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Abstract A layer of substantially noncrystalline material, composed of partially annealed nanopowder
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with local melt, was experimentally generated by comminution during 1.5 mm total slip at 2.5 3 1026
m s21, Pconf  0.5 GPa, and 4508C or 6008C, on saw cut surfaces in novaculite. The partially annealed nanopowder comprises angular grains mostly 5–200 nm diameter in a variably dense packing arrangement. A
sharp transition from wall rock to partially annealed nanopowder illustrates that the nanopowder effectively
localizes shear, consistent with generation of nanoparticles during initial fragmentation, not by progressive
grain size reduction. Dislocation densities in nanopowder grains or immediate wall rock are not signiﬁcantly
high, but there are planar plastic defects spaced at 5–200 nm parallel to the host quartz grain’s basal plane.
We propose these plastic defects developed into through-going fractures to generate nanocrystals. The partially annealed nanopowder has a crystallographic preferred orientation (CPO) that we hypothesize developed due to surface energy interactions to maximize coincident site lattices (CSL) during annealing. This
mechanism may also have generated CPOs recently described in micro/nanocrystalline calcite fault gouges.
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1. Introduction
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Recently, paradigms about the deformation mechanisms that can effectively accommodate seismic-rate slip
in natural faults have been challenged by observations that microstructures characteristic of dislocation
[e.g., Verberne et al., 2013, 2014; Smith et al., 2013] or diffusion creep [e.g., De Paola, 2013; Green et al. 2015;
Schubnel et al., 2013] can be generated on simulated fault planes sheared at seismic slip rates (i.e., >0.1 m
s21) [Sibson, 1983] initially at room temperature conditions. It is generally inferred that short-lived dynamic
frictional heat pulses and the ultraﬁne-grained nature of the fault rocks allowed these various sorts of creep
to dominate. Calculations using reasonable ﬂow laws seem to allow seismic strain rates to be accommodated by creep for very high stresses and ﬁne particle sizes [e.g., Schubnel et al., 2013], but the sensitivity to
their chosen grain size yields orders of magnitude uncertainty to these estimates. Furthermore, frictional
heat pulses are very short lived and it is difﬁcult to understand how the observed microstructural changes
could occur while this heating has a measurable effect.
Additionally, despite a growing number of careful studies correlating microstructural observations to slip
rate behavior [e.g., Niemeijer and Spiers, 2005, 2006; Den Hartog and Spiers, 2013; Rowe et al., 2011; Ikari
et al., 2011], there is still no ﬁrm consensus on what ﬁne-grained fault rock microstructures are diagnostic of
seismic versus aseismic faulting [Cowan, 1999; St€
unitz et al., 2010]. One category of fault rocks that have
recently been ‘‘correlated’’ to seismic slip rate [Smith et al., 2013] are amorphous and nanocrystalline materials [see, in particular, Kirkpatrick et al., 2013]. Formation mechanisms and mechanical evolution of these
materials potentially inﬂuence earthquake rupture nucleation and propagation, so they currently receive
wide attention within the seismotectonic community [Reches and Lockner, 2010; Chen et al., 2013].
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In this study, we have generated nanocrystalline materials in simulated faults in very simple quartzites in a
Griggs-type apparatus. We propose an explanation for their microstructures and textures that does not
require deformation mechanisms more typically associated with aseismic creep. The observations we present, and our discussion of realistic mechanisms may allow greater conﬁdence in interpretation of slip rate
behavior from natural microstructures.
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1.1. Amorphous and Nanocrystalline Materials on Fault Planes
The development of at least partially ‘‘amorphous’’ and/or ‘‘nanocrystalline’’ materials within fault principal
slip zones has been shown to dramatically reduce their frictional shear resistance [Goldsby and Tullis, 2002],
so it is proposed that the generation of these materials facilitates shear localization and seismic slip. Such
microstructures have been generated experimentally in high-velocity (<1 m s21) experiments with displacements ranging from 4 to 40 m conducted at room temperatures (e.g., silica gels reported by Di Toro
et al. [2004]; granular nanomaterial described by Han et al. [2011]). They have also been observed in products of much lower velocity (10–100 lm s21) shear experiments at higher initial temperatures and conﬁning
pressures such as the apparent pseudotachylytes reported by Pec et al. [2012] that were generated at
T 5 3008C, Pconf 5 500 MPa in a Griggs-rig-type apparatus. Glassy/melt textures have also been shown to
form on the surfaces of saw cut samples in standard triaxial deformation experiments conducted at axial
strain rates of 1024 s21 [e.g., Friedman et al., 1974] where localized high temperatures are reached due to
rapid stick-slip events. Koizumi et al. [2004] showed that similar triaxial saw cut experiments at nominal axial
strain rates of 1023 s21 demonstrate stick-slip events with peak velocities approaching 40 m s21 over displacements of 0.32 mm at Pconf 5 150 GPa, and provided evidence of surface structures indicating that melt
layers are formed as a consequence. More recently, Beeler et al. [2011] showed similar melt structures in
Westerly granite formed during stick-slip events with peak velocities of >5 m s21 at Pconf 5 400 MPa. Amorphous materials have also been reported in natural fault zones (e.g., natural silica gel from the Corona Fault
described by Kirkpatrick et al. [2013]). These materials commonly comprise some proportion of randomly
oriented nanocrystals embedded in a noncrystalline matrix that displays no TEM diffraction contrast or lattice fringes. Proposed generation mechanisms include: irradiation damage, deformation, application of
pressure, and chemical reactions; but reported microstructural observations are mostly consistent with
micro/nanocomminution involving generation of lattice defects [Pec et al., 2012, and references therein].
Recently, it has been found that some microcrystalline and nanocrystalline aggregates within the principal
sliding surfaces of calcite and halite gouges deformed experimentally at coseismic or subseismic rates have
developed crystallographic preferred orientations (CPOs) [e.g., Kim et al., 2010; Verberne et al., 2013]. In addition, Smith et al. [2013] presented microstructural evidence that such a granular material was annealed and
subsequently dynamically recrystallized. A growing number of studies reveal CPOs can develop in materials
experimentally deformed by diffusion-dominant processes [e.g., Sundberg and Cooper, 2008], or due to oriented growth in a strain ﬁeld [e.g., Shelly, 1971]. Nevertheless, the simple observation that most tectonites
with strong CPOs also have microstructures typical of dislocation creep (e.g., stretched grains, undulose
extinction, interlobate grain boundaries) [Tullis et al., 1973; Schmid and Casey, 1986; Law, 1990; Heilbronner
and Tullis, 2006] dictates that the most important mechanism of CPO development in silicate minerals is dislocation glide, a component of ‘‘grain size insensitive’’ or ‘‘dislocation creep.’’
CPOs and annealed textures were also reported in micron-sized quartz grain aggregates adjacent to pseudotachylytes described by Bestmann et al. [2011, 2012]. These potentially also developed due to grain size
insensitive creep at enhanced rates due to thermal effects adjacent to the friction melts.
Grain size insensitive creep is the dominant strain-accommodating mechanism in solid-state ﬂow of rock
when homologous temperatures (i.e., T/Tm) exceed 0.5 [Carter, 1976]. However, synthetic gouges within
which CPOs were developed would have been subjected to such elevated temperatures for very short time
periods. Smith et al. [2013] calculated the maximum temperature achieved within the <300 lm thick calcite
gouge layers in their high-velocity (1 m s21) experiments as 9008C. Thermal diffusion from an inﬁnite tabular zone of this thickness and uniform starting temperature into host rock at room temperature (at which
their experiments were performed) would result in cooling of the entire material below 508C in <3 s (full
calculations in Appendix A).
Rates of dynamic recrystallization are very difﬁcult to quantify, but at rates of grain boundary migration calculated by Prior et al. [1990] in New Zealand’s Alpine Fault mylonites subject to simple shear at 10210 s21
and temperatures in the range 350–6008C, a grain boundary requires 26 years to migrate through a 1 lm
diameter grain (260 years for a 10 lm grain). There is no straightforward way to extrapolate this calculation
to experimental conditions, but we anticipate greater driving forces due to the much higher experimental
strain rates in the calcite gouges would have been offset by reduction in boundary migration rates at the
low temperatures. Thus, it is difﬁcult to understand how dynamic recrystallization could have occurred in
the available time.
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We note that cellular nanograins have been formed in experiments on metals by a combination of microfracture and subgrain wall formation (i.e., dislocation glide and recovery) at room temperature and strain
rates comparable to those realized in Verberne et al.’s [2013] nanocrystalline calcite gouge experiments
[Umemoto, 2003; Yang et al., 2010]. However, metals generally have melting, and therefore homologous
temperatures less than half those of silicate minerals [Haynes, 2014], so we do not anticipate this process is
anywhere near as effective in the latter.
At present, we believe that a conclusion that CPOs in both materials mostly result from operation of dislocation processes requires dramatic revision of paradigms about the likely rates of microstructural change in
deforming rock. Herein we propose an alternative explanation for the observed CPOs, involving surface
energy interactions during annealing and examine this in context of our own experimental data.

2. Experimental Setup and Results
Typical seismic slip rates (meters per second) [Sibson, 1983] cannot yet be achieved in experimental apparatus’ at conﬁning pressures and temperatures characteristic of the base of the seismogenic zone, which is
the nucleation region of large earthquakes. Consequently, we have simulated accelerated creep shear
beneath the interseismic ‘‘brittle-ductile transition,’’ as would occur during downward propagation of earthquake ruptures nucleated in the brittle ﬁeld. These simulated earthquakes were induced in a Griggs-type
apparatus [Rybacki et al., 1998; Griggs, 1967] at Ruhr-Universit€at Bochum, Germany. A single saw cut was
made at 458 to the long axes of 3.3 mm diameter and 7.01 mm long cylinders of Arkansas novaculite
(donated to Prof. J. Renner of Ruhr-Universit€at Bochum by Dr. C. Stone, Geological Survey of Arkansas) [Keller et al., 1985]. The specimens were jacketed in gold capsules, and NaCl served as a conﬁning medium (similar to experiments at 3008C and 6008C described by Druiventak et al. [2011]). They were heated to 4508C
(sample RUB-1) and 6008C (sample RUB-2) under 0.50 GPa (2 s.f.) conﬁning pressure, at 0.088C s21. Axial
loads were then applied until shear occurred on the simulated fault surface.
 , of 1.5 mm (2 s.f.) parallel to the cut surface to be
Slip rates of 2.5 3 1026 m s21 (2 s.f.) allowed total slip, u
achieved in 10 min. Total slip, initially determined from displacement of the axial pistons, was conﬁrmed by
measuring the samples once they were removed from their jackets and cut in half (e.g., insets in Figure 1).
Failure and stable sliding occurred at peak differential stresses of 0.42 GPa (2 s.f.) and 0.35 GPa (2 s.f.)
respectively, followed by signiﬁcant weakening (Figure 1). During ongoing shear, there were small rapid
ﬂuctuations in the stress-displacement curve that appear to increase in frequency around the peak stress
and continue throughout the sliding. These variations may be discrete ‘‘stick-slip’’ events, but could also be
boundary artifacts due to the complex jacketing arrangement in a Griggs-type apparatus. The samples were
left to cool overnight (16 h) before removal from the apparatus.

3. Microstructural Observations
Microstructures of the novaculite within and surrounding the simulated fault surface, and of the material generated on the simulated fault, were examined using standard optical microscopy at the University of Otago. Secondary and backscatter electron images and crystallographic orientation measurements were also obtained
using a LEO (Zeiss) 1530 Gemini FE-SEM with an Oxford Aztec HKL EBSD system housed at Ruhr-Universit€at
Bochum and a Zeiss Sigma VP FE-SEM with an HKL INCA Premium Synergy Integrated ED/EBSD system housed
at the University of Otago. All observations were made in thin sections cut parallel to the shear direction and
the cylinder long axes; TEM (150 nm thick) foils were milled from these sections normal to the surface of the
thin section using the focused ion beam FEI FIB200 instrument operating at GeoForschungs Zentrum GFZ Potsdam. For details of this FIB milling, see Wirth [2004]. Transmission electron microscopy (TEM) was performed in
a FEI G2 F20 X-Twin electron microscope with a Schottky ﬁeld emitter as electron source. The TEM is equipped
with a Gatan TridiemTM imaging ﬁlter, a Fishione high-angle annular darkﬁeld (HAADF) detector, and an EDAX
X-Ray analyzer. Brightﬁeld and darkﬁeld images usually were acquired as electron ﬁltered images applying a 20
eV window to the zero-loss peak. Electron diffraction patterns were recorded on image plates.
3.1. Host Rock
Undeformed novaculite furthest from the simulated fault plane is 99% quartz 1 a brownish, unidentiﬁed
phyllosilicate mineral. The quartz grains are 5–15 lm in diameter, fairly equant, lack a preferred orientation,
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Figure 1. Differential stress versus displacement of the axial pistons during the experiments. Slip on the simulated fault is 1.4X the displacement indicated here since the saw cut surfaces are inclined at 458 to the cylinder long axis. Insets are scans of sample thin sections
cut parallel to slip direction and cylinder long axes.

and are divided by organized high-angle grain boundaries (Figures 2a–2c). The grains contain disordered
groups of primary ﬂuid inclusions (i.e., having formed during precipitation of the quartz grain) (Figure 2d) as
well as planar arrays of stretched ﬂuid inclusions decorating healed microfractures (‘‘planar deformation features’’ of Blenkinsop [2000]; Figure 2e) and rare microfractures. The grains are mostly dislocation free but
scattered loop-shaped dislocations are locally observed, particularly around impurities such as ﬂuid inclusions and grain boundaries (Figure 2e), and very rarely, these dislocations are weakly aligned into planar
arrangements (Figure 2f).
3.2. Material Adjacent to the Saw Cut Surface (Wall Rock)
Most grain boundaries adjacent to the simulated fault are dilated by at least 0.1 lm but in some cases up to
50–150 lm. Elsewhere within the host novaculite only a small proportion of grain boundaries are similarly
open. Dislocation densities are not notably higher in the immediate wall rock of the simulated fault than
elsewhere in the samples.
The most prominent feature within wall rock in both samples are planar defects in the crystal structure of
5 nm width spaced at 5–200 nm that truncate or interrupt diffraction contrast bands but do not necessarily displace these bands laterally (Figures 3a and 3b). The features are not commonly associated with dislocations, although in places there are moderately elongate patches of the material containing arrays of
disordered dislocations that are parallel to the planar defects. HR-TEM imaging reveals the planar defects
comprise a slight disordering of the long-range structure of the host grain (Figure 3c). Diffraction spot spacing (Figure 3d) is compatible with them being parallel to the basal (0001) plane of the host grain.
3.3. Material Within the Slip Zone
In both RUB-1 and RUB-2, a layer of noncrystalline silica was developed on the saw cut surface during deformation (Figure 4). This layer is 50–100 lm thick in RUB-1, 20–50 lm thick in RUB-2, and translucent with a
brownish tint. It contains hairline darker seams that delineate pods of the material with long axes inclined
with the sense of shear at 258 to the shear plane. It is mostly isotropic, but in places, a slight foliation that
is similarly oblique to the shear plane is indicated by a uniform extinction angle (appearing similar to a colorless phyllosilicates; Figures 4a and 4b). The layer boundaries are not entirely planar; deﬂections are
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Figure 2. (a) EBSD-derived map of an area of RUB-1 including the simulated fault. Color scheme indicates Schmid Factor (i.e., stress on that slip system as a fraction of the maximum possible shear stress) for the basal <a> slip system in quartz, with load parallel to the sample long axis which is horizontal in this image. Arrows indicate shear sense on simulated fault. (b)
Contoured, and (c) point distributions of [c] and <a> crystallographic axes of quartz on lower hemisphere, equal area projections. Kinematic reference frame is as indicated in Figure 2a;
n 5 3605; 1 point per grain; only grains >1.5 mm diameter are plotted; contour scale is in multiples of uniform density. Brightﬁeld TEM images of (d) disordered group of ﬂuid inclusions
(RUB-1); (e) planar array of stretched ﬂuid inclusions (RUB-1). Scattered dislocations are present—indicated by white arrows; (f) array of dislocations around a grain boundary, weakly
aligned into a planar arrangement (RUB-2). (g) Noncrystalline material in RUB-1 containing rounded low-density areas inferred to be bubbles (arrowed).

particularly associated with fractures that splay off the main fault plane but do not appear to have accommodated signiﬁcant shear displacement. At one end of the sheared zone in RUB-1, the single zone diverges
into a series of subparallel splay faults bounding slivers of the host rock dissected by regular fractures at
high angles to the bounding faults. The transition from the foliated material to the wall rock is mostly sharp
but locally there are pods and zones of cataclasite comprising partially fragmented host rock.
On insertion of a full lambda retardation plate, the apparently noncrystalline material displays evidence of a
preferred crystallographic alignment, turning more red/yellow or more blue/purple at certain rotations of
the stage with respect to the polarizers and retardation plate. This alignment must be contained within crystalline fragments within the aggregate. Since the material is silica, crystalline fragments will be quartz, and
we can infer the optically slow direction, which is parallel to the c axis, dominantly subtends an angle of 548
to the main shear plane, and is inclined in the sense of shear (Figures 4c and 4d).
Most of the noncrystalline material within the simulated fault plane displays no TEM individual diffraction
contrast and cannot be indexed using EBSD (Figure 2a), even with the high precision offered by FE-SEM. It
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Figure 3. TEM images from RUB-1 of closely spaced planar features in (a) bright ﬁeld, (b) dark ﬁeld, (c) HR-TEM, and (d) illustrating an
indexed diffraction pattern obtained via FFT of HR-TEM. All planar features are parallel to the basal (i.e., (0001)) plane of the host quartz
grain, and within them the long range order of the crystal lattice is slightly disturbed.

is mostly a uniform grey shade, consistent with lack of crystalline structure, but in brightﬁeld TEM images,
it sometimes has patches of varying brightness—the brighter patches are overall thinner so show less
mass absorption of the primary electrons. Some of these have rounded shapes suggesting that they are
bubbles (Figure 2g). There are also darker or brighter subangular to subrounded patches measurably
from 5 to 200 nm in diameter, which are fragments of crystalline material. Some display moire patterns
indicating that they are thinner than the foil thickness (150 nm) and overlie other fragments of crystalline material. There is no evidence of high dislocation densities within these crystalline fragments. The
percentage of these crystalline fragments decreases but they become larger toward the centers of the
mostly noncrystalline zones.

Figure 4. Photomicrographs of sheared zone and immediate wall rock in RUB-1. (a) Crossed polars; dotted white line indicates a preferred alignment of extinction angle; i.e., of grains. (b)
Same area in plane polarized light. White dashed lines indicate the shear plane and arrows the shear sense. (c and d) Also the same area with the gamma plate inserted in the orientation
annotated at lower right of the images. Variation from blue to orange colors within the nanopowder with 908 rotation of the plate results from changes in relative retardation of transmitted
light, indicating the presence of a CPO. If these grains are quartz, the color changes observed here suggest [c] trends top right-bottom left of the zone as annotated in Figure 4c.
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TEM-scale structure of the noncrystalline material is exempliﬁed by our foil #3217, which was cut across the
transition from damaged wall rock through gouge and into the noncrystalline material in RUB-1 (Figure 5a).
The foil contains a zone of intact quartz host rock grains >8 lm thick at left of this ﬁgure. In the center, there
is a 4 lm thick layer of angular, elongate fragments of quartz smaller than the parent grain size, with a weak
foliation deﬁned by the long axes of the fragments. At right of the foil, there is a layer 3 lm thick (entire layer
is not included in foil so this is a minimum thickness) of mostly grey (i.e., no diffraction contrast so noncrystalline) material with rare light and dark patches that contain diffraction contrast bands indicating they are crystalline. These crystalline fragments are subangular and 5–200 nm in diameter, thus are correctly named
‘‘nanocrystals.’’ They might be an assembly of nanocrystals with almost the same orientation thus forming a
kind of mosaic crystal, which is indicated by slight changes in contrast. The transition between the layer of
quartz fragments and the mostly noncrystalline layer is reasonably sharp. Both layers have very variable grey
shades, suggesting variable density, but the variations are more pronounced in the cataclasite than in the
noncrystalline material. Electron diffraction patterns were obtained from the mostly noncrystalline layer and
the layer of quartz fragments (Figures 5b–5e). The diffraction pattern from the noncrystalline layer shows
some diffuse scattering intensity but also pronounced Debye-Scherrer rings with some preferred orientations
(i.e., concentrations of high scattering intensity in particular positions within the rings). The cataclasite yields a
similar diffraction pattern, but the strong scattering intensities within the Debye-Scherrer rings are more
smeared out along particular rings, indicating fewer systematic crystal orientations within this material. The
Debye-Scherrer rings in the noncrystalline layer show strong concentrations at inclinations to the shear plane
of 45–708, 128–1458 (outer ring; which is indexed (10–11)), and 80–958 (inner ring; which is indexed (01–10);
Figure 5e). The concentrations in the outer ring are therefore <a> axes or poles to prism planes (m-planes),
while the concentrations in the inner ring are c axes or poles to basal planes. Conversely, optical petrography
suggests a c axis inclined at 548 to the shear plane (Figure 4). However, the angle at which the material displays maximum or minimum retardation of transmitted light when the gamma plate is inserted is slightly different in patches throughout the layer, and the TEM foil was not extracted from the same thin sections as are
available for optical studies, so we cannot conﬁrm the exact orientation relationships. We suspect that the orientations observed in the foil are only applicable at that location.

4. Discussion
4.1. Origin of the Mostly Noncrystalline Material
The formation mechanisms that have been previously inferred for nanocrystalline or amorphous materials
on natural or simulated (geological) fault surfaces are melting, tribochemical reactions, and micro/nanocomminution [e.g., Han et al., 2011; Kirkpatrick et al., 2013; Pec et al., 2012; Sibson and Toy, 2006].
4.1.1. Melting
A local temperature increase should have been concentrated around the simulated fault due to frictional
heating. Lee and Delaney [1987] proposed the temperature rise, dT, due to frictional heating induced by
shear on a frictional interface, which can be approximated by:
dT5

qc

s
u
pﬃﬃﬃﬃﬃﬃ
p

(1)

4jts

 5 1.5 mm; shear stress, s 5 Drmax/2 5 (0.42 3 109)/2 Pa 5 2.8 3 108
so for realistic values of average slip, u
Pa; speciﬁc heat capacity, c 5 1200 J kg21 8C21; host rock density, q 5 2700 kg m23; thermal diffusivity,
j 5 1 3 1026 m2 s21; duration of slip, ts 5 600 s, we ﬁnd that the temperature rise on the simulated fault
during both experiments could have been 4.78C (2 s.f.). A melt origin for the entire noncrystalline layer can
therefore be discounted because this bulk temperature increase is insufﬁcient to melt the novaculite (Tmelt
of pure quartz is 12708C; and 11008C for hydrous conditions) [Hall, 1996; Boullier et al., 2001, and references therein].
However, if stick-slip events occurred during the experiment [Friedman et al., 1974; Koizumi et al., 2004], signiﬁcantly higher slip rates should have occurred for very short time periods, during which frictional heat
would not diffuse off a single shearing surface. In this case, during 100 lm shear displacement, a melt layer
8.5 lm thick could be generated (full calculations in Appendix B). Local generation of melt within our
experiments would neatly explain bubbles locally observed in the noncrystalline layer decorating the simulated fault. However, heat would have diffused away from the slip zone over the entire experiment duration,
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Figure 5. TEM images illustrating (a) high-angle annular darkﬁeld image (HAADF) overview of foil #3217 illustrating zones (from left to right) of host rock, cataclasite, and partially
annealed nanopowder. Boxes and ellipses indicate areas enlarged/sampled in Figures 5b–5e. (b and c) TEM brightﬁeld images: appearance of cataclasite and partially annealed nanopowder; electron diffraction patterns from (d) cataclasite and (e) partially annealed nanopowder illustrating more systematic orientations (bright streaks in Debye-Scherrer rings) in the
latter. Note the higher diffuse scattering intensity due to the presence of noncrystalline material or nanocrystalline grains (<10 nm) in Figure 5e. The inset in Figure 5e illustrates orientations and possible interpretations of the crystallographic axes from indexing of the diffraction spots that display concentrations within the Debye-Scherrer rings.

and we would expect noncrystalline material with a melt origin to have fairly uniform density, which is
inconsistent with most of our microstructural observations. Thus, we do not believe the entire layer was
generated by melting.
4.1.2. Tribochemical Reactions
On the surface of a silicate, atoms are not in their ideal geometric arrangement [Iler, 1979] and have high
elastic strain energies [Gleiter, 1989]. Consequently, tribochemical reactions (reactions between surfaces and
lubricants as they shear against one another) [Hsu et al., 2002] that reduce these elastic strains, presumably
by reconstructing an intact lattice, are energetically favored on surfaces. In nanomaterials, which have
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particularly large areal ratios of surface:particle interior [Gleiter, 1989] such as existing fragmented materials,
these reactions are particularly favored. However, they cannot be the driving mechanism of production of
amorphous materials in the absence of another mechanism of production of new surfaces; they can only
contribute to formation of further subcrystalline material as experiments (or natural seismic slips) progress.
4.1.3. Micro/Nanocomminution
The angular nature of the crystal fragments and variable density of the noncrystalline material (Figure 5c)
strongly support the hypothesis of generation by a cataclastic process. The variable density reﬂects variable
compaction of a granular aggregate, so it is logical that density variations are greatest in the cataclasite and
less apparent in the noncrystalline material. The noncrystalline material therefore originated as a variably
dense nanopowder. This nanopowder seems to have been more ‘‘well developed’’ (it is a thicker layer, with
fewer nanocrystalline fragments) in the lower-temperature experiment, as we could expect if it forms by
brittle failure.
Comminutive processes are thought to be unfavorable at this ﬁne scale. It has previously been proposed
[Keulen et al., 2008] that 1 lm is the ‘‘grinding limit’’ for quartz; beneath this size, the stresses and stressing
rates required to generate transgranular fractures are higher than can realistically be generated by particleon-particle impacts and grains tend to deform plastically rather than fracturing [Kendall, 1978]. Thus, it is difﬁcult to understand how the nanocrystalline fragments were generated by cataclasis. Furthermore, the partially annealed nanopowder layer continues all the way to the sample ends, where only very small
increments of shear occurred between the ‘‘wall rocks,’’ and there is no transitional zone of gradually
increasing grain size into the wall rock. These observations suggest that this layer of very ﬁne particles is
generated early during shearing and that once it is present, strain is very effectively localized into it. The
absence of higher-than-background dislocation densities in the immediate wall rock to the simulated fault,
in the cataclasite fragments, or in clasts in the gouge, suggests that comminution does not follow from generation of excessive dislocation densities and organization of these into subgrains as described by Yang
et al. [2010]. Instead, we infer that the fragmentation occurred mostly by generation of, and eventual complete failure along, the planar defects we have described that are parallel to the basal plane of the host
quartz grains. Comparable features are commonly described in quartz that has been subject to transiently
high stresses during shock loading such as around meteor impact structures [e.g., Trepmann, 2008]. This
process would generate grains ranging from 5 to 200 nm in diameter and a signiﬁcant proportion of the
resultant nanoparticle boundaries would be preferentially parallel to the basal plane. Finer, noncrystalline
particles may also be generated during breakdown of the material within the planar defects. This hypothesis requires more rigorous experimental investigation than has been possible during the current study and
will be subject to future investigation.
4.2. CPO Development Due to Surface Energy Interactions During Annealing
Partially annealed nanopowders like we describe comprise aggregates with some proportion of small
(5–200 nm) angular cores of crystalline materials and surrounding amorphous material [Gleiter, 1989, 2000;
Han et al., 2011]. The ratio of grain surfaces, which have amorphous structure, to grain interior in these
materials is very high (>50%), so the material has amorphous properties to most standard methods of structural investigation (e.g., XRD, TEM diffraction) [Gleiter, 1989, 2000]. Because of this high proportion of surface:crystal, surface interactions are likely to be very important in the materials’ evolution.
It has been demonstrated that surface energy anisotropy can result in rotation of particles into preferred
alignments that maximize the number of shared lattice sites between the bounding grains (i.e., coincident
site lattices, CSL) [Kronberg and Wilson, 1949] during annealing [e.g., Chan and Ballufﬁ, 1985]. This process
also affects airborne smoke particles of MgO and CdO generated by burning [e.g., Mykura et al., 1980].
Chaudhari and Matthews [1971] observed that the number of smoke particles aligned to maximize CSL
increases with increasing temperature. The material we describe from the simulated fault plane is cohesive,
thus we infer that some amount of annealing affected the nanopowder grains after their formation by comminution, resulting in formation of intact interparticle boundaries. Microstructural observations in the calcite
gouges with CPOs also reveal many cohesive grain boundaries [Smith et al., 2013]. Particle rotations occur
during annealing even at T/Tm  0.5 [Chan and Ballufﬁ, 1985], the lower limit at which grain size sensitive
creep accommodates strain more easily than brittle processes [Carter, 1976]. We hypothesize that the CPOs
in our quartzose partially annealed nanopowder, and in the calcite gouges described by others, developed
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due to rotation of nanoparticles to maximize CSL and thus minimize surface energy during an annealing
process.
In the bulk nanopowder, [c] subtend an angle of 548 to the shear plane as previously noted (Figure 4), while
locally within the gouge (Figure 5), [c] subtend angles of 80–958 and <a> are aligned in two groups, at 45–
708 and 128–1458. The angles between these <a> axis groups range from 58 to 1008. In intact quartz crystals, we would generally expect <a> axes to subtend angles of 608 (or multiples thereof) to one another.
The fact that they do not do so in the partially sintered nanopowder strongly suggests that another process
inﬂuences their alignment, as considered further below.
4.2.1. Preferential Alignment of Crystallographically Systematic Surface Orientations to
the Shear Plane
In quartz, generation of nanocrystals by failure on plastic defects such as we describe, that are parallel to
the basal plane of quartz, would impose such crystallographically systematic surface orientations. Natural
quartz may also fracture preferentially parallel to z{01–11} and m{10-10} planes [Borg, 1956; Hearmon, 1956].
There may also be fragments generated by breakdown of the silica lattice within the planar defects, which
will be noncrystalline and therefore cannot have crystallographically systematic surface orientations. In calcite, fragmentation also exploits crystallographically controlled twin planes and cleavages, so many fragment surfaces should also have crystallographically systematic surface orientations.
These surfaces might rotate with shear until parallel to the shear plane, which is a fabric attractor [Passchier,
1997], or at 458 to the shear plane, which is the plane of maximum instantaneous shear strain rate and
therefore of maximum resolved shear stress, smax, in simple shear [Ramsay, 1980; Simpson and De Paor,
1993]. This would result in angular relationships of [c] to the shear plane of 08, 458, and 908 (Table C1),
the latter two of which are broadly consistent with the orientations we observe.
4.2.2. Formation of CSL Boundaries During Sintering
First, note that there is no particular reason that intact boundaries should have a predictable geometric relationship to a shear plane. However, if CSL boundaries form in systematic orientations with respect to crystallographically systematic surface orientations, then a CPO may form in the bulk aggregate.
McLaren [1986] analyzed possible CSL in quartz, both for boundaries that exploit known twin planes, and
for other possible boundary orientations with respect to the crystal lattice. He found that the most favored
CSL, i.e., those that maximize the fraction of coincident lattice points, in order of preference are the Breithaupt, Sardinian, Cornish, and Japan twins and a particular nontwin plane. As described in Appendix C, we
rotated a quartz crystal structure according to the angular relationships of these twin boundaries, and
determined the possible angles between <a> axes. These angular relationships were then compared to
those observed in the nanopowder.
From this comparison, we conclude that some of the observed <a> axis orientations in the nanopowder
are consistent with CSL orientations only if one of the <a> axes aligns to the shear plane (Figures C1d and
C1e). However, the predicted and observed interaxis angles are not perfectly coincident (e.g., <a> axes
aligned at angles of 75–858 or 95–1058 to the shear plane are predicted by this analysis, but not observed).
It may be that a diffraction pattern from another site in the nanopowder would yield a different relationship.
Alternatively, it may be that some of the theoretically favored CSL do not actually form in the real case.
What is reassuring is that the analysis predicts that most <a> axes should align at angles greater than 608
to the shear plane, and we also do not observe a signiﬁcant proportion of angles between 08 and 608 in the
natural case.
4.2.3. Observation of Orientation Relationships of Individual Boundaries in the Sintered Nanopowder
To unequivocally validate our hypothesis, we would need to examine the crystallography and structure of
newly formed grain boundaries in partially annealed nanopowders. Unfortunately, this is not possible in the
quartz aggregates we describe, as the grain size is smaller than the typical activation volume for electron
diffraction studies [Prior et al., 1990]. The emerging transmission kikuchi diffraction technique (TKD) [Trimby,
2012] might allow such data to be obtained, but is more likely to be successful in aggregates of silicate minerals (e.g., olivine, anorthite, calcite) other than quartz, which is very susceptible to electron beam damage.
We aim to undertake such studies in the near future.
Verberne et al. [2013] noted the possibility that particle rotation during annealing imposes a CPO, and the
idea was further developed by Verberne et al. [2014], who presented TEM evidence that annealed particle
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boundaries exploit an expected CSL orientation in calcite, which strongly supports our hypothesis. Unfortunately, it is not possible to measure the orientation relationships between individual grains from our material due to the beam-sensitive nature of quartz.
4.2.4. Broader Implications
Both Bestmann et al. [2011, 2012] and Pec et al. [2012] described comparable natural and experimental faults
in quartzite. However, there are notable differences in grain sizes, dislocation densities, and CPOs in the
microstructures that developed in our experiments and those they describe. Furthermore, we do not
observe a signiﬁcant volume of solidiﬁed friction melt. We suggest this reﬂects that signiﬁcantly more slip
was accommodated on the faults these authors describe than was imposed in our experiments. Our observations are relevant to the processes that occur during rupture initiation, rather than after signiﬁcant shear
displacement has occurred.
It is interesting to consider (1) whether surface energy interactions are important without annealing and (2)
what the long-term evolution of strength in a material subject to such surface energy interactions would be.

5. Conclusions
A noncrystalline material containing low densities of subangular nanoparticles, best described as a ‘‘variably
dense and partially annealed nanopowder,’’ was generated at slip rates of rates of 2.5 3 1026 m s21 to
total displacements of 1.5 mm on a simulated fault plane in novaculite (i.e., quartzite). The most likely generation mechanism is comminution, wherein the ‘‘grinding limit’’ of quartz was overcome by plastic(?) generation of closely spaced lattice defects parallel to the basal plane. Melting may also have occurred locally
during accelerated ‘‘stick-slip’’ events. Once present, shear was very effectively localized into this material.
The material has a crystallographic preferred orientation (CPO) that we hypothesize was generated due to
surface energy interactions to maximize coincident site lattices (CSL) and thus minimize surface energies.
This mechanism is likely to have also been important in generation of CPOs recently described in other
micro/nanocrystalline fault gouges, so extremely rapid rates of crystal plastic processes need not be invoked
to explain their generation.

Appendix A: Cooling of a Gouge Layer
The temperature distribution in and around the gouge layer was modeled using the approximation for cooling of a thin, inﬁnite sheet by conduction perpendicular to its margins presented by St€
uwe [2002], wherein
the temperature, T, at any point is given by:

 



Tg 2Ti
0:5l2z
0:5l1z
T5Ti 1
er f pﬃﬃﬃﬃﬃﬃﬃ 1er f pﬃﬃﬃﬃﬃﬃﬃ
2
4jt
4jt
where:
l
Tg
Ti
K
z
t

the half thickness of the gouge layer;
initial temperature of the gouge layer;
the initial host rock temperature;
thermal diffusivity of both gouge and host rock, taken as 1026 m22 s21;
distance from the center of the gouge layer;
time (s).

Results are illustrated in Figure A1.

Appendix B: Melt Layer Thickness
Following Di Toro et al. [2005], we calculate the thickness, tm, of a layer of melt generated due to frictional
heating on any sliding surface assuming no heat diffusion according to:
tm 5

sf u


qrock cp DT1Dhfus ð12/Þ

(B1)

where
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Figure A1. Temperature distribution during cooling at center (0 m) and margin (0.00015 m) of 300 lm thick calcite gouge layer heated to 9008C, in a host rock at room temperature (208C).
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Figure C1. (a) TEM diffraction pattern from partially sintered nanopowder (part of Figure 5e); preferred axis alignments are highlighted in
Figure C1b. A rose diagram demonstrating the possible angles between <a> if the crystal structure is rotated across favored CSL is presented in Figure C1c. This rose diagram is overlain on the preferred axis alignment plot in Figures C1d–C1f; note that in Figures C1d and
C1e, we have reﬂected the rose diagram about a vertical axis as we are not aware of any way to constrain whether these twins should
form by rotation synthetic or antithetic to the shear sense; in Figure C1f, the rose diagram was rotated to 458 to the SZB; reﬂection about
the ‘‘NE-SW-striking’’ plane is also feasible.
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sf
average shear resistance (Pa);

u
average slip (m);
qrock
density of the host rock (kg m23);
cp
speciﬁc heat capacity of host rock (J kg21 8C21);
DT
temperature difference between host rock and melt (8C);
Dhfus latent heat of fusion (J kg21);
/
proportion of unmelted clasts.
For experiment RUB-1, realistic values of these variables are sf 5 Drmax/2 5 0.42 GPa/2 5 0.28 GPa,
qrock 5 2650 kg m23, cp 5 1200 J kg21 8C21, DT 5 (1200–450)8C 5 7508C, Dhfus 5 5 3 105 J kg21, and / 5 0.3.
 5 100 lm (an increment that may have been experienced during a stick-slip event), tm 5 8.5 lm (2 s.f.).
when u
 5 700 lm (i.e., the full displacement in the experiment), tm 5 73 lm (2 s.f.).
when u

Table C1. Angular Relationship of [c] to the Shear Plane if
Crystallographically Systematic Surfaces Align During Shear

Appendix C: Angular Relationships of
Crystallographic Axes to the Shear Plane

Angle Between [c] and Shear
Plane (8)

The most favored CSL, i.e., those that maximize the
fraction of coincident lattice points, in order of prefCrystallographic
(0001) Parallel
(0001) at 458
erence are the Breithaupt twin, which is a 48.98 rotaPlane Forming Surface
Shear Plane
to Shear Plane
tion of (22111) about <a1>; the Sardinian twin,
(0001)
90
45
which is a 115.128 rotation of (0–112) about {m1}; the
m{10-10}
0
45
r,z{10–11}
47.7
92.7
Cornish twin, which is a 42.978 rotation of (0–221)
about {m1}; a nontwin plane which is associated with
a boundary (223-10) across which all <a> are rotated 21.798 about [c]; and the Japan twin, which is an
84.558 rotation of (22112) about <a1>. CSL with these crystallographic relationships will result in angular
misorientations of [c] of 48.98, 115.128, 42.978, 08, and 84.558, respectively. The twin-plane CSL will result
in angular misorientations of <a2> and <a3> of 48.98, 2115.128, 42.978, and the nontwin CSL will result
in angular misorientations of all three <a> of 21.798. Rotation of the quartz crystal structure according to
these relationships yields 112 possible angles between <a> axes, which were used to construct the rose
diagrams demonstrated in Figures C1c–C1f.
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