROSTRUCTURAL EVOLUTION WITH SLIP

Direct shear experiments consistently showed rapid, near-linear load-
ing followed by hardening toward a peak p of ~0.8. With increasing slip u
decreased to values of 0.55-0.6 and remained nearly constant up to dis-
placements of ~70 mm (Fig. 1A). At higher displacements, the measured
friction is affected by the increasing contact area between the sample and

!GSA Data Repository item 2018037, Items DR1 (image analysis of sheared
samples), DR2 (travertine textural characterization), DR3 (TKD and TEM pro-
cedure), DR4 (calculation of friction heat rise during shearing), and DRS (EDS
and Raman analysis of gouge and identification of amorphous carbon), is avail-
able online at http://www.geosociety.org/datarepository/2018/ or on request from
editing @geosociety.org.
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Figure 1. A: Evolution of friction coefficient as a function of shear dis-
placement (d) in the travertine samples used in this study. B: Calcite
(006) pole figures measured via neutron diffraction on cohesive wafers
of gouge extracted from blocks sheared to different amount of shear
displacement (d, in mm). SP—shear plane. Color bar is in multiple of
random distribution (m.r.d.). Max.—maximum; Min.—minimum.

the low-friction Teflon gasket used to seal the direct shear box (Giwelli
et al., 2016). Macroscopic observations on the sheared blocks indicate
that deformation is first accommodated in a shear zone (~15 mm wide)
forming after 20 mm of slip; as slip progresses, deformation localizes
into gouge layers (~10 mm wide) of extremely reduced grain sizes (Delle
Piane et al., 2016). Quantitative image analysis of gouge particles based
on SEM images revealed that the resolvable grain sizes typically range
between 10 nm and ~5 um. Increasing shear displacement from 20 to
120 mm results in the grains become smaller and more rounded (see Item
DRI in the Data Repository).

Textural analysis by neutron diffraction and EBSD analysis indicates a
preexisting weak CPO in the intact travertine characterized by alignment
of calcite c-axes normal to the sedimentary bedding (Item DR2). This CPO
was destroyed upon initial shearing, and a different deformation-induced
CPO evolved rapidly in the gouge with progressive slip. Distinct maxima
in poles to the (006) diffraction band (parallel to the c-axis in calcite)
developed at high angles (60°-90°) to the shear plane after low finite
displacement (20 mm slip), and rotated progressively to be orthogonal
to the shear direction by 120 mm slip (Fig. 1B).

During initial shearing, large relict calcite clasts close to fractures
develop e-twins; within the gouge zone, TKD analysis revealed that cal-
cite clasts that are <5 um across mainly comprise single grains of calcite
with abundant e-twins (Fig. 2A) and lack the straight subgrain bound-
aries observed in the undeformed primary sparry crystals (Item DR2).
Clasts as small as 200 nm preserve deformation-induced crystal-plastic
microstructures where individual grains show significant continuous lat-
tice distortion that typically accommodates as much as 5° of cumulative
intracrystal orientation change over length scales of ~500 nm (Fig. 2B).
The areas between grains that did not produce coherent diffraction pat-
terns during TKD analysis are predominantly composed of carbon, as
revealed by energy-dispersive X-ray spectroscopy elemental mapping,
have distinctive EELS and Raman spectra (Item DRS5), and are therefore
identified as amorphous carbonaceous material (black areas in Fig. 2A).

TEM images from a foil extracted from the gouge zone show that
calcite particles in the 0.5-2-pm-diameter range are generally equant to
slightly elongate and characterized by a heterogeneous dislocation density,
with almost defect-free cores and significantly higher dislocation densi-
ties along the rims (Fig. 3A). There is a large population of small (50 nm
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Figure 2. Characteristic deformation microstructure of the sheared
travertine. A: Transmission Kikuchi diffraction (TKD) map in all Euler
color scheme with overlain grain boundary map showing calcite grains
of various size with internal distortion and deformation twins. Also
shown are the schematic relationships between twin and host grains.
Areas of amorphous carbon (a.c.) do not yield diffraction patterns
and appear black. B: Misorientation map and profile of a calcite grain
showing deformation-induced internal crystallographic distortion of
5° over a length of 450 nm.

50_nm

Figure 3.Transmission electron microscope (TEM) images of gouge
particles produced after 120 mm of shear displacement. A: Microm-
eter-sized calcite crystal surrounded by a submicrometer matrix.
Note the difference in dislocation density between the core and the
rim of the crystals (white arrows). B: High-angle annular dark-field
scanning TEM image of grain-grain contacts (black arrows) deco-
rated by degassing vesicles (small black dots, each ~5 nm across).

diameter) calcite particles that are also equant, and have rhombohedral
or hexagonal forms (Figs. 3A and 3B). Boundaries of these clasts are
irregular and decorated with voids (~5 nm across), which are particularly
abundant at clast-clast contacts (Fig. 3B).

EELS spectra characterize the bonding structure of the particles in
the gouge and reveal the coexistence of calcite and amorphous carbon
(Fig. 4). Calcite grains show a characteristic sharp peak at 290 eV and a
broader, less intense feature with maximum at 300 eV, well-developed Ca
L,,, edge at ~350 eV, and O-K-edge at ~540 eV (Benzerara et al., 2005;
Garvie et al., 1994) (Fig. 4B). Further peaks at 286 eV and at 532 eV
cannot be assigned to carbonate bonds, and are indicative of carbonyl or
carboxyl groups (Benzerara et al., 2005). In the carbon-rich areas, EELS
spectra show C-K edge structures characterized by a 285 eV (1t*) peak, a
second more intense, broad feature at ~295 eV (6* peak), and a broader
multiple scattering resonance peak at ~330 eV diagnostic of amorphous
carbon (Daniels et al., 2007). Minor peaks are related to the presence of Ca
(~350 eV) and O (~540 eV), consistent with minor relict calcite (Fig. 4C).

DISCUSSION

Throughout experiments, early deformation is dominated by grain
fracturing followed by abrasion-dominated comminution. During early
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Figure 4. A: High-angle annular dark-field scanning transmission electron microscopy image of a gouge region used for collection of electron
energy loss spectroscopy (EELS) spectra. B: EELS spectrum averaged over the black box shown in A with peaks and edges associated with
calcite and carbonyl or carboxyl groups (see text for details). C: EELS spectrum averaged over the red box shown in A with features typical
of amorphous carbon (z* peak and ¢* peak). MSR—multiple scattering resonance.

fracture-dominated cataclasis, random rotation of comminuted clasts
quickly destroyed the primary calcite CPO of the travertine. The devel-
opment of a new CPO, along with the localized high dislocation density,
lattice distortion, and twin generation indicate that crystal plasticity played
a significant role in accommodating deformation during the experiments.
The deformation-induced CPO is attributed to intracrystalline slip on
the r-glide system in calcite and simultaneous e-twinning. The abun-
dant e-twins in the gouge are deformation induced, because these are
absent in the pre-deformation material. The simultaneous operation of
e-twinning and dislocation glide on the r-glide system is consistent with
low-temperature plasticity of calcite reported in laboratory experiments
and exhumed carbonate faults (De Bresser and Spiers, 1997; Kennedy
and White, 2001).

The presence of nanoscale calcite clasts in the gouge raises questions
about their formation mechanism because theories of fracture propaga-
tion are limited to calcium carbonate particles larger than ~1 um (Kendall,
1978). However, calcite nanograins have been observed in natural fault
rocks (Kennedy and White, 2001; Collettini et al., 2014) and in shear
experiments on simulated gouges (Han et al., 2010; Tisato et al., 2012;
Verberne et al., 2013, 2014; Toy et al., 2015; Delle Piane et al., 2016).

The high lattice distortion of the gouge grains is consistent with high
stress deformation during shearing: point contacts between impinging
grains acted as stress risers, locally activating dislocation glide. Dislo-
cation glide in the gouge matrix during shearing resulted in dislocation
networks organizing into a cell structure similar to that originating from
low-temperature attrition milling (Rawers and Cook, 1999), whereupon
the structural degradation of large grains follows the generation and mul-
tiplication of dislocations associated with stress risers at grain boundaries
during particle impingement. The newly generated dislocations interacted
to form cell walls at grain boundaries evolving into nanoscopic grains
(Fig. 3A) similar to those described by De Paola et al. (2015).

Analyses by TKD, EELS, and Raman spectroscopy corroborate that
high concentrations (to 50% by area) of amorphous carbon were produced
in the gouge at low-temperature and subseismic slip conditions (Figs. 2
and 4). The close spatial proximity of calcite point contacts, nanovesicles,
and interstitial amorphous carbon (Fig. 3B) suggests a causal link between
these microstructural components. It is interesting that the nanoscale
vesicles closely resemble those associated with thermal decarbonation
of calcite (Collettini et al., 2013). For the experimental conditions used,
the temperature rise (AT) due to frictional heating, calculated following
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Rice (2006) and using typical parameters for calcite (Item DR4), ranges
between 4 and 13 °C. Therefore, the temperature within the gouge was
calculated to remain <50 °C, well below the values required for the
initiation of thermal decarbonation (~600 °C, according to Rodriguez-
Navarro et al., 2009). Thus, the mechanism of decarbonation requires an
alternative explanation to frictional heating. The presence of decarbon-
ation vesicles could be explained by the mechanochemical dissociation
of calcite (Dickinson et al., 1991; Martinelli and Plescia, 2004) resulting
from high stress concentration at clast-clast point contacts. Stored strain
energy associated with high dislocation density near the surfaces of the
comminuted clasts can facilitate the dissociation by reducing the effec-
tive energy barrier for reaction (Yue et al., 1999). In this scenario, the
dissociation would liberate gaseous CO, responsible for the observed
vesicles according to the reaction:

CaCO,,, — Ca0, + CO,,,. (€))

Previous experimental studies on simulated calcite gouges sheared at
seismic velocity (~1m s™') reported the occurrence of amorphous carbon
and graphite attributed to thermal decomposition of calcite and ensuing
precipitation of carbon via high-temperature gas reactions and thermo-
chemical vapor deposition (Oohashi et al., 2014; Spagnuolo et al., 2015).

The formation of amorphous carbon at low temperature during faulting
in carbonates is an unexpected result of our study and requires an alterna-
tive mechanism to produce free carbon without thermal decomposition.
Geochemical evidence points to the precipitation of carbonaceous solids
from a C-O-H-rich pore fluid (Luque et al., 1998). We propose that CO,
liberated by the mechanically activated dissociation and decarbonation
of calcite saturates the pore water with respect to carbon, which is then
precipitated in an amorphous state and as carbonyl or carboxyl groups,
as indicated by the EELS results (Fig. 4).

Amorphous carbon has been previously linked to dramatic dynamic
weakening in high-velocity friction experiments on calcite gouges (Spag-
nuolo et al., 2015). However, we note that our slow slip tests indicate that
the friction coefficient of the gouge was not affected by the development of
amorphous carbon, at least in the volumetric proportions that we observed.
This is in agreement with the results of Oohashi et al. (2011) reporting
large differences in steady-state friction coefficient of amorphous carbon
at low (u=0.54) and high (u = 0.1) slip rates.

Therefore, at subseismic slip rates, deformation in calcite-dominated
rocks is accommodated by grain-size reduction through brittle catacla-
sis, grain comminution, and crystal-plastic deformation, development of
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CPO through e-twin generation and r-slip, and mechanical, rather than
thermally activated, dissociation of calcite resulting in the generation of
amorphous carbon. It is important that the development of these micro-
structural features occurs during stable sliding with negligible frictional
heating and without dramatic weakening.

Amorphous carbon generated during low-temperature subseismic
faulting of carbonates is a previously unrecognized source of carbona-
ceous material in fault zones available for subsequent transformation into
graphite, which is known to occupy the principal slip surfaces of many
faults and shear zones, and acts as a solid natural lubricant for slip due
to its extremely low coefficient of friction of ~0.1 (Oohashi et al., 2012).
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