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[1] Several types of amorphous material in ultracataclastic
core samples recovered from 3194 m and 3294 m depth of
the main bore hole of the San Andreas Fault Observatory
at Depth are identified and described with transmission
electron microscopy and scanning electron microscopy. We
observed (1) amorphous material on a slickenside surface,
(2) glassy bands contained in an ultracataclastic matrix and
(3) amorphous rims surrounding quartz or feldspar clasts.
Chemical analyses of the amorphous material reveal that
silica content is slightly enriched or similar as in the
adjacent matrix. We suggest that all amorphous material
was formed by comminution of clasts (crush-origin
pseudotachylytes) rather than by melting (melt-origin
pseudotachylytes). The observed amorphous phases may
act as lubricating layers that reduce friction in the San
Andreas Fault. Citation: Janssen, C., R. Wirth, E. Rybacki,
R. Naumann, H. Kemnitz, H.-R. Wenk, and G. Dresen (2010),
Amorphous material in SAFOD core samples (San Andreas
Fault): Evidence for crush-origin pseudotachylytes?, Geophys.
Res. Lett., 37, L01303, doi:10.1029/2009GL040993.

1. Introduction

[2] The San Andreas Fault Observatory at Depth
(SAFOD) is a 3.2 km deep borehole, drilled into the San
Andreas Fault Zone (SAF) to study directly the structure
and composition of an active segment [Hickman et al.,
2007]. Within the SAFOD project some of the most exciting
questions about faulting have been addressed. The overall
scientific purpose is framed around the question “Why are
the SAF and some other major faults absolutely or relatively
weak?”” Previously proposed explanations for the anoma-
lously low shear strength of the SAF include elevated fluid
pressure or the presence of minerals with low friction
coefficient [Hickmann et al., 2004; Schleicher et al.,
2009]. However, evidence for significantly elevated fluid
pressure reducing the strength of the fault is still controver-
sial [Mittempergher at al., 2009; Zoback et al., 2007] and
alternative explanations focus on specific minerals or mineral-
reactions [Schleicher et al., 2009]. One possible explanation
for the apparent weakness of fault rocks is the discovery of
talc bearing serpentinites in SAFOD cuttings [Moore and
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Rymer, 2007]. However, Bradbury et al. [2007] and
Schleicher et al. [2009] could not identify significant
amounts of talc or serpentine in the fault gouge. Instead
they found localized precipitation of hydrous mixed-layered
clay minerals with higher smectite-content as thin coatings
on fractured clasts and polished slip surfaces [Hickman et al.,
2008; Schleicher et al., 2009]. But clay minerals alone cannot
account for the apparent weakness of the San Andreas Fault,
because laboratory experiments yield friction coefficients
that are too high [Moore et al., 1997].

[3] Here we describe the previously undetected presence
of amorphous phases in two samples. We suggest that the
occurrence of amorphous material within the fault rocks
may contribute significantly to the strength reduction of the
San Andreas Fault.

2. SAFOD Setting

[4] SAFOD is located in central California at the transi-
tion between the creeping segment of the SAF and the
Parkfield segment (Figure 1a). The geology of the SAFOD
drill site (Figure 1b) is dominated by transpression along the
SAF, which juxtaposes the Salinian granitic basement in the
SW (Pacific plate) against the Franciscan block on the NE
(North American plate) [Bradbury et al., 2007]. The
SAFOD main borehole encountered at least four major
geological units during drilling (Figure 1c). After passing
through near-surface Quaternary and Tertiary sediments and
the subjacent Salinian granite, arkosic sediments were
encountered beneath the Buzzard Canyon fault [Bradbury
etal.,2007] (Figure 1b). Further east (approximately 1200 m
NE of the drill site) the lithology changes abruptly from
arkosic sediments of the Salinian terrane (Pacific plate) to
claystones and siltstones of the Great Valley/Franciscan
terrane (North American plate). The lithological boundary
possibly marks an ancestral trace of the SAF. Multiple faults
were crossed during drilling, including two actively creep-
ing strands of the SAF revealed by casing deformation at
depths of 3194 m and 3301 m [Bradbury et al., 2007].

3. Methods

[s] Samples from SAFOD Phase III were investigated with
different analytical techniques. Powder X-ray patterns were
collected using a Siemens D5000 powder diffractometer. The
Rietveld algorithm BGMN was used for quantitative analysis
[Bergmann et al., 1998]. Microstructures in fault rock samples
were first analyzed optically and using a Zeiss FESEM
(Scotty-type field emission scanning electron microscope).

[6] From optical thin sections and SEM micrographs we
selected samples for TEM studies that were prepared with a
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Figure 1. (a) The San Andreas Fault with the SAFOD drill site. The arrow shows the sense of plate movement [Hickmann
et al., 2004]. Some major historical earthquakes are indicated. The dotted line characterizes the creeping segment.
(b) Geological map of the drilling site [after Bradbury et al., 2007]. (c¢) Simplified depth profile of the SAFOD MH (Main
Hole) with different rock lithologies and sample positions. The red stars mark the positions of the two samples with
amorphous material (modified after Bradbury et al. [2007; also Schleicher et al., 2009]). BCF is Buzzard Canyon fault;

SAF is San Andreas Fault.

focused ion beam (FIB) device at GFZ Potsdam (FEI
FIB200TEM). TEM foils 15 x 10 pm in size and 0.150 ym
thick were sputtered from thin sections using accelerated
Ga-ions (30 keV). FIB technique implants Ga-ions into the
target material. Energy dispersive X-ray analysis always
contains minor amounts of Ga in the X-ray intensity
spectrum. Details of the FIB technique are given elsewhere
[Wirth, 2004, 2009]. TEM was performed using a FEI
Tecnai G2 F20 X-Twin transmission electron microscope
(TEM/AEM) equipped with a Gatan Tridiem energy filter, a
Fishione high-angle annular dark field detector (HAADF)
and an energy dispersive X-ray analyzer (EDX). EDX
spectra usually were acquired in scanning transmission
mode (STEM) scanning the electron beam in a pre-defined
window of approximately 50 nm x 50 nm to minimize mass
loss during spectrum acquisition. At the very beginning of
the TEM investigation, all foils were illuminated with a
defocused wide electron beam to avoid amorphization of
the sample by electron irradiation while checking for the
presence of amorphous material. Tilting of the sample under
those conditions would show areas without any diffraction
contrast thus indicating local non-crystallinity. Sample com-
position was estimated using a Bruker-axs D8 X-ray micro-
diffractometer.

4. Samples

[7] In this study we analyzed microstructures and com-
position of four samples from SAFOD phase III cores (S1,
S2, S3 and S4). Samples were recovered from core sections
located close to or within zones of active deformation
(Figure 1c). However, amorphous material was found in
only two samples (S2 and S3). These samples are described
in detail below. We therefore describe these samples in
detail. Both samples likely belong to the Great Valley
sequence [Bradbury et al., 2007].

[8] Sample S2 was collected at 3194 m MD. This section
of the core is expected to coincide with a drilling section in

which the casing is being currently deformed. It thus
represents an actively creeping portion of the SAF. The
highly foliated shale gouge is composed of a brown, fine
grained calcite-bearing clay matrix containing quartz and
feldspar clasts. Pervasive shearing is defined by dark seams
in the matrix and preferred orientation of clasts. Numerous
pressure solutions seams and authigenic clay minerals
indicate extensive fluid-rock interactions and dissolution-
precipitation processes [see Hickman et al., 2008; Schleicher
et al., 2009]. The latest calcite vein generation overprints the
fault related fabric.

[o] Sample S3 is from 3296 m MD, i.e. the sample is
located at about 5 m distance to the active deformation zone
at 3301 m. The sample shows a polished slip surface with
slickensides. Sample S3 consists of a dark-brown fractured
and fine-grained scaly matrix with a higher percentage of
smectite/illite compared to sample S2 (Table 1). In addition,
chlorite is a major mineral constituent of the sample. Similar
to sample S2, seams of insoluble material (pressure solution
relicts) and authigenic clay minerals suggest considerable
activity of dissolution precipitation processes.

5. Description of Amorphous Material

[10] Amorphous phases were found in two samples,
sample S2 (9%) and sample S3 (4%, Table 1). According
to their appearance we distinguish between (1) amorphous

Table 1. Composition of Samples 2 and 3

Minerals Sample 2 [in vol.%] Sample 3 [in vol.%]
quartz 50 30
illite/smectite 22 38
albite 13 10
calcite 5 3
analcime 1 0
chlorite 0 12
haematite 0 3
amorphous material 9 4
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matrix materials at a slickenside surface, (2) amorphous
rims surrounding quartz or feldspar clasts and (3) glassy
bands in an ultracataclastic matrix. The amorphous phases
are identified using TEM studies.

5.1. Amorphous Matrix Material

[11] SEM imaging shows that the polished and smeared
slip surface of sample S3 is covered by a thin film of
hydrous mixed-clay minerals (Figure 2a). Schleicher et al.
[2009] suggested localized precipitation of hydrous mixed-
clay minerals that grow preferentially on polished fault
surfaces (Figure 2a, inset).

[12] The thin coatings have been shown to be amorphous
by TEM diffraction patterns that display amorphous rings
(see Figure 2b, inset). Nanoscale chlorite crystals with
tabular shape are found in the amorphous material.
TEM-EDX analyses of the adjacent matrix reveal a mixture
of quartz and sheet silicates. With respect to the adjacent
matrix the amorphous material is slightly enriched in silica
at the expense of magnesium (Figure 2c).

5.2. Amorphous Rims

[13] In sample S2, a few small mineral clasts (<1um)
have been found surrounded by rims of amorphous material
(Figure 2d). In dark and bright field TEM images, these
clasts, mostly quartz and very rarely feldspar, appear eroded
or etched (Figure 2e). The rims are between 50 and 100 nm
wide and contain extremely fine-grained rutile/anatase crys-
tals. EDX analyses of rims indicate a similar chemical
composition of clasts and surrounding rims (Figure 2f).
Based on optical microscopy, the presence of quartz clasts
with opaque rims was also observed in granitic mylonites
[Lin, 1994].

5.3. Glassy Bands

[14] Some dark or brown fault-related branching veins in
the ultracataclastic matrix of sample S2 resemble micro-
pseudotachylytes [see Snoke et al., 1998; Blenkinsop, 2000;
Ujiie et al., 2007]. These veinlets are thin (<1 mm) and
appear homogeneous. They form an anastomosing system
subparallel to the foliation embedded in the ultracataclasite
matrix. The boundary between veins and host rock is sharp
and distinct. Under cross-polarized light, the dark, extremely
fine-grained matrix is optically isotropic suggesting a glassy-
like matrix (Figure 3a). However, the matrix contains no
visible melt structures such as vesicles, amygdules, micro-
lites, spherulites or sulfide droplets.

[15] In SEM images the dark veins reveal a glassy-like
coating, covering very fine matrix grains (Figure 3b). Larger
subangular to subrounded quartz and albite grains (rarely
rutile/anatase) have also been observed but without the
coating.

[16] At the TEM scale, glassy band structures have been
found within the dark veins (Figures 3c and 3d). The
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presence of amorphous material is verified by a) absence
of any diffraction contrast during tilting the sample under
defocused electron beam conditions; b) the electron diffrac-
tion patterns of these bands, which are characterized by a
broad diffuse scattering intensity (amorphous ring in Figure 3c,
inset). The width of the amorphous bands varies between
100 and 300 nm, and it frequently exceed 1 pm in length. In
some places, the contact between band and matrix is sharp
and distinct, whereas elsewhere a gradual transition to
an extremely fine-grained matrix is observed (grain size <
50 nm). The bands are slightly enriched in silica with
respect to the adjacent matrix (Figure 3e). Similar glassy
bands in fault rocks have been described by Wenk [1978]
and Borradaile et al. [1982].

6. Origin of Amorphous Material

[17] Amorphous material in deformed rocks is often
termed pseudotachylyte [Shand, 1916] and its formation is
classically attributed to melting due to impact or frictional
heating. By now, however, two main mechanisms of pseu-
dotachylyte (PT) formation in fault zones have been sug-
gested, one by frictional melting [e.g., Sibson, 1975], the
other one by comminution [e.g., Wenk, 1978]. The latter
process includes solid-state phase transformation and
changes in the physical and chemical properties of the
material [Ozawa and Takizawa, 2007]. Melt origin PT types
contain melt textures such as glassy material, dendritic
crystallites, vesicles and amygdules, spherulites and sulfide
droplets [e.g., Magloughlin and Spray, 1992; Lin, 1994;
Ujiie et al., 2007, Wenk et al., 2000]. In contrast, crush-
origin PT types show none of these characteristics [Otsuki et
al.,, 2009]. In addition, also laboratory shear experiments
have shown that glass and other amorphous material can be
formed not only via the rapid cooling of melt, but also by
amorphization of quartz in the presence of water [e.g.,
Goldsby and Tullis, 2002; Di Toro et al., 2004].

[18] The glass phases detected by TEM in our samples
show no conclusive evidence indicating either melt origin or
crush origin of the amorphous material. We note however,
melt textures as described above have not been observed.

[19] A further distinguishing feature characterizing the
origin of pseudotachylites may be the composition of the
amorphous material compared to the surrounding matrix.
Several studies indicate that melt-origin PT types contain less
SiO, than the host rock [e.g., Lin, 1994], whereas in crush-
origin types the amorphous material is enriched in silica
probably because of a preferential gelation of quartz [Otsuki
et al., 2009]. In our samples, EDX analyses indicate that
either the glassy matrix compositions are similar to those of
adjacent matrix or silica is slightly enriched in the amor-
phous material. In view of these observations, we suggest
that the amorphous material observed here may be related to

Figure 2. (a) SEM micrograph illustrates a fault surface of sample 3 covered by silica thin-film coatings. The inset shows
newly-formed clay minerals with a characteristic flaky shape. (b) TEM bright field image illustrates the presence of
authigenic chlorites in an amorphous matrix. The inset shows the broad diffuse scattering intensity of amorphous material
additional to individual reflections from crystalline material in the diffraction pattern. (c) EDX spectra of adjacent matrix
and amorphous material. (d) TEM HAADF image of a Quartz grain surrounded by a small amorphous rim containing rutile/
anatase crystals (bright crystals). The inset shows the diffraction pattern of the rim. (¢) TEM dark field image shows an
eroded and etched quartz clast. (f) EDX spectra of clast and amorphous rim.
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Figure 3. (a) Photomicrograph of dark veins in the foliated matrix of sample 2 under crossed polarizer. (b) SEM image
reveals glass-like coating (c) TEM high-angle annular dark field (HAADF) image of amorphous layer in the ultracataclastic
vein matrix. The upper-left corner shows diffuse broad scattering intensity from non-crystalline material in addition to some
individual reflections from crystals. (d) TEM HAADF image of glassy band revealing pores not present initially. The pores
(dark patches) in the glass result from electron beam damage in TEM evolving progressively with time. (¢) EDX spectra

acquired from glassy band and host rock material.

a crushing and comminution process rather than to rapid
cooling of melt.

7. Geophysical Implications

[20] Irrespective of the origin of the amorphous material
its presence may result in a significant strength reduction.
For example, laboratory shear sliding experiments on sili-
cate rocks at different slip rates have shown that the
amorphization, gel formation and comminution under wet
conditions may be an important weakening mechanisms
during faulting [Goldsby and Tullis, 2002; Di Toro et al.,

2004]. Di Toro et al. [2004] suggested that the formation of
thin layers of silica gel on fault surfaces may explain the
low strength of major faults. The silica gel acts as a
tribolayer with thixotropic behavior [Di Toro et al., 2004].

[21] It is therefore conceivable that the presence of
amorphous material observed in our gouge and cataclasite
samples may induce a weakening not only during seismic
slip but also during creep as the amorphous phase accumu-
lates [Goldsby and Tullis, 2002]. We suggest that the
observed amorphous material behaves like a viscous fluid
film lubricant that is sheared between fault surfaces and
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gouge fragments reducing friction and wear in the fault
zone.

[22] In summary, the existence of amorphous material in
fault rocks of the SAF may influence the strength of the
fault. However, further analytical work is required to
quantify the potential significance of amorphous material
to explain low shear strength of the SAF.
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Schreiber for TEM foils preparation using FIB technique. This work was
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