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Abstract—The relevance of the anticrack faulting mechanism to the origin of deep-focus earthquakes depends
critically on the physical processes operating during fault generation and movement. We show here that the
resistance to sliding on fault zones produced by this mechanism in Mg,GeO, depends only weakly on confining
pressure, but strongly on sliding rate. Both of these characteristics are inconsistent with friction. The
microstructures of the fault zones and the crystal-plastic rheology of the constituent phases indicate that sliding
must occur primarily by grain-boundary sliding. Previously, we reported that anticrack faulting is accompanied
by elastic radiation of energy (acoustic emissions), and that it can operate during the a — g transformation in
(Mg,Fe),Si0, at the pressures and temperatures at which deep earthquakes occur. The present results and the
recent demonstration that metastable olivine is present in the subducting slab beneath Japan provide additional
support for the anticrack theory of deep-focus earthquakes.

INTRODUCTION

DEeep-Focus earthquakes have been a paradox since
their discovery 70 years ago. Their seismic character-
istics are virtually indistinguishable from those of shal-
low earthquakes, yet experimental evidence and theo-
retical considerations demonstrate that brittle shear
fracture and stick-slip frictional sliding, the physical
mechanisms responsible for shallow earthquakes, can-
not operate at the high pressures at which deep earth-
quakes occur. Thus, it has been argued almost since
their discovery that deep earthquakes must be the result
of a different process. Kirby (1987) suggested that some
peculiar aspects of faulting at high temperatures and
high pressures in tremolite and at low temperatures and
low pressures in H,O ice may be relevant. He argued
that incipient transformation to the more dense higher
pressure assemblage may have triggered faulting,
although the actual mechanism by which this process
could occur remained unclear.

Observations of microstructures in Mg,GeO, olivine
polycrystals that exhibited anomalous faulting behavior
at high pressure (0.8-2.2 GPa) led to the proposal that
faulting occurs by incipient transformation of meta-
stable olivine to very fine-grained spinel in lens-shaped
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Mode I microanticracks that organize themselves into
throughgoing faults on which sliding occurs by super-
plastic deformation of the fine-grained spinel (anticrack
theory of phase-transformation faulting; Green & Burn-
ley 1989, Burnley et al. 1991). The same microstructures
and anomalous faulting behavior also have been ob-
served at 14 GPa in association with the a —» § phase
transformation in (Mg,Fe),Si0O, olivine in peridotite of
appropriate composition for the Earth’s mantle, sup-
porting the hypothesis that this is the mechanism of
deep-earthquake faulting (Green er al. 1990). Sub-
sequent investigations of the faulting phenomenon in ice
have revealed microstructures similar to those present in
the germanate specimens (Kirby ez al. 1991).

Despite its remarkable similarity to brittle shear frac-
ture, several aspects of the anomalous faulting behavior
in Mg,GeO, indicate that it is not a brittle phenomenon.
Principal among these are the following. (1) There are
no detectable acoustic emissions prior to failure (Green
et al. 1992). (2) The faulting stress is independent of
confining pressure (Burnley et al. 1991). (3) Faulting
occurs only in a narrow temperature window (Burnley et
al. 1991). (4) Very fine-grained spinel is present in fault
zones (Green & Burnley 1990, Burnley et al. 1991).

The principal goal of this study was to measure the
sliding resistance on faults generated by the anticrack
mechanism as a function of confining pressure. The
observed pressure and rate dependence of the sliding
stress indicate that sliding is not controlled by friction. It
appears that sliding occurs by a viscous process induced
by the extremely fine grain size of the high density phase
that grows in the anticracks and is incorporated into the
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Table 1. Experimental data for faulted Mg,GeO, specimens

P T, T, Faulting stress Sliding stress Strain rate
Sample (MPa) (K) (K) (MPa) (MPa) ™H
GB13 1069 1246 1245 877 230 1.4x 1074
GB18 1076 1221 1209 727 384 1.7 x 1074
GB28* 1055 1239 1233 1415 251 1.1x107*
GB29* 1183 1239 1238 1050 185 1.3x 1074
GB31* 2190 1238 1207 1021 499 1.5% 1074
GB36* 1751 1245 1238 1024 543 1.7 x 1074
GL299+t 1154 1201 1164 933 332 2.1 %x107*
GL312+ 1135 1199 1183 991 676 22x%x107*
GL326%1 1895 1298 1286 1260 629 2.3x 1073
GL415% 1210 1200 1149 1293 279 2.1 x107*

*Experiments using the second polycrystal described in the text.
tExperimental data reported previously by Burnley er al. (1991).

fault zone during faulting. Thus, the underlying physics
of the anticrack mechanism of phase-transformation
faulting (and, by extension, the mechanism of deep-
earthquake faulting) are distinct from those involved in
brittle shear failure.

EXPERIMENTAL TECHNIQUES

The starting material for these experiments was syn-
thetic polycrystalline Mg,GeO, olivine with 5 wt%
MgGeO; orthopyroxene. Crystalline olivine and pyrox-
ene germanate powders, synthesized from MgO and
GeO, powders at 1150°C and 1 atm and subsequent
grinding, were isostatically hot-pressed at 200 MPa and
1400°C for 2 h in sealed Fe canisters. The Fe canisters
(internal dimensions 6.5 cm diameter and 2 cm thick)
were heated, flushed with Ar and then evacuated to
minimize incorporation of water and other contami-
nants into the polycrystal. Two separate polycrystals
were used for the new experiments reported here (Table
1); the first polycrystal, described by Burnley et al.
(1991), was 90-95% dense with a mean grain size of 30
um. The second polycrystal (Fig. 1) is 98% dense with a
mean grain size of 50 um. In the second synthesis, the
germanate powder reacted with the canister producing a
thin rind, ~1 mm thick, of Fe and germanate crystals
displaying a eutectic-like texture. Diffusion of Fe into
the polycrystal was limited to the outer 1-2 mm of the
polycrystal; this outer region was not used. The crystal-
plastic rheology of the two polycrystals is identical.

Specimens for the new experiments were 3.05-3.18
mm in diameter and 5.6-8.5 mm long. They were rinsed
with acetone and dried in vacuum at 120-150°C for
several hours and sealed (TIG welded shut) in Pt cap-
sules (0.25 mm thick). The encapsulated specimens were
cast into an Inconel 600 sleeve with NaCl; the pressure
assembly used for the experiments is depicted in Fig. 3.
The pressure assembly differs somewhat from that used
in previous experiments reported by Burnley et al.
(1991), but the slight differences have no effect on the
reported mechanical data.

The samples were pressurized at room temperature to
100-200 MPa below the desired pressure and then

heated at 5-10 K min ! to 900 K. For some experiments,
the sample was then heated at 10-25 K min~! to the
desired final temperature; for others, the sample was
brought to the final temperature in a matter of a few
seconds. Some samples were deformed at a constant
piston displacement rate of 1 um s™! (corresponding to
an approximately constant strain rate of 2 X 1074 s71),
while others were deformed at true constant strain rates
of 1 X 107*-3 x 10™*s™!; no discrepancy in the results
between the two modes of deformation was noted. The
reported stress—strain curves were calculated from the
differential stress (axial stress minus the confining pres-
sure) and displacement, assuming a homogeneous,
constant-volume, axial shortening (a good approxi-
mation up to the point of failure).

It was not possible to perform these experiments in a
molten salt, as is the usual practice now in our labora-
tory, because stresses above 800 MPa (see Fig. 4) gener-
ally cause axial splitting of the Al,O; deformation piston
(Fig. 3) and rupture of the Pt capsule. Therefore, NaCl
was chosen as the confining medium because it would be
close to, but below, its melting temperature during the
experiments. The level of friction on the deformation
pistons was determined by visually fitting straight lines
to the differential stress during piston advance and the
elastic slope after the piston contacted the specimen.
The maximum error introduced by the method is esti-
mated to be about 100 MPa (see Burnley ez al. 1991 for
further discussion). The accuracy of the fit was verified
by experiments conducted in molten salt, in which the Pt
capsule perforated during the deformation and molten
salt intruded the sample. Specimens that fail in this
manner have no post-failure strength, and the residual
stress after failure was within 100 MPa of the level of
friction determined by the method described above.

Acoustic emissions were monitored in some experi-
ments (see Green et al. 1992) by placing a miniature
piezoelectric transducer (2 mm diameter Valpey Fisher
VP1093) against the tungsten carbide (WC) base anvil of
the sample assembly (Fig. 3). The transducer was elec-
trically isolated by wrapping it with transparent tape and
bonding (silver epoxy) a thin (1-2 mm thick) alumina
buffer rod to the end of the transducer in contact with
the WC base anvil. The acoustic signals were amplified
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Fig. 1. Photomicrograph (crossed polars) of the second Mg,GeO, olivine polycrystal. The inclusions visible within the
larger crystals of this micrograph are MgGeOj3 orthopyroxenes. Scale bar = 200 #m.
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75 dB, discriminated and counted. In addition, a Tek-
tronix model 2211 digital oscilloscope was used to record
and store waveforms of individual acoustic events.

RESULTS

Experimental data for specimens that were allowed to
slide after faulting are reported in Table 1. The amount
of strain that preceded faulting is variable; some samples
faulted shortly after yielding (e.g. sample GL312, fig. 4
in Burnley et al. 1991), while others accumulated natural
strains of >40% before failure. In the representative
stress—strain curves of Fig. 4, faulting occurred after
30-45% natural strain (axial shortening). The level of
stress at the stress drop is referred to hereafter as the
faulting stress (Fig. 4a). The level of acoustic activity
prior to faulting, also shown in Fig. 4, was indistinguish-
able from that occurring before the piston made contact
with the specimen and is unrelated to deformation (the
threshold level of the discriminator was adjusted so that
random noise triggered between one and two events
s71). In all cases, the stress drop (measured external to
the pressure assembly by a load cell) occurred within a
few seconds and was accompanied by a burst of acoustic
activity. The samples were allowed to slide after fault-
ing; the level of stress supported by the sample after
faulting is referred to hereafter as the sliding stress (Fig.
4a). Acoustic activity after faulting was only slightly
higher than the background level established prior to
faulting.

Waveforms of two acoustic events recorded during
the stress drop in sample GB29 are shown in Fig. 5. The
larger of the two events was impulsive and decayed over
a period of about 30 us; the second, smaller event was
not as impulsive as the first.

The faulting stress is independent of confining pres-
sure and shows considerable scatter between 700 and
1500 MPa (Table 1, Fig. 6a). The sliding stress also
shows significant scatter but appears to be weakly de-
pendent on pressure, varying from about 340 MPa at
1000 MPa confining pressure to about 600 MPa at 2200
MPa confining pressure (Figs. 6a & b).

Sliding stress is strongly dependent on sliding rate.
The sliding stress immediately after faulting in specimen
GB29 (Fig. 4c) was 185 = 14 MPa at a piston displace-
ment of 1 um s~ ! (corresponding to a sliding rate on the
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fault of ~1.2 um s™'). Twice, the piston displacement
rate was changed briefly (1 and 5 min duration, respec-
tively) t0 0.1 um s~ ! (sliding rate ~0.12 um s~ '), and the
sliding stress fell to 92 + 10 MPa within 30 s. In both
instances, the sliding stress returned to 180 MPa when

the piston displacement rate was increased to 1 ums™*.

DISCUSSION

Several previously reported observations of the
anomalous faulting behavior triggered during the a — y
phase transformation in Mg,GeO, polycrystals indi-
cated that initiation of faulting is not related to brittle
shear fracture. (1) The faulting stress is independent of
confining pressure, in marked contrast to the pro-
nounced increase with pressure exhibited by brittle
failure and predicted by the Mohr—Coulomb fracture
criterion (Fig. 6a) (Burnley et al. 1991). (2) Faulting
occurs only in a narrow temperature interval (Green &
Burniey 1989, Burnley et al. 1991). At lower tempera-
tures, samples do not transform to spinel (except for the
minor production of martensitic lamellae; Burnley &
Green 1989) and are ductile and strong. At higher
temperatures, samples transform extensively to spinel
and are ductile and relatively weak. The mechanical
instability correlates with incipient transformation of
metastable olivine to spinel. (3) No acoustic emissions
occur prior to faulting, and a burst of acoustic activity
occurs during the stress drop associated with faulting
(Fig. 4) (Green et al. 1992). This contrasts markedly to
the crescendo of acoustic activity that precedes brittle
failure due to the formation of Mode I microcracks
(Scholz 1990). In addition, anticrack faulting has been
observed at 14 GPa during the a — § transformation in
silicate olivine (Green et al. 1990). This also implies that
brittle fracture is not involved in this phenomenon
because dilatant (i.e. brittle) processes are impossible at
such pressures.

On the other hand, direct evidence for the presence or
absence of brittle processes during or after anticrack
faulting has been equivocal. Burnley et al. (1991) noted
that faults which had slipped extensively (more than ~1
mm) exhibited abundant fragments of olivine in the fault
zones along with the finer-grained spinel. They specu-
lated that during or after faulting, brittle processes were
active and that the pieces of olivine present in fault zones

Fig. 2. Back-scattered-electron images of fault ‘gouge’ produced by the anticrack mechanism (a~c) compared with images of gouge produced by
brittle fracture (d & €) (from Marone & Scholz 1989). (a) Fault zone in GL299 (E-W across micrograph and bounded by white arrows) contains
visible fragments of olivine and pyroxene, and fine-grained spinel (not visible at the resolution of this micrograph). Note that pyroxene is brighter
in these images owing to its higher electron backscattering coefficient. White-bordered black regions are cracks and plucks produced during
sectioning and polishing. Scale bar = 60 um. (b) Detail of left-center portion of (a) showing bimodal grain-size distribution and rounded, sinuous
grain boundaries of olivine (darker gray) and pyroxene fragments, with very fine-grained spinel crystals (lighter gray) between them. Most of the
areas between olivine fragments are plucked out because of the contrast in hardness of the phases and the extremely fine grain size of the spinel.
Scale bar = 6 um. (c) Border of one of the fault zones in GL415 showing a much larger fraction of spinel in the fault zone. Note the extremely
irregular shapes of the olivine fragments (darker gray; labeled with an ‘0’). In particular, note the region near the lower left corner where a zone
of spinel (lighter gray and indicated by black arrows) has propagated through an olivine grain. The transformation process appears to be ‘carving
off’ a piece of olivine and leaving it in a matrix of spinel; this may explain why anticrack fault ‘gouge’ possesses a bimodal grain-size distribution
and grains have such irregular margins. Black band at left is a crack produced during sectioning. Asin (b), many areas of spinel have been plucked
during the polishing process. Scale bar = 10 um. (d) Gouge from experimental study of frictional sliding in quartz. Note angularity and wide
range of sizes. Scale bar = 400 um. (¢) Detail of central-left area of (d), showing self-similarity of particle-size distribution. Scale bar = 100 ym.
This fractal distribution contrasts sharply with the bimodal size distribution in (b) and (c).
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Fig. 3. Schematic drawing of the pressure assembly utilized in the new
experiments. The location of the piezoelectric transducer used to
monitor acoustic emissions is shown also.

had broken from the borders of the fault and therefore
constituted a normal fault gouge. However, Green ef al.
(1992) noted that the fault ‘gouge’ (see fig. 12 of Burnley
et al. 1991) differs in certain fundamental respects from
experimental (Marone & Scholz 1989) and natural
(Sammis et al. 1986) fault gouges produced in the brittle
regime. Figure 2 shows that comparison directly; anti-
crack fault ‘gouge’ has a bimodal particle-size distri-
bution and the grains have rounded, sinuous margins,
whereas brittle fault gouge has a fractal particle-size
distribution and grains are highly angular. To explain
these characteristics, Green et al. (1992) proposed that
the olivine fragments in the fault zones were ‘carved out’
by enhanced local Mode I microanticracking during
fault zone propagation and widening (Fig. 2c).

The new data presented here imply that the resistance
to sliding on faults generated by the anticrack mechan-
ism is not due to a frictional process. First, the sliding
resistance depends only weakly on the normal stress on
the fault zone, in contrast to the strong dependence of
frictional sliding on normal stress universally observed
in brittle materials (Fig. 6b). Second, an order of magni-
tude increase in the displacement rate caused the sliding
stress to roughly double. Even when friction has a
positive rate effect (velocity strengthening), as in granu-
lar material, the magnitude of that effect is very much
smaller than we observed, on the order of 1% change in
strength per order of magnitude change in sliding rate
(Marone et al. 1990). Third, the level of acoustic
emissions during sliding is only slightly higher than
background; this also is not consistent with a frictional
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process. Thus, friction is excluded as the process con-
trolling sliding.

To understand the process by which sliding takes
place in the spinel-lined fault zones, we compare the
results of this study with mechanical data for bulk flow of
polycrystalline y-Mg,GeO,. Vaughan & Coe (1981)
found that a y-Mg,GeO, polycrystal with a grain-size of
about 2 um exhibited a stress exponent n ~ 2 and
concluded that flow probably was dominated by grain-
boundary sliding. In contrast, Tingle et al. (1991) found
that coarser-grained (20-30 um) y-Mg,GeO, polycrys-
tals flow by dislocation creep, exhibit a stress exponent n
~ 3, and under all conditions are stronger than olivine
(e.g. at 1200 K, 1800 MPa and strain-rates of 10 and
1075 57!, they measured steady-state flow stresses of
1750 and 800 MPa, respectively). Thus, although the
rheology of the fault zones has not been fully character-
ized, it is not compatible with friction or with the crystal-
plastic rheology of either olivine or spinel. The most
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Fig. 5. (a) Digitally recorded waveforms for two acoustic events
recorded during the stress drop in experiment GB29. (b) An expanded
timebase of the early part of the first event in (a).

reasonable interpretation is that sliding occurs by grain-
boundary sliding of the very fine-grained spinel that
separates the olivine fragments in the ‘gouge’ (Figs. 2b &
¢). The pressure- and rate-dependence of the sliding
stress are compatible with such a viscous process.

CONCLUSIONS

This investigation confirms that initiation of faulting
by the anticrack mechanism in Mg;GeOQ, is not related
to brittle failure (Burnley er al. 1991) and further shows
that sliding after faulting is not controlled by brittle
processes. The pressure- and rate-dependence of the
sliding stress and the microstructures of the fault zones
are consistent with the hypothesis that the rheology of
faults triggered by the olivine — spinel phase transform-
ation is controlled by grain-boundary sliding in the fine-
grained spinel of the fault zones. Given that initiation
and sliding of such faults are not brittle phenomena, it
seems unlikely that fault propagation is a brittle process
either. Thus, the physical processes responsible for
anticrack faulting in Mg,GeQ, are fundamentally differ-
ent from those responsible for brittle shear fracture.

These results add to a growing body of evidence that
incipient transformation of metastable silicate olivine to
B-phase (or spinel) in lens-shaped microanticracks that
organize themselves into throughgoing faults is the
mechanism of deep-earthquake faulting. Iidaka & Suet-
sugu (1992) provided evidence that olivine exists meta-
stably to a depth of at least 500 km in the cold interior of
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Fig. 6. (a) Faulting stress (open circles) and sliding stress (solid
squares) as a function of confining pressure for Mg>GeO, specimens
that failed by the anticrack mechanism. Experimental data are in
Table 1. As discussed in the text, the sliding stress data were estimated
to have a maximum uncertainty of + 100 MPa (error bars). The bold
line shows the expected increase in sliding resistance with confining
pressure for brittle faults oriented at 30° to the maximum compressive
stress (after fig. 1-12, Scholz 1990, data from Byerlec 1978). (b) Shear
stress vs normal stress calculated from the sliding stress data in (a) and
in Table 1 assuming faults oriented at 30°. In detail, the faults were not
planar and varied from 25° to 35°. Linear regression of the experimen-
tal data yields o, (MPa) = 10 + 0.10,,. Byerlee's law (Byerlee 1978) for
frictional sliding on brittle faults in a wide variety of materials is shown
also for comparison.

the Pacific lithospheric slab being subducted beneath
Japan, and Green ef al. (1990) showed that anticrack
faulting can accompany the a — f§ transformation in
(Mg,Fe),Si0, at the high pressures at which deep-focus
earthquakes occur. Microstructures of the faulted sili-
cate specimen are essentially identical to those of the
germanate specimens, and we expect that the rheology
and acoustic emissions (seismic) characteristics of faults
triggered by the anticrack mechanism during the a — 8
transformation in (Mg,Fe),Si0,; will be similar. The
reader should not conclude, however, that deep faults
will slip extensively by superplastic processes after an
earthquake. The fine-grained f-phase or spinel in fault
zones probably will coarsen rapidly on a geological time
scale and thus leave the nascent fault zones stronger than
their untransformed country rock.
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