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High-velocity friction experiments have shown an almost complete loss of strength associated with silica
gel formation on slip surfaces. The identification of frictional silica gel products in palaeo-seismic faults
is, however, problematic, because there are multiple natural sources of silica gel and recrystallization of
gel to quartz complicates preservation. The importance of gel formation on natural faults is therefore
unknown. Here, we report a structurally distinct and semi-continuous, 0.5e10 mm thick layer of
microcrystalline quartz along a major carbonate-hosted fault, the Olive fault, in the Naukluft Nappe
Complex, Namibia. The quartz layer is distinguished by ﬂow banding-like textures and unusual cathodoluminescence characteristics. The layer consists of ~2e20 mm hexagonal quartz crystals, which
include distinct, crystalline, pore-bearing micro-to nano-spheres, separated by pore geometries indicative of volumetric contraction, and with grain boundaries enriched in aluminium. We interpret these
features to indicate that the quartz crystals formed from recrystallization and dehydration of a silica gel.
Because it is found in a carbonate-hosted fault and crosscuts lithological layering, the silica source is not
from comminution of local wall rocks. Rather, the gel likely formed from reshear of a quartz-coated fault
surface, or incremental shear slip associated with precipitation of silica driven by co-seismic pressure
drops. This example of fault-related silica gel may have formed by a different mechanism than the gels
produced in high-velocity friction experiments, but once formed, may have comparable rheological
effects.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Recognizing evidence for past earthquake slip in the rock record
is problematic. Other than the presence of pseudotachylyte, which
is extremely rare compared to the frequency of earthquakes (Sibson
and Toy, 2006; Kirkpatrick et al., 2009; Di Toro et al., 2009;
Kirkpatrick and Rowe, 2013), there has been no universally
accepted direct field evidence for past seismic slip along faults
(Cowan, 1999). Other slip-weakening processes that may record
evidence of palaeo-earthquakes have been suggested, such as
ﬂuidization of gouge, coseismic carbonate dissociation, and clay
breakdown (Otsuki et al., 2003; Rowe et al., 2012; Ujiie and Tanaka,
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2013). However, the prevalence of these mechanisms during natural fault slip is not well documented and the evidence can be
ambiguous. The formation of hydrous silica gel on slip surfaces has
been observed in rock-friction experiments, concurrent with slipweakening, indicating that silica gel, or its products after diagenesis, may be an alternative indicator of palaeo-earthquakes within
the rock record (Goldsby and Tullis, 2002; Di Toro et al., 2004;
Hayashi and Tsutsumi, 2010; Di Toro et al., 2011). Recently, a ﬁeld
example of solidiﬁed and recrystallized silica gel has been identiﬁed in the Corona Heights fault, in San Francisco, California
(Kirkpatrick et al., 2013). This study highlighted fault microstructures associated with possible silica gel lubrication, and provides
evidence that silica gel may be created in natural fault systems as
well as in experiments.
In the experiments, rapid slip weakening was recorded coincident with the formation of the silica gel. The formation of the silica
gel was attributed to the presence of moisture, and the slip weakening effect to the thixotropic behaviour of the gel (Goldsby and
Tullis, 2002; Di Toro et al., 2004; Hayashi and Tsutsumi, 2010;
Niemeijer et al., 2012). However, the few experiments that have
been conducted have produced silica gel at a variety of slip rates
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and normal stresses. Goldsby and Tullis (2002) observed it to form
at relatively low slip rates (3.2 mm/s), but at high normal stresses
(100 MPa), while Di Toro et al. (2004) observed a similar effect at
much higher slip rates of 150 mm/s and normal stresses of 5 MPa.
Hayashi and Tsutsumi (2010) conducted experiments over a wide
range of slip rates (0.87e104 mm/s), and low normal stresses
(1.5 MPa), and concluded that slip weakening, concurrent with
silica gel formation, only occurred at velocities greater than 40 mm/
s. Irrespective of the slip rate, the slip weakening effect caused by
the thixotropic behaviour of the gel means that it is a likely
mechanism contributing to the increasing slip speeds during an
earthquake. However, because silica gel can form at subseismic
rates, and because it is only one of a number of weakening mechanisms observed in laboratory experiments, further ﬁeld and laboratory examples of silica gel in fault zones are required to
understand the formation and effects of silica gel during fault slip,
and to determine whether this is a prevalent and important
process.
In the experiments, the silica gel solidified shortly after shearing
ceased, and slip surface observations showed ﬂow textures in the
solid silica (Goldsby and Tullis, 2002; Niemeijer et al., 2012).
Although the experimental work did not describe other microstructures, studies of cryptocrystalline quartz layers in faults reveal
some distinctive features (Ujiie et al., 2007; Kirkpatrick et al., 2013).
In addition to ﬂow textures, Kirkpatrick et al. (2013) highlighted
ﬁne grain size, presence of nano-scale pores along grain boundaries
of larger grains, absence of deformation-induced dislocations,
variable degree of crystallinity, and cellular structure within the
hydrous crystalline silica as indicating transformation of an amorphous hydrous silica gel to more ordered silica phases. Hydrous
silica cements are not uncommon in faults as veins, and distributed
within fault breccias, sometimes occurring in large volumes. Many
examples have been described in ore deposits or hydrothermal
alteration zones associated with volcanic systems (e.g. Power and
Tullis, 1989; Caine et al., 2010; Dong et al., 1995; Chi et al., 2006;
Sherlock and Lehrman, 1995; Micklethwaite, 2008) and may be
formed by fault slip processes or by independent ﬂuid ﬂow. The
cements form from silica-rich ﬂuids under conditions where
amorphous hydrous silica phases precipitate more rapidly than
quartz, even when silica concentrations in hydrothermal ﬂuids are
similar to those predicted from quartz solubility models
(500e700 ppm; Potapov, 2004). Hydrous silica phases crystallize to
opal, chalcedony, and quartz at geologic conditions (Herrington and
Wilkinson, 1993), and comparison between natural and laboratory
fault materials must take into account the dehydration and crystallization experienced by hydrous silica over geologic time at
shallow crustal temperatures.
Since the experimental discoveries, structural geologists have
been seeking ways to distinguish frictionally produced silica gels
from other amorphous silica found in faults, but further work is
necessary. The primary microstructures of fault-slip related silica
gel are likely to be somewhat different to silica gels formed by
biological or sedimentary processes due to their formation under
shear stress. However, the primary microstructures formed during
the solidification of the amorphous phase may be preserved during
dehydration and crystallization (e.g. Oehler, 1975), and could be
used to recognize recrystallized amorphous silica (Ujiie et al., 2007;
Kirkpatrick et al., 2013). It must be noted that amorphous material
has also been developed in slow (105e104 mm/s) creep experiments, conducted at mid-crustal conditions (Pc ~ 500 MPa,
T ¼ 300  C). In these experiments, deformation localized into
anastomosing slip surfaces, on which partially amorphous material
was observed. At higher strains, deformation localized further into
one or two layers. These layers contained completely amorphous
material. Both the partially amorphous and amorphous material
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were interpreted to form by comminution and amorphization under high pressure (Pec et al., 2012). Given the range of slip rates, and
conditions at which it may be produced, the rate dependence of
formation of amorphous silica is still uncertain, even if amorphous
silica can be shown to have formed frictionally.
This study focusses on a microcrystalline quartz layer in a
~500 Ma fault in the Naukluft Nappe Complex, Namibia (Fig. 1). The
quartz layer occurs in carbonate fault rocks and therefore the
source of silica is not as straightforward as in the chert-hosted
example presented by Kirkpatrick et al. (2013), or in the experimental studies that all deformed quartz rocks (Goldsby and Tullis,
2002; Di Toro et al., 2004; Hayashi and Tsutsumi, 2010). Here, we
describe the microstructures of the fault-hosted quartz layer in
detail, and present arguments for its formation by frictional generation of silica gel on the fault surface. We then speculate on the
mechanism by which silica gel may have formed and discuss three
non-exclusive possibilities for its origin: (1) silica gel formed during
cataclasis by comminution and hydrolization as in experiments
(e.g. Goldsby and Tullis, 2002; Di Toro et al., 2004); (2) silica gel
formed by precipitation during gradual ﬂuid advection along the
fault (Caine et al., 2010; Power and Tullis, 1989); and (3) silica gel
formed by on-fault reactions concurrent with slip (Herrington and
Wilkinson, 1993). The shear-weakening rheology documented by
the silica gel-forming experiments indicate that regardless of the
mode of formation, silica gels on fault surfaces are likely to have
signiﬁcant slip-weakening effects (Goldsby and Tullis., 2002; Di
Toro et al., 2004; Kirkpatrick et al., 2013). They are therefore
potentially important indicators of dynamic weakening on natural
faults.
2. Geological context
The Naukluft Nappe Complex (NNC) in central western Namibia,
forms part of the Damara Orogen, a Neoproterozoic to Cambrian
orogenic belt associated with collision between the Congo Craton to
the north and the Kalahari Craton to the south (Fig. 1a) (Coward,
1981; Gray et al., 2008). Collision resulted in northwest subduction of the Kalahari Craton underneath the Congo Craton at around
530 Ma (Gray et al., 2006), producing an asymmetric bivergent
orogenic belt (Coward, 1981). South of the central collision zone are
a series of tectonostratigraphic zones (Miller, 1983), associated with
development of an accretionary prism above the subduction zone, a
fold and thrust belt and a southern foreland basin. The accretionary
prism and fold and thrust belt are composed of Damaran sediments, whereas the southern foreland basin, which developed on
the Kalahari Craton, was ﬁlled with sediments of the lower Phanerozoic Nama Group (Miller, 1983; Gray et al., 2006, 2008). The
folded and faulted sediments of the NNC show similarities to both
the older Damara sequences and the younger Nama Group
(Hartnady, 1978; Martin et al., 1983) and probably represent an
early depositional phase in the foreland basin somewhere between
550 and 750 Ma (Miller, 1983).
The NNC (Fig. 1a) is made up of a series of stacked nappes
composed of unmetamorphosed to very low grade dolostones,
shales, and quartzites with minor volcaniclastics, conglomerates
and breccia (Korn and Martin, 1959; Martin and Porada, 1977;
Hartnady, 1978; Barnes and Sawyer, 1980; Miller, 1983; Viola
et al., 2006). These nappes were emplaced southeastward over
the southern foreland basin along the basal Naukluft thrust at
around 530 - 480 Ma, and later incised and exhumed to form the
thrust klippe of the Naukluft Mountains (Ahrendt et al., 1983;
Stanistreet et al., 1991; Gray et al., 2006). Ahrendt et al. (1978)
concluded that maximum temperature experienced by the NNC
was probably not higher than 350  C. These estimates are for
biotite-bearing rocks in the north of the NNC. The temperature
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Fig. 1. (a) Regional geological context of the Naukluft Nappe Complex within the geological framework of Namibia; (b) Geological map of the study area showing the mapped length
of the Olive fault from this study and the outcrop distribution of the quartz layer along its length.

estimates decrease towards biotite-absent rocks in the SE in the
region of our study area. Unfortunately these estimates were conducted using uncalibrated illite crystallinity, and are therefore not
quantitative. However, the presence of clay-wrapped quartz aggregates described by Ahrendt et al. (1978), and the lack of biotite in
the south-eastern NNC metasediments, suggest that the temperature of burial did not exceed 100e150  C, and that the rocks
reached ca. 2e5 km depth.
3. Analytical and imaging techniques
Microstructural characterization of the quartz layer was performed using a multi-technique approach including x-ray

diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and cold cathodoluminescence
(CL) imaging. XRD was performed on bulk rock powders in the
Department of Geological Sciences at the University of Cape Town,
using a Philips PW1390 Powder Diffractometer. Spectra were
collected with CuKa radiation at 25 V and 40 mA with 1 diffraction
slit, 0.02 steps and count times of 0.5 s per step. Spectra were
processed and analysed using Panalytical X'Pert software.
Scanning electron microscopy was performed in the Electron
Microscopy Unit at the University of Cape Town with the Leica S440
SEM. The instrument operated at 20 keV and 800 pA, using a
tungsten filament. All TEM imaging was performed in the Department of Physics at the Nelson Mandela Metropolitan University.
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Samples were prepared by conventional grinding and polishing
followed by argon milling until electron transparency was achieved. All TEM imaging was performed using a 200 kV Philips CM20
TEM.
4. Fault description
In the SW part of the NNC, a nappe-bounding thrust fault separates hanging wall massive dolostones of the Büllsport Formation
from calcareous shales and minor dolostones of the Zebra River
Formation (Fig. 1b). The thrust fault damage zone is characterized
lange fabrics in the footwall shale, and local coarse breccias
by me
and high fracture intensity in the hanging wall dolostone. The fault
core occurs as a ~20e50 cm thick layer of cohesive dolomitic
breccia, which is semi-continuous along the fault, bounded by
calcareous shale below. The lower boundary of the dolomitic
breccia layer is wavy and the layer varies in thickness along the
fault plane. Fault zone Riedel shears, folding, and roughness
anisotropy on the hanging wall contact indicate top-to-the-SE
displacement. Although the local geometry of the thrust is
complicated by offset on later faults, this transport direction is
consistent with the regional transport direction in the nappe
complex (Korn and Martin, 1959; Hartnady, 1978). Given the slipparallel extent of the thrust sheet forming the hanging wall, the
total fault displacement can be constrained to a minimum of 25 km.
Along one section of this nappe-bounding fault (Fig. 2a), locally
and informally named the Olive fault (Rowe et al., 2012), a ﬁnegrained quartz layer with sharp boundaries occurs as a distinct,
semi-continuous, sub-planar horizon (Figs. 2b, c). The layer forms a
boundary between the hanging wall dolomitic breccia above, and
the fault core breccia below. The dolomite breccias above and
below the quartz layer differ in their mineralogy, their degree of
incorporation of the hanging wall and footwall rocks, and their
degree of healing. Occasionally, when the fault core breccia below
the quartz layer tapers to zero thickness, the quartz layer crosscuts
the shale footwall material and the shear fabrics therein (Fig. 2b).
The quartz layer was located in three sections over a 2 km stretch
along the Olive Fault (Fig. 1b). Within each of these three sections it
is continuous, with the longest unbroken length occurring along
20 m of the fault strike outcrop. It is, however, traceable in sections
extending to ~50 m of outcrop length (Fig. 1b). Where it ends, it is
most often cut off by other faults. However in one place it is
observed to thin and taper to zero thickness. The layer is a distinct
solitary horizon with no offshoots or splays (Fig. 2b). It is tabular
and variable in thickness between 0.5 and 10 mm, and has sharp
boundaries (Figs. 2c, d). For comparison, we searched for similar
quartz or silica veins outside the principal slip surface and found
only one antitaxial, blocky to ﬁbrous quartz vein, which cuts the
hanging wall dolostone two metres above the main fault (Fig. 2e).
Other veins around the fault include abundant calcite and dolomite
veins within the dolomite hanging wall, and less prevalent calcite
veins in the footwall shales. All veins are typically tensile and oriented at high angles to the fault surface, with the majority being
less than 1 mm wide.
To better determine the mineralogy of the quartz layer, fault
core breccia, hanging wall dolostone breccia, and footwall shale, the
mineral content of each was characterized by XRD (Fig. 3). Sample
NF13 was taken from the footwall calcareous shales. Hand sample
NF08 contained hanging wall dolostone breccia, fault core breccia,
and the quartz layer. The sample was trimmed to isolate these three
components and powdered for analysis. The hanging wall dolostone breccia is composed almost entirely of dolomite, with minor
quartz and albite. The major minerals detected in the footwall rock
are quartz, illite, chlorite, albite and calcite, consistent with the field
identification of low-greenschist facies calcareous shale. In the
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fault-core breccia, only dolomite, minor calcite and albite were in
detectable quantities (detection limit ~ a few %). However, microcrystalline quartz clasts are observed in the breccia in thin section.
CL imaging (Fig. 4) of the different fault components also revealed
differences between the breccia below the quartz layer and the
hanging wall dolostone breccia above it. The fault core breccia
contains more turquoise-luminescing detrital quartz grains and
ﬁne-grained violet-luminescing microcrystalline quartz clasts
(mostly near the quartz layer), as well as yellow-orange luminescing carbonate (Fig. 4), which is absent in the hanging wall
breccia.
5. Microstructural characterisation of the quartz layer
The quartz layer is generally composed of bands of equant
quartz crystals of varying, but typically <20 mm, grain size (Fig. 5a).
The margins are characterized by wispy bands of distinctly ﬁner
grain size (<2 mm), at low angle to or parallel to the edges of the
layer (Fig. 5a). The interior of the layer is characterized by slightly
larger quartz grains (5e20 mm) with hexagonal to subhedral grain
shapes (Figs. 5b, 6a and 6b). Insertion of the tint plate shows no
preferred shape or crystallographic orientation. The layer also
contains no visible ﬂuid inclusions. Locally, fine-grained dolomite
replaces quartz in irregular patches. The hanging wall breccia above
the quartz layer contains coarse-grained dolostone fragments and
some quartz, cemented by coarse-grained dolomite. The fault core
breccia below is ﬁner grained and contains dolostone clasts, shale
fragments, and some clasts of microcrystalline quartz, cemented by
dolomite and calcite (Figs. 5c, d). The microcrystalline quartz clasts
are only found in the fault core breccia near the quartz layer
(consistent with CL observations) (Fig. 5c). The quartz layer is also
cut by microfaults with <1 mm offset (Fig. 5e). In contrast to the
quartz layer, the single quartz vein in the area has crack-seal texture
deﬁned by wall-parallel tracks of solid inclusions (mostly dolomite
fragments) in elongate blocky quartz crystals that are considerably
coarser than the surrounding host rock (Fig. 5f).
5.1. Mineralogy
The mineralogy of the quartz layer was determined by XRD. To
do this, the thickest area of the quartz layer was selected and the
wall rock trimmed away to within a few millimeters of the quartz
layer. This sample was then cleaned of excess carbonate wall rock
by bathing it in warm HCl for 24 h. Analysis of the XRD spectra
shows that the quartz layer consists almost entirely of quartz, with
traces of dolomite, and no detectable amorphous material (Fig. 3).
The trace dolomite is attributed to the presence of ~10 mm euhedral
dolomite grains completely encased within the quartz layer, and
therefore protected from dissolution during sample preparation. CL
imaging of the quartz layer revealed subtle variations in its
mineralogical characteristics. The different grain-size bands within
the layer have distinct CL characteristics (Fig. 4). The main band of
hexagonal-shaped to subhedral quartz grains luminesces violetblue, whereas the ﬁner-grained material found along one or both
edges is isotropic in transmitted light and luminesce creamy white
in CL. Small dolomite crystals are included in the quartz layer,
revealed in the CL image by bright red luminescence (Fig. 4).
5.2. Porosity
The quartz layer is porous, and pores can be described in two
different classes. Larger pores in the silica layer are 2e5 mm across,
have no clear preferred orientation or elongation, and occur at grain
boundary junctions. The majority of the pores are smaller than the
quartz grains (Fig. 6). Although we cannot rule out the possibility
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Fig. 2. Field relations of the Olive Fault and the quartz layer. (a) view to the SW of the Olive Fault, indicated by dashed white line, with Büllsport Formation Dolomite in the hanging
wall and Zebra River Formation calcareous shales in the footwall. The Olive Fault is offset by a later fault indicated by the black dashed line; (b) fault stratigraphy of the quartz layer
in outcrop including hanging wall dolostone healed breccia (1), footwall shale (2), fault core including planar quartz layer (3) and fault core breccia (4); (c) close up of the quartz
layer showing subtle variations in thickness within the overall planar layer; (d) outcrop showing the planar quartz layer in plan view, partially eroded away, revealing fault core
breccia below; (e) single example of a blocky quartz vein found within the mapped area of the silica fault layer (two metres above the fault surface in dolostone hanging wall).
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Fig. 3. X-ray diffraction spectra of wall rock and fault rock samples with peaks identiﬁed, presented in structural order from hanging wall dolostone healed breccia (top) through
fault core (2nd and 3rd spectra) to the footwall (bottom). The hanging wall dolostone healed breccia contains predominantly dolomite (d) with minor quartz (q) and albite (a). The
fault core breccia contains dolostone, calcite (cc), and albite, with very small peaks suggesting traces of quartz and an unidentiﬁed phyllosilicate. The silica layer contains quartz and
trace dolomite. The footwall shale contains quartz, calcite, illite (il), chlorite (ch) and albite, and an unidentiﬁed phyllosilicate. Note that due to bulk sample packing, the peaks for
phyllosilicates (including illite and chlorite) are not to scale with respect to their relative abundances (as compared to the other minerals).

that some of the large pores were created by plucking of quartz
grains during thin section preparation, most appear to be primary.
Typically, quartz grains have a more hexagonal shape than the large
pores, and with straighter walls, while the large pores have more
convex walls or irregular shapes. The large pores are also mostly
smaller than the typical quartz crystals. The smaller pores only
occur along grain boundaries and are elongate, with a
<0.6 mmelong axis parallel to the grain boundary (Fig. 6 and inset).
Since we cannot know exactly how many of the large pores formed
by grain plucking, we present a maximum estimate for total
porosity by pixel counting on SEM images thresholded to bitmaps
using Adobe Photoshop and Image-J 1.42q (Fig. 6). After manual
image adjustment and thresholding, pores were auto-detected
using Gray Scale Image Analysis code for Matlab (Bjørk, 2006a, b).
Pores were counted and measured for long and short axes, orientation, and area. Two thin sections across the silica layer, cut
perpendicular to one another, were imaged. Four images were
analysed (two from each thin section), and the pore area % estimates for each image are as follows: 13.8 area % (1095 pores; image
area 194 by 132 mm), 14.5 area % (519 pores; image area 89 by

61 mm), 13.3 area % (706 pores; image area 133 by 91 mm) and 12.4
area % (191 pores; image area 53 by 37 mm) (mean ¼ 13.5 ± 0.9%).
The variability in the porosity measurements may reﬂect spatial
heterogeneity on the scale of the SEM images used for counting.
The translation from 2D pore area to 3D pore volume depends
on pore size and shape distribution, and the orientation and position of the 2D plane of observation through the 3D volume. Since
the cross-section viewed in the 2D image will usually intersect a
pore at less than its maximum diameter, 2D pore area estimates
typically underestimate 3D pore volume (Sahagian and
Proussevitch, 1998). Thus, our analysis likely underestimates the
true porosity of the samples, but some fraction of these pores may
have been created during sample handling, resulting in an overestimate of true porosity. Neither of these effects are thought to
introduce errors more than ~25%.
We emphasize that the important observation is that the quartz
layer is porous, and similar in nature to that observed by
Kirkpatrick et al. (2013) in the Corona fault silica layer. As we
describe here, Kirkpatrick et al. (2013) showed two different types
of pores; 1) angular, sub-micrometer sized pores between quartz
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Fig. 4. Cold cathodoluminescence image of silica layer, with fault core breccia to the left, and hanging wall dolostone breccia to the right of the quartz layer. Dolomite luminesces
bright red or dark blackish red. Bright blue specks (dq) in wall rock are detrital quartz grains. Quartz layer, and small microcrystalline quartz clasts luminesce violet to white
(dolomite crystals included in the quartz layer are bright red). In general, violet-luminescing areas are coarser grained than white-luminescing areas (corresponding to banding in
Fig. 3a). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

grains, and 2) elongate nanometer-scale pores along quartz grain
boundaries. In addition, our porosity estimates are only 1e2%
higher than porosity associated with volumetric contraction during
opal-CT dehydration in diagenetic settings, estimated at 12%
(Moore and Vrolijk, 1992).
5.3. Nanospheres
The subhedral to hexagonal quartz grains locally have monocrystalline silica inclusions about 100e200 nm in diameter (Fig. 7a).
These inclusions are spherical to ellipsoidal, and sometimes exhibit
a single pore on their surface (Fig. 7b). Some inclusions have a rim
of smaller quartz spheres (~30 nm) (Fig. 7c). The rounded inclusions
are single crystals with the same a-quartz electron diffraction
pattern as the quartz grains, but energy dispersive spectrometry
(EDS) analysis indicates ~7% aluminium and 4e7% potassium are
present, as well as oxygen and silicon. The aluminium and potassium are only found within the rounded inclusions, not in the
surrounding quartz crystals. The quartz has a very low density of
dislocations, but where present, dislocations appear to be
concentrated around the inclusions (e.g. Fig. 7a and c). It is worth
noting that this is consistent with the study of Kirkpatrick et al.
(2013) who also found that quartz, inferred to have recrystallised
from hydrous silica gel, had no or very few dislocations within the
crystal structure.
6. Origin of the quartz layer
The ﬁeld setting of the quartz layer, cutting parallel to and
within a major regional fault surface, within fault breccias, suggests that it is fault-related. The thin quartz layer separates
breccias derived only from hanging wall rocks, from breccias of

mixed hanging wall and footwall lithologies. This separation is
supported by the presence of orange-yellow luminescing carbonate, observed in CL, exclusively within the fault core breccia
below the quartz layer. In carbonates, material that luminesces
yellow, interstitial to red luminescent dolomites, usually represents later crystallization of a carbonate (Adams and Mackenzie,
1998). The presence of recycled microcrystalline quartz clasts in
the fault core breccia (Fig. 3c) provides evidence for cataclastic
recycling of previous fault-related quartz layers, and the sharp,
planar, nature of the quartz layer indicates that it formed in the
ﬁnal slip event within the fault core, likely with a maximum
displacement estimate of no more than a few metres. Given the
criteria described above, we interpret that the quartz layer occupies the ﬁnal principal slip surface, similar to those documented in studies of other major faults (e.g. the Punchbowl Fault,
Chester and Chester, 1998).
The microcrystalline texture, wispy banding, porosity, presence
of nanospheres and low dislocation density within the quartz layer
are characteristics rarely observed in typical hydrothermal quartz
veins (c.f. Bons et al., 2012). The assemblage of microstructural
characteristics is therefore better explained by evolution from a
silica gel, which solidified as a hydrous silica layer (probably opal),
and later recrystallized to anhydrous quartz. In the inferred evolution from a silica gel to the observed quartz layer, the wispy
banding is interpreted as a ﬂow texture formed during fault slip (c.f.
Stel and Lankreyer, 1994). The continuous patterns of banding
across the quartz layer indicate that if this is indeed ﬂow banding,
the complete thickness of the layer comprises one generation of
silica gel. The cold cathodoluminescence colour of the quartz layer
(Fig. 5) is unusual for quartz, with colours ranging from violet to
white more typically reported in high temperature igneous or
€ tze et al.,
metamorphic quartz grains that have cooled quickly (Go
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Fig. 5. Photomicrographs of the quartz layer. (a) XPL image of the quartz layer, with white, double-sided arrow indicating the width of the layer. The dark material along the upper edge
and within the layer (iq) is quartz that appears isotropic in a standard 30 mm thin section due to very ﬁne grain size. Note grain size banding through centre of quartz layer (inclined bands
of coarser quartz crystals visible at centre and left in lower half of quartz layer); (b) A close-up XPL image of the microcrystalline quartz grains that comprise the central part of the quartz
layer; (c) XPL image of angular clasts of microcrystalline quartz (mq) amongst the dolostone clasts (dol) in the fault core breccia near the margins of the quartz layer; (d) PPL image of
clasts and fragments of dolomite within the fault core breccia; (e) XPL image of microfaults offsetting the quartz layer; and (f) XPL image of blocky crack-seal texture in quartz vein (qtz)
found in hanging wall dolostone, cross cut by late dolomite vein (dol). Note the difference in primary microtexture between the crack-seal vein (f) and the quartz layer in (a, b, e).

2001). The fine grain size and possible ﬂow textures are distinct
from the only blocky-fibrous quartz vein found outside the fault
zone (Fig. 2f), and from veins associated with the basal Naukluft
thrust (Fagereng et al., 2014), and within our knowledge of the NNC,

unique to this single fault surface. Blocks of microcrystalline quartz
similar to the fault layer are also observed as angular clasts in the
fault core dolostone breccia (Fig. 3c), demonstrating possible
recycling of previous quartz layers in the fault.
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Fig. 6. SEM images and TEM image (inset) of pore structures within the silica layer. (a) Main image is an SEM photo of porosity structure in silica layer. Equant hexagonal grains are
delineated by strings of <1 mm scale pores along boundaries and 5e20 mm pores at grain boundary intersections. Inset: TEM image of small grain boundary pore. (b) Close up on
pore structure displaying delineation of grain boundaries by planar arrays of micropores.

In silica-saturated solutions, opal precipitation is particularly
favoured at low temperatures and high rates of precipitation or
solidification (White et al., 1956), and through the presence of
carbonates that inhibit quartz precipitation by reducing the pH
(White and Crerar, 1985; Colby et al., 1986). Silica solutions can
nucleate opaline spherules without needing foreign particles for
growth (Jorge et al., 2005). When a ﬂuid is supersaturated with
such particles, solid amorphous silica is formed exhibiting micronto submicron-scale spheroidal texture (Oehler, 1976).
Opal and other amorphous silica species can include substantial
Al concentrations, far in excess of the impurities normally found in
a-quartz (Oehler, 1976; Mroczek et al., 2000). During hydrothermal
crystallization experiments of opaline silica to microcrystalline
quartz, Oehler (1976) observed the presence and conservation of
1e10 mm spheres. These microspheres contain 72e83% quartz with
other silica phases, and in some cases exhibit a pore-like hole on

the surface that may have allowed water escape during recrystallization. In the quartz layer, some of these microspheres are preserved, despite recrystallization to single crystals of quartz. The
high concentrations of Al and K preserved in the microspheres are
evidence for impurities inherited from a primary opaline phase.
The microspheres are isolated inclusions within the 5e20 mm
hexagonal to subhedral quartz crystals. These tiny individual
crystals are invisible in transmitted light and appear similar to
chert. Natural partially crystalline silica has been reported to have a
honeycomb or foam microstructure (Herrington and Wilkinson,
1993). This microstructure has been shown experimentally to
convert to anhedral quartz grains comprising “artificial chert” at
temperatures of ~100e300  C and pressures of 3 kbar (Oehler,
1976), conditions compatible with the burial conditions of the
Olive fault wall rocks (Ahrendt et al., 1978). Oehler (1976) also
points out that in natural chert, grain boundaries of newly formed

Fig. 7. TEM images of nanospheres within quartz grains in the silica fault layer. (a) Several single-crystal nanospheres (arrows) within a quartz crystal that shows a low density of
dislocation loops; (b) Close-up of a nanosphere inclusion. The bright ellipse at lower right is a pore, or hole, in the ultrathin TEM sample and probably represents a pore in the
nanosphere; (c) A nanosphere inclusion with a bright crystalline rim.
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anhedral quartz grains are independent of primary microspheres
and may either include microspheres or grow across the microsphere boundaries.
The density of dislocations in the quartz crystals in the layer is
extraordinarily low, and the dislocations occur, at least in places, as
dislocation loops (Figs. 7a and c) that indicate minor postcrystallization deformation of the quartz grains. We suggest that
these nearly strain-free quartz grains formed during dehydration
and static recrystallization of a primary opaline layer. The porosity
in the quartz layer (13.5 ± 0.9%), even when taking into account the
uncertainties introduced by sample plucking and extrapolation
from 2D images, is on the same order as the volumetric contraction
associated with opal-CT dehydration of quartz in diagenetic settings (~12%; Moore and Vrolijk, 1992). In this interpretation, the
pores found at triple junctions and along grain boundaries formed
by contraction of the silica as individual crystals transformed to
quartz, and water escaped from the quartz layer.
Microcrystalline fault veins and cements have been reported in
several other locations. Ujiie et al. (2007) described a single, few
tens of mm to 100 mm-thick, microcrystalline (1e10 mm grain-size)
silica layer in a fault comprising basaltic rocks in the Shimanto
accretionary complex, southwest Japan. Similar to the quartz layer
described here, the layer is planar, contains ﬁne-grained isotropic
(cryptocrystalline) quartz, is absent of grain-shape fabrics, and
grains have a low dislocation density and spherical nanometersized single-crystal quartz inclusions. Ujiie et al. (2007) attributed
the genesis of the layer to crystallization from a silica gel that
formed by supersaturation of ﬂuids inﬁltrated into the fault zone.
In the Stillwater Fault, Dixie Valley, Nevada, Power & Tullis,
(1989) and Caine et al. (2010) may also describe a silica gel vein that
has undergone subsequent deformation on a fault slip surface
(Power and Tullis, 1989). The silica gel was interpreted as deposited
by hydrothermal ﬂuids along a leaky normal fault, and the resultant
vein was modified by solution creep, yielding a crystallographic
preferred orientation. Similar to the Olive fault quartz layer, the
Stillwater Fault vein is composed of 0.01e1 mm quartz crystals with
very low dislocation densities. However, in contrast to Power and
Tullis (1989), we observed no crystallographic preferred orientation in the quartz layer.
Kirkpatrick et al. (2013) showed equant, submicron quartz and
amorphous silica in a thin ﬂow-banded layer in the Corona Fault,
San Francisco. The quartz crystals also contained spheroidal silica
particles, similar to those we describe in the Olive fault. Kirkpatrick
et al. (2013) also interpreted these as evidence for a gel-phase
precursor to the microcrystalline quartz. The wall rock to the
Corona fault is chert, so the silica gel may form by a similar
mechanism as the weakening observed in chert grinding experiments (e.g. Goldsby and Tullis, 2002). All of our observations
indicate primary gel microtextures that are unaffected by subsequent solution creep or crystal plastic deformation, and which
result from, and were modiﬁed by, static recrystallization and
dehydration. Caine et al. (2010) also showed that the microcrystalline quartz occurred as a component of the cement in cemented
fault breccias of the Stillwater fault, whereas in the Olive fault, the
fault in the Shimanto accretionary complex, and the Corona fault,
microcrystalline quartz is only found on the principal slip surface.
The comparison between these four faults, however, raises the
question of how a silica gel can form along a principal slip surface in
quartz-poor wall rock.
7. Formation of the silica gel
Natural hydrous silica gels occur in hot springs, around volcanic
vents, in epithermal veins associated with volcanic ﬂuids, and
during diagenesis of sediments containing biogenic hydrous silica
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grains (e.g. Humphris et al., 1995; Poetsch, 2004; Weibel et al.,
2010). In the case of magmatic sources, these gels are formed by
advection of silica-rich ﬂuids to higher crustal levels, where phase
separation may concentrate the dissolved silica as pressure and
temperature decrease. As there are no known magmatic rocks or
hydrothermal deposits associated with the rock units in the area of
this fault, and the inferred silica gel is conﬁned to a single fault slip
surface, we consider it highly unlikely that this silica gel had a
magmatic origin and do not investigate this possibility further. In
sedimentary diagenesis, silica gels are derived from biogenic opal.
As the wall rocks to the fault were metamorphosed at low
greenschist facies prior to development of the fault, no biogenic
silica could have been present in the wall rocks before faulting.
Thus, we discard biogenic origins as a possible explanation for the
silica layer.
The 0.5e10 mm thick, ﬁne-grained quartz layer reported here,
that we interpret as a recrystallized silica gel, is conﬁned to a single
fault plane that cross-cuts other diagenetic and tectonic structures.
This occurrence implies that the formation of the inferred silica gel
is related to conditions during slip on this fault surface. Therefore,
we explore three possible mechanisms of silica gel formation: (1)
local comminution and hydration as observed in friction experiments; (2) advection of high-silica ﬂuids from deeper structural
levels up the fault during transient high permeability; and (3) the in
situ production of a gel by concentration of locally derived silica by
reactions along the fault surface.
7.1. Silica gel formed by local comminution and hydration
In experiments performed on quartz-rich rocks silica gel was
generated on the slip surface at slip rates of a few to hundreds of
mm/s (Goldsby and Tullis, 2002; Di Toro et al., 2004; Hayashi and
Tsutsumi, 2010; Niemeijer et al., 2012). Although the exact mechanism of formation is not well understood, it almost certainly involves grain size reduction by cataclasis (Hayashi and Tsutsumi,
2010). Silica gels formed in this way are thixotropic, such that
their viscosity decreases with increasing slip rate (Goldsby and
Tullis, 2002; Di Toro et al., 2004; Hayashi and Tsutsumi, 2010).
This property of experimental fault-related silica gels may be
important on natural faults regardless of how the silica gel forms.
The wall rocks to the Olive fault are dolostone and calcareous shale,
and the immediate edges of the quartz layer are dominantly
dolostone breccias. The breccias contain a fraction, <15%, of quartz
and other silicate minerals. Thus, it is difﬁcult to see how a relatively small and dispersed volume fraction of silicate minerals in
the wall rock could form a concentrated silica layer along the fault
by comminution. If the silica source was cataclasis of the immediate
wall rock, it is more likely that the ﬁne-grained quartz layer
deﬁning the slip surface would also contain other minerals, from
comminution of calcareous shale and dolostone. It is therefore
unlikely that the inferred silica gel formed by cataclasis and hydration of the wall rock.
7.2. Precipitation due to isothermal ﬂuid advection
Previous studies of amorphous silica deposits have suggested
that advection of ﬂuids along faults from higher pressure/temperature conditions can result in supersaturation and precipitation
(e.g. Bons, 2001; Caine et al., 2010; Power and Tullis, 1989). We
consider the possibilities of silica deposition by advection, and local
reactions along the fault plane, by calculating silica solubility in
aqueous solution as a function of temperature and pressure
following the model of Manning (1994). To calculate the density of
water, as a function of temperature and pressure, we used the
Compensated-Redlich-Kwong equation of state for H2O (Holland
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and Powell, 1991). This is not an attempt at high resolution calculations of silica solubility in a complex fault system, but an attempt
at order-of-magnitude semi-quantitative estimates of the feasibility of silica precipitation from a number of scenarios, assuming
silica saturated, aqueous ﬂuids of negligible salinity were present at
depth below the location of the inferred silica gel.
If a silica-saturated ﬂuid travels up a fault along some
geothermal gradient, the equilibrium silica solubility (K) will
decrease as a result of decreasing temperature and pressure
(Fig. 8a) (Manning, 1994). If a silica gel layer precipitated at 5 km
depth, a silica-saturated ﬂuid must have travelled more than 5 km
vertically, i.e. originate at depths in excess of 10 km, to experience
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an order of magnitude decrease in silica solubility (measured as
equilibrium molality). If the silica gel precipitated at 1e2 km depth,
the solubility may decrease by several orders of magnitude over a
few hundred meters of advective ﬂow. Because the Olive fault
locally dips 20 , 1 km vertical transport is equivalent to approximately 3 km of along-fault transport. The required vertical transport distance increases with decreasing geothermal gradient
(Fig. 8a).
In order to assess possible ﬂuid advection rates, we compare
observations of ﬂuid venting in active accretionary wedge systems,
which have similar low-angle thrust geometry, and derive ﬂuids
from pore water in underthrust saturated sediments. Brown et al.
(2005) measured the ﬂow from submarine vents on the Costa
Rica margin and determined background ﬂow rates of
106e104 cm/day, with prolonged spikes up to 103 cm/day
apparently triggered by slip events on nearby faults. Tryon et al.
(2002) measured background rates (not associated with rupture
events) at active fault-guided seeps on the order of cm/yr.
At these rates, along-fault transport would require millions of
years, or direct vertical ﬂow, several hundred thousands of years, to
transport sufﬁcient silica to build the Olive fault silica vein. In
addition, slow transport would allow sufﬁcient time for thermal
equilibration and nucleation of more ordered species, and would
therefore be expected to precipitate quartz veins such as the one in
Figs. 2e and 3f continuously along the transport path. If advection
happened episodically and ﬂow rates were comparable to precipitation rates (i.e. ﬂow is not the rate-limiting factor), for example in
episodic earthquakes leading to transient increases in permeability,
we can constrain the rate of precipitation of a quartz vein. The rate
of surface growth of a planar quartz layer can be expressed as
(Rimstidt and Barnes, 1980):

1

10

Pressure (kbar)
Fig. 8. Plots of quartz solubility and precipitation rates, following empirical relations of
Manning (1994) and Rimstidt and Barnes (1980). a) Log of equilibrium constant K,
which represents the equilibrium molality of aqueous silica, as a function of depth,
plotted along a number of geothermal gradients; b) Precipitation rate expressed as the
rate of increase in thickness for a continuous quartz/opal layer (Eq. (1)), as a function of
the degree of saturation, S, a deﬁned as dissolved silica in an aqueous ﬂuid, divided by
equilibrium solubility; c) Log K as a function of pressure, contoured for temperature.
Note the potential for a signiﬁcant drop in solubility at the liquid þ vapour ﬁeld as
pressures decrease toward 100 bar.

(1)

where k is a temperature-dependent rate constant, Vqtz is the molar
volume of quartz (22.55 cm3/mol) and S is the degree of saturation,
deﬁned as the activity product of dissolved quartz in the silicabearing ﬂuid divided by the equilibrium solubility (K). Therefore,
if equilibrium solubility is an order of magnitude less than the
concentration of dissolved silica in the ﬂuid, and assuming activity
of H2O is one, then S is 10. Fig. 8b shows precipitation rate against
temperature for various degrees of saturation, as calculated using
Eq. (1). If precipitation occurs at 200  C ambient temperature, then
the equilibrium rate of quartz growth is on the order of tens of mm
per year (Fig. 8b). Therefore, even if sufﬁcient ﬂuid volume was not
a problem, and the ﬂuid is supersaturated by a factor of 10, it would
still take tens to hundreds of years to precipitate a one millimeterthick quartz layer at equilibrium. Advection is therefore not a viable
mechanism for precipitating a layer of quartz under isothermal
conditions. However, it is not impossible that a quartz layer did
precipitate slowly over hundreds of years, and was later reworked
during slip.
The problem of ﬂuid volume and advection rates in forming
quartz veins (of much larger volumes) was addressed by Bons
(2001) using the formulation of Secor and Pollard (1975) for the
migration of water-ﬁlled cracks. Bons (2001)'s model estimates
migration velocities of ~1 m/s for hydrofractures, implying that
negligible precipitation may occur over these short time scales.
Although this may be an effective mechanism for bringing highsilica ﬂuids into the upper crust, the process is limited to small
volumes of ﬂuid in each batch, and is driven by density gradient.
Thus, the shallowly dipping, thin vein in the Olive Fault may not be
the ideal scenario for application of the Bons model, but we do not
categorically rule out the possibility of rapid advection in a pulselike hydrofracture.
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7.3. Gel formation in situ due to on-fault reactions due to slip
As described above, gel formation is most often caused by
supersaturation. It is observed in many geologic environments
when solvent (in this case water) is removed from the solution. In
hydrothermal vents, this may be driven by evaporation or
freezing upon eruption (Channing and Butler, 2007). At depth, a
similar effect may occur when a phase separation in the ﬂuid
results in the supersaturation of silica in one of the phases, for
example when depressurization causes boiling of pore ﬂuids
(Sander and Black, 1988). After vapor separation, the remaining
aqueous solution may be highly supersaturated, form colloids
and deposit hydrous silica. These reactions have been invoked to
explain silica alteration and veining in fault-hosted gold deposits;
for example, Herrington and Wilkinson (1993) interpreted
anhedral quartz grains containing spheroidal inclusions to indicate that fault veins had been precipitated from a silica gel after a
rapid pressure drop.
Reports of silica textures in epithermal systems are interpreted
to record in situ boiling causing formation of colloid-bearing silica
sols, which solidify to gels, and are later partially or fully dewatered
to quartz (Dong et al., 1995; Potapov, 2004; Ronacher et al., 2000).
In addition, the pH of the ﬂuid, affected by wall rock chemistry, may
also affect the likelihood of silica gel formation. The wall rocks to
the Olive fault are dolomitic, and may be expected to release CO2
during frictional slip even at subseismic rates (Dickinson et al.,
1991), lowering the pH. Low pH inhibits the nucleation of aquartz, and facilitates precipitation of hydrous silica (Hinman,
1990).
Decreasing pressure also affects equilibrium silica solubility.
However, for any constant temperature, changing pressure from as
much as 10 kbare1 kbar has a negligible effect, a factor of two at
the most (Fig. 8c). There is, however, a signiﬁcant effect if pressure
drops sufﬁciently to enter the ﬁeld of ﬂash vaporization, by
entering the liquid þ vapour stability ﬁeld (Fig. 8c). In this case,
solubility changes of four to ﬁve orders of magnitude are feasible,
allowing precipitation rates to move into the realm of micrometers
in seconds to minutes (Fig. 8b). In this case, it is possible to rapidly
precipitate a quartz layer. However, the solubility in the silicasaturated, local ﬂuid, is only going to be on the order of
102 mol/kg at 300  C (Fig. 8b), or less at lower temperatures. Such
molalities are not sufﬁcient to precipitate a millimetres thick
quartz layer with a reasonable volume of ﬂuid. It is possible to
create a quartz layer in this manner, for example by episodic
earthquake slip and repeated quartz precipitation over 10se100s
of slip events, but it is not possible in a single event (c.f.
Weatherley and Henley, 2013). To reach precipitation rates capable
of producing a millimeter-thick quartz or amorphous silica layer in
the order of minutes, a degree of saturation, S, of 8e10 orders of
magnitude is needed (Fig. 8b). However, the solubility before the
pressure drop is still only on the order of 102 mol/kg, such that an
unreasonably high volume of silica-saturated ﬂuid (>4500 kg of
water per square meter of fault area) is required to obtain a sufﬁcient silica budget. There may be conditions in CO2-rich, acid
environments where high silica saturation is possible. Coupled
with a very signiﬁcant pressure drop associated with ﬂash
vaporization, it may then be possible to obtain 8e10 order of
magnitude silica supersaturation and a sufﬁcient silica budget (e.g.
Herrington and Wilkinson, 1993). It is, however, much simpler to
explain the observed silica layer by repeated slip and reworking of
a quartz layer that grows incrementally over multiple slip and
precipitation events, particularly in our example where the carbonate wall rock provides a very limited silica supply. The observation of quartz fragments in the dolomitic breccia supports this
interpretation (Fig. 3c).
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7.4. Preferred model for silica gel formation and implications for
fault slip
It does not seem possible that the quartz layer, interpreted here
to be a fossil silica gel, formed by quartz or opal precipitation in a
single event. A thin layer may have formed by boiling, i.e. ﬂash
vaporization, related to a rapid co-seismic pressure drop, but not
the full observed thickness of the layer (0.5e10 mm). However, if
we accept the interpretation that the quartz layer represents a
recrystallized silica gel, then there must be a mechanism for its
generation. The lack of extensive quartz veining suggests a general
shortage of silica in the system; however, because detrital quartz is
present in the footwall shales, it is possible that solution mobilization of some quartz contributed material to the silica layer (c.f.
Fisher and Brantley, 1992). The simplest explanation seems to be
comminution and hydrolization as observed in experiments. If this
is true, then a silica layer must have been there before the slip event
that created the silica gel. There are two ways of achieving this: (1)
the quartz layer represents a quartz vein that precipitated from
deeply-derived ﬂuids moving along the fault, and became a gel
during a slip event along the now quartz-coated slip surface; or (2)
the layer grew episodically by ﬂash vaporization during slip events,
and the observed layer reﬂects slip in the last of these events,
where previous slip events are not preserved because the layer gets
reworked in each event. Option (1) appears less probable, because
this mechanism would likely have led to the formation of more
quartz veins in the surrounding rock. Option (2) is more consistent
with the observation that the microcrystalline silica is only found
on the fault surface, because this relates silica deposition to slipsurface conditions. The presence of reworked clasts of microcrystalline silica near the quartz layer (Fig. 3c) favours option (2),
demonstrating that small deposits of microcrystalline silica were
brecciated in subsequent slip events. However, in all considered,
possible scenarios, there is a requirement that before the last slip
event, there was already a quartz layer present along the fault.
8. Conclusions
This study has reported the presence of a microcrystalline
quartz layer along a carbonate fault surface. The quartz layer has
microstructures consistent with preservation from an initial
amorphous phase followed by dehydration (and associated volume
loss) during static recrystallization to microcrystalline quartz. The
structural occurrence as a thin, planar, semi-continuous fault-zoneparallel layer that cross-cuts all other structures, absence of any
similar materials outside the fault core, lack of volcanic or hydrothermal activity in the area, and the isolation of the quartz layer in a
predominantly carbonate setting are all consistent with the generation of the quartz layer during fault slip.
Pore structures inferred to record volume loss during dehydration to quartz, and elevated K and Al content in microsphere inclusions, are consistent with an opal species as the primary solid
silica phase, and imply that the quartz layer originated as a faultrelated silica gel. These features may distinguish quartz veins
formed from solidification and dehydration of silica gels from ordinary quartz veins precipitated in equilibrium from aqueous ﬂuids.
Cases of other carbonate-hosted faults where opaline cements have
been suggested to record silica gel formation (e.g. the Zuccale Fault
and Naukluft Thrust; Smith et al., 2011; Rowe et al., 2012) may also
be explained by this model.
It is intriguing that the inferred silica gel has formed along a slip
surface within dolomitic host rocks, with no obvious silica source.
We suggest two options for how the quartz layer originated: (1) it
formed by precipitation of quartz along the fault surface by
advection, either in multiple episodes, or slowly and continuously
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to form a quartz layer that was later reworked to a gel; or (2) it
formed by episodic ﬂash vaporization events and associated silica
precipitation during a number of slip events. Neither of these
mechanisms can explain the thickness of the quartz layer without
invoking either a pre-existing quartz layer, or multiple slip events.
We therefore conclude that the inferred silica gel formed in the last
slip event on the fault, by slip along a pre-existing quartz layer that
may or may not have experienced repeated episodes of gel formation to achieve its current thickness.
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