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Abstract We use the remarkable similarity between
microstructures preserved in naturally and experimen-
tally deformed quartzites as a basis to evaluate quartz-
ite flow laws and their application to natural con-
ditions. The precision of this analysis is relatively high
because of the well-constrained deformation history of
naturally deformed rocks from the Ruby Gap duplex,
Central Australia. The external state variables during
deformation in the duplex are well constrained by a
combination of thermochronological, microstructural
and structural observations. Using a flow law with the
form & = Af}} 50" exp(—Q/RT), our analysis indicates
that values of log (A)=-11.2+0.6 MPa™/s and Q=135+
15 kJ/mol provide the best description of the com-
bined natural and experimental constraints with values
of m=1 and n=4. Motivated by the results of our anal-
ysis, we also evaluated the influence of water fugacity
on strain rate determined in the laboratory. In this
case, we concur with a previously published suggestion
that the measured effect of water fugacity (¢ f,%,zo) is
likely a manifestation of a change in deformation
process with increasing stress. The results of this study
provide further support for the application of quartzite
flow laws to understand deformation conditions in the
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Earth, and emphasize the important insights that can
be gained by analyzing deformation microstructures in
naturally deformed rocks.
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Introduction

Because of the abundance of quartz-bearing rocks in
the continental crust, microstructural analyses of
quartz and quartzite are important for understanding
a wide range of problems in structural geology (e.g.,
Law et al. 1984; Lister and Snoke 1984; Hacker et al.
1990; Dunlap et al. 1997). In addition, the rheological
properties of quartzite have been used to constrain a
variety of geodynamic properties of the crust, includ-
ing the depth extent of the seismogenic zone (e.g.,
Sibson 1977, Hobbs et al. 1986), the strength of the
crust (e.g., Kohlstedt and Weathers 1980; Ord and
Christie 1984), and time-dependent “stress-triggering”
of earthquakes (e.g., Freed and Lin 1998). Microstruc-
tural observations have also been combined with inde-
pendent estimates of temperature and pressure to
compare deformation mechanisms operative in the
crust with predictions based on experimental studies
(e.g., Dresen et al. 1997; Stockhert et al. 1999; Stipp et
al. 1999). The analyses of Dresen et al. (1997) and
Stockhert et al. (1999) indicate that, in general, some
experimental quartzite flow laws provide a good
description of the rheological properties of the crust.
Despite at least 40 years of study, there are still
considerable uncertainties in our understanding of the
rheological properties of quartzite. Microstructural
observations on both naturally (e.g., McLaren and
Hobbs 1972; White 1976) and experimentally (e.g.,
Carter et al. 1964; Tullis et al. 1973) deformed quartz-
ites have demonstrated that dislocation creep is a
dominate deformation mechanism for quartzite. How-
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ever, extrapolation of even the best constrained dis-
location creep flow laws to natural conditions indi-
cates that large uncertainties in the rheological prop-
erties of quartzite remain. For example, when
calculating strength versus depth envelopes for thrust-
ing environments in the crust (e.g., Brace and Kohl-
stedt 1980), the range of differential stresses predicted
by published quartzite flow laws exceeds 400 MPa at a
depth of ~15 km (e.g., Fig. 10 of Gleason and Tullis
1995).

In this study, we use results from a combination of
microstructural, geochronological and geological
observations to provide additional constraints on the
flow law parameters for quartzites. The analysis is
motivated by the observation that microstructures pre-
served in quartz mylonites from the Ruby Gap duplex,
central Australia, indicate that the three dislocation
creep regimes identified in the laboratory (Hirth and
Tullis 1992) also occur under natural conditions (Dun-
lap et al. 1997). The positive correlation between the
naturally and experimentally produced microstructures
indicates that the flow laws determined in the lab-
oratory are representative of deformation processes
that occur in the Earth.

The rheological properties of quartzite are analyzed

using the flow law:
&= Afp, 00" exp(—=Q/RT) (1)
where ¢ is strain rate, A is a material parameter, fu,0
is water fugacity, m is the water fugacity exponent, o
is differential stress, n is the stress exponent, Q is the
activation energy, R is the ideal gas constant, and T is
absolute temperature. There is significant variation in
the value of these parameters determined by exper-
iments (e.g., Paterson and Luan 1990, see Table 1;
Gleason and Tullis 1995, see Table 3). However, as
discussed below, if only the highest stress resolution
data are analyzed, specifically, those acquired using a
gas apparatus (e.g., Heard and Carter 1968; Luan and
Paterson 1992) or liquid confining medium (Gleason
and Tullis 1995), several consistencies are apparent. In
the remainder of this paper we sometimes use the fol-
lowing abbreviations: H&C (Heard and Carter 1968);
L&P (Luan and Paterson 1992); G&T (Gleason and
Tullis 1995).

The highest resolution experimental studies show
similarities in the values of n, Q, and the effect of
water on strain rate. The value of n =4, determined
for both the “melt-present” and “melt-free” flow laws
of G&T), is the same as that determined for the “sili-
cic-acid origin” samples of L&P. Similar values of Q
were also determined in these studies, but the range
in Q (137+34 kJ/mol for the “melt present” flow law
of G&T, 152+71 kJ/mol for the “silicic-acid origin”
samples of L&P, and 223+56 kJ/mol for the “melt
free” flow law of G&T) is large enough to result in
considerable uncertainty in estimated rheological
properties of the crust. For example, using values of

QO ranging from 130-220 kJ/mol, an extrapolation from
900 (lab. conditions) to 300 °C at a constant stress and
water fugacity indicates more than four orders of mag-
nitude uncertainty in strain rate. Experimental
evidence suggests that the influence of water on strain
rate can be described by a pre-exponential, power law
water fugacity term (e.g., Paterson 1989; Gleason and
Tullis 1995; Kohlstedt et al. 1995). However, the value
of the water fugacity exponent (m) in Eq. (1) has
been calculated to be ~1 (Gleason and Tullis 1995;
Kohlstedt et al. 1995), ~2 (Post et al. 1996), or ~2.7
(Paterson, see personal communication in Post et al.
1996). As described below, quantification of the effect
of water is complicated by the fact that the exper-
iments of Gleason and Tullis (1995) and Heard and
Carter (1968) may not have been conducted at water
saturated conditions and therefore the water fugacity
was not well constrained.

Quartzite microstructures in the Ruby Gap duplex

Microstructures preserved in quartz mylonites from
the Ruby Gap duplex indicate that the three disloca-
tion creep regimes identified in experimental studies
(Hirth and Tullis 1992) also operate in the Earth, indi-
cating that deformation processes operating under nat-
ural conditions are the same as those activated in the
laboratory (Dunlap et al. 1997; Hirth et al. 1998). The
distinctive microstructures that characterize each
regime are produced primarily by the operation of dif-
ferent mechanisms of dynamic recrystallization (Hirth
and Tullis 1992). Micrographs of quartz mylonites
from the Ruby Gap duplex exhibiting microstructures
characteristic of the three dislocation creep regimes
are shown in Fig. 1. The duplex is comprised of a
3-km-thick antiformal stack of six superposed thrust
sheets that formed under greenschist facies conditions.
Maps and cross sections showing details of how the
quartzite microstructures vary in the duplex are given
in Dunlap et al. (1997).

In sheet 1 of the duplex (the lowest of six sheets
that define the thrust system), the grains exhibit irreg-
ular patchy extinction, numerous deformation bands,
and extremely fine recrystallized grains along the
grain boundaries (Fig. 1a). In some cases, deformation
lamellae are also observed (Fig. 1a). These microstruc-
tures are characteristic of regime 1, where dislocation
climb is difficult and recrystallization occurs by grain
boundary migration [often referred to as grain boun-
dary bulging (e.g., Bailey and Hirsch 1962)].

Moving upward in the thrust system, abrupt transi-
tions in the quartz microstructure are observed
between the major thrust sheets. In sheet 2, the origi-
nal quartz grains are extremely flattened and exhibit
optically visible subgrains, as well as recrystallized
grains along their boundaries (Fig. 1b). These micro-
structures are characteristic of regime 2, where recov-
ery is accommodated by dislocation climb and recrys-



tallization occurs dominantly by progressive subgrain
rotation.

In sheets 3 through 6 the quartzite is completely
recrystallized, and exhibits an oblique foliation defined
by the recrystallized grains (Fig. 1c). This microstruc-
ture is characteristic of regime 3, where recovery is
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Fig. 1 Optical micrographs of quartz mylonites from the Ruby
Gap duplex. a Regime 1 microstructure showing grains with
patchy extinction, deformation bands and fine recrystallized
grains along the grain boundaries. Deformation lamellae are
present in some grains. b Regime 2 microstructure showing
extremely flattened original grains exhibiting optically visible
subgrains. The core and mantle texture, in addition to the sim-
ilarity in size of recrystallized grains and subgrains, are charac-
teristic of subgrain rotation recrystallization. ¢ Regime 3 micro-
structure characterized by complete recrystallization and oblique
foliation indicative of grain boundary migration recrystallization.
All micrographs in cross-polarized light
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Fig. 2 Plot of log strain rate versus 1/T showing experimental
conditions where dislocation creep regimes are observed for “as-
received” quartzites (after Hirth and Tullis 1992). Also shown
are contours of constant stress calculated using the “melt” (solid
lines) and “no-melt” (dashed lines) quartzite flow laws of Glea-
son and Tullis (1995)

accommodated by dislocation climb, and recrystalliza-
tion occurs dominantly by grain boundary migration.
The transitions between dislocation creep regimes
occur with decreasing stress from regime 1 (highest
stress) to regime 3 (lowest stress). Accordingly, the
transitions are observed to occur in the laboratory
with changes in temperature, water fugacity, or strain
rate. The experimental conditions where these transi-
tions were observed by Hirth and Tullis (1992) for
“as-received” quartzite are illustrated in Fig. 2. To
provide an estimate of the stresses at which the transi-
tions occur, lines of constant differential stress are
plotted on Fig. 2 using the Gleason and Tullis (1995)
flow laws. The G&T flow laws were determined for
conditions where climb-controlled creep was inter-
preted to be the deformation mechanism based on a
combination of microstructural observations and the
observed flow law parameters (Gleason and Tullis
1995). Therefore, the extrapolation of these flow laws
to stresses above ~200 MPa, where the transition to
regime 1 is observed, is not valid because it is likely
that the rate-controlling step in the deformation proc-
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ess changes. We return to this important constraint
later in the paper when we discuss the role of water
fugacity on creep rate. The G&T flow laws indicate
that the stress at the transition between regimes 1 and
2 is approximately a factor of two greater than that at
the transition between regimes 2 and 3.

Input variables based on geological analysis
of the Ruby Gap duplex

The relatively simple tectonic history of the Ruby
Gap duplex, the similarity between experimentally
and naturally produced microstructures, and the well
constrained thermal history of the duplex (Dunlap et
al. 1995; Dunlap 1997) provide the opportunity to
“test” quartzite flow laws. Here we describe how each
of the external state variables (7, o, ¢, fu,0) in the
flow law [Eq. (1)] are constrained using data from the
Ruby Gap duplex.

Temperature

The temperature during deformation of quartzite in
the Ruby Gap duplex is well constrained by thermo-
chronological analyses. A comparison of Ar*/Ar¥
ages determined for detrital and synkinematically crys-
tallized white micas from the duplex demonstrates
that deformation occurred below the closure temper-
ature for Ar exchange (Dunlap et al. 1991. 1995). The
current estimate for the closure temperature for Ar
exchange in white mica is ~350°C (e.g., Purdy and
Jager 1976; Hames and Bowring 1994). Thermal mod-
eling based on laboratory diffusion studies on K-feld-
spar grains from the duplex suggests that the temper-
ature during deformation remained between ~250+20
and 330+20°C (Dunlap 1997).

Differential stress

The differential stress during deformation is con-
strained using recrystallized grain size piezometry, as
well as the identification of the transitions between
dislocation creep regimes. For the purposes of this
section, we initially limit our analysis to determining
the differential stress at the transition between
regimes 2 and 3. As illustrated in Fig. 2, the transition
between regimes 2 and 3 in the laboratory is observed
at a differential stress of ~100 MPa. There is some
uncertainty inherent in extrapolating this value to nat-
ural conditions. The transition to regime 3 is inter-
preted to occur because of an increase in the relative
velocity of grain boundary migration (Hirth and Tullis
1992). Because the processes that create the driving
force and control the mobility of grain boundary
migration do not necessarily have the same activation
energies (e.g., Derby and Ashby 1987; Shimizu 1998;

De Bresser et al. 2000) the transition from regime 2 to
regime 3 may occur at a different stress at natural
conditions.

The differential stress during deformation in the
duplex can also be estimated by analyzing grain sizes
in samples that exhibit microstructures transitional
between regimes 2 and 3 in the duplex. These samples
have recrystallized grain sizes of ~40 um (see Fig. 7 of
Dunlap et al. 1997), consistent with a differential
stress of ~60 MPa if the recrystallized grain size pie-
zometer of Twiss (1977) is applied. Experimental
observations indicate that the Twiss (1977) piezometer
relationship is accurate at conditions near the transi-
tion between regimes 2 and 3 (Gleason and Tullis
1993). The value of 60 MPa based on piezometry
should be considered a minimum estimate for the dif-
ferential stress at conditions near the transition
between regimes 2 and 3 because of possible temper-
ature effects on recrystallized grain size piezometers
(e.g., De Bresser et al. 2000) and the possibility that
the natural samples experienced some post-defor-
mational grain growth.

Further constraints on the magnitude of differential
stress at the transition between regimes 2 and 3 in the
Ruby Gap duplex are provided by microstructural
analysis of quartz mylonites that exhibit unequivocal
regime 2 microstructures (e.g., Fig. 1b). The recrystal-
lized grain size in these samples is ~20 um (Dunlap et
al. 1997) and is similar to the subgrain size preserved
near the grain boundaries. These observations indicate
that recrystallization occurred by subgrain rotation,
consistent with the regime 2 microstructure, and sug-
gest that the samples did not experience significant
post-deformational grain growth. The differential
stress estimated for these samples using the Twiss
(1977) piezometer is ~80 MPa. However, because the
Twiss (1977) piezometer may overestimate the differ-
ential stress when recrystallization occurs by subgrain
rotation (e.g., Post and Tullis 1999), the value of
~80 MPa should be considered a maximum value esti-
mated by grain size piezometry. In summary, the com-
bination of rheological constraints and recrystallized
grain size piezometry indicates that the differential
stress at the transition between regimes 2 and 3 in the
Ruby Gap duplex is between ~60 and 100 MPa. It is
noteworthy that these values agree very well with
those determined in other studies where deformation
was interpreted to occur at similar temperatures (e.g.,
Stockhert et al. 1999).

Strain rate

Strain rate is the most difficult deformation parameter
to constrain using structural observations alone. How-
ever, because of the relatively simple tectonic history
of the Ruby Gap duplex, and the fact that defor-
mation occurred at a temperature low enough for
argon to be quantitatively retained by newly crystal-



lized micas, the strain rate can be estimated using a
combination of strain analysis and geochronology. The
analysis of white mica Ar*/Ar* deformation ages and
thermal histories calculated using multi-diffusion-do-
main modeling of K-feldspar Ar*)/Ar* data indicates
that deformation in the duplex occurred over ~30 mil-
lion years (Dunlap et al. 1997). Strain analyses of the
mylonites in which regime 2 microstructures are pre-
served, using both the Fry method (Fry 1979) and the
algebraic axial ratio method of Shimamoto and Ikeda
(1976), indicate that the magnitude of strain was on
the order of 1 (Dunlap 1992). It is almost impossible
to estimate strain for the fully recrystallized regime 3
mylonites. If strain was accumulated over the entire
deformation history of the duplex these constraints
indicate an average strain rate of ~107/s (i.e., ~100%
strain in ~30 million years). This value must be con-
sidered a minimum estimate because deformation did
not necessarily occur continuously in each thrust sheet
over the entire duration of the orogeny. Indeed, the
variation of mica deformation ages throughout the
duplex indicates that “microstructural quenching”
occurred over ~30 million years (Dunlap et al. 1997).
Another estimate for the strain rate during defor-
mation in the duplex can be calculated based on a
combination of geochronology and larger-scale struc-
tural observations. Structural reconstructions of the
duplex indicate that the upper plate thrusted over the
lower plate at a rate of ~1.5 km/million years during
the imbrication of the thrust sheets (Dunlap 1992;
Dunlap et al. 1997). Assuming this displacement was
accommodated only within the quartzite units of the
thrust sheets (which had a total thickness of between

Fig. 3 Plots of log strain rate versus 1/T showing extrapolation
of flow laws from experimental to natural strain rates for a dif-
ferential stress of 100 MPa. Experimental data from the studies
of Gleason and Tullis (1995) and Luan and Paterson (1992), as
well as the estimated deformation conditions in the Ruby Gap
duplex are also shown. The experimental data are normalized to
a differential stress of 100 MPa using a stress exponent, n=4. a
Extrapolation with no correction for the influence of water
fugacity on strain rate. b Extrapolation with strain rate normal-
ized to a water fugacity of 37 MPa using a water fugacity expo-
nent, m=1
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1 and -2 km), the strain rate in the quartzites was
~107%s to 5x107'/s. Because some of the strain was
likely accommodated by displacement on the faults
separating the thrust sheets, the value of 5x107'%/s
gives an estimate for the maximum average strain rate
during duplex formation.

Water fugacity

We estimate a maximum value for the water fugacity
during deformation by assuming that water was
present at a temperature of 300°C and pressure of
~400 MPa (i.e., the lithostatic pressure at a depth of
~15 km, using a geothermal gradient of ~20°C/km).
The presence of water during deformation is indicated
by the observation of synkinematic mica crystallization
and abundant fluid inclusions within the original
quartz grains. A fy,0 of ~37 MPa was calculated for
these conditions using standard water fugacity coeffi-
cients (Todheide 1972).

Extrapolation of quartzite flow laws

Without considering the effects of differences in water
fugacity between laboratory experiments and the
Earth, extrapolation of even the best constrained
quartzite flow laws indicates significant uncertainty in
the rheological properties of quartzite at lower green-
schist grade conditions. The influence of temperature
on the strain rate predicted by the G&T and L&P
flow laws at a differential stress of 100 MPa is illus-
trated in Fig. 3a. The experimental data of G&T and
L&P shown in this figure were normalized to a differ-
ential stress of 100 MPa using n=4. However, no cor-
rection was made for differences in water fugacity
between the experimental conditions and the Ruby
Gap duplex. Taken at face value, these flow laws pro-
vide a loose bracket on the estimated deformation
conditions in the Ruby Gap duplex.

To further constrain the parameters of a general-
ized quartzite flow law we first assume that the differ-
ence between the L&P and G&T data sets is the pres-
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Fig. 4 Log strain rate versus 1/T plots showing extrapolation of
experimental flow laws to natural conditions. a Same as Fig. 3a;
b differential stress normalized to 60 MPa using n=4, water
fugacity normalized to 37 MPa using m=1; ¢ stress normalized to
100 MPa using n=4, water fugacity normalized to 37 MPa using
m=2; d stress normalized to 60 MPa using n=4, water fugacity
normalized to 37 MPa using m=2

sure effect on water fugacity (see Kohlstedt et al.
1995). A narrower range of flow law parameters can
then be determined by making the additional assump-
tion that the same flow law describes the deformation
of the L&P experiments, the G&T experiments and
the mylonites from the Ruby Gap duplex. Strain rates
predicted by extrapolating fy,o-corrected quartzite
flow laws to conditions appropriate for the Ruby Gap
duplex are shown for differential stresses of 60 and
100 MPa in Figs. 3b and 4. In Fig. 3b the experimental
data are normalized to fy,o =37 MPa using m=1.

One of the largest uncertainties implicit in con-
structing these plots is the water fugacity in the exper-
iments of G&T. All of the experiments of G&T were
conducted on “as-received” samples. Numerous exper-
imental observations indicate that there is sufficient
water in these “as-received” samples to significantly
enhance the creep rates relative to those observed at
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dry conditions, however, further weakening is

observed by adding additional water (e.g., Jaoul et al.
1984; Kronenberg and Tullis 1984). These observations
indicate that at the highest pressures tested, the
quartzite samples deformed by G&T may have been
undersaturated with water, and therefore the water
fugacity is not well constrained. By contrast, free
water was present during the deformation experiments
of L&P. Assuming that & o ff; ,, the difference in
strain rate between the G&T and L&P data sets illus-
trated in Fig. 3a is consistent with a fy,o =2500 MPa
in the experiments of G&T with fy,0 =300 MPa for
the experiments of L&P. Similarly, if & « f7 ,, the dif-
ference between the two data sets indicates fu,0
=800 MPa for the experiments of G&T. The values of
A in Eq. (1) used for extrapolating the flow laws with
different values of Q and m were calculated using
these values of water fugacity. In equation form, A
was calculated by making the assumption that

ELLP = EG&T fry0Lep)
m
:A(fHZO(L&P)/fHZO(G&T)) o" exp(—Q/RT) (2)
where éGerlfy o0 18 the strain rate of the data of

G&T normalized to the water fugacity of the exper-
iments of L&P.




Constraints on the value of the activation energy (Q)

The relatively low strain rates experienced by the
duplex, and therefore low temperatures during defor-
mation, enhances our ability to resolve the most
acceptable values of Q (subject to the assumptions
outlined above) because of the large extrapolation
from experimental temperatures. For all conditions
considered, the activation energy for creep must be at
the lower end of the experimental uncertainty to be
consistent with the deformation conditions estimated
for the Ruby Gap duplex. As illustrated in Figs. 3b
and 4a, assuming & o fj; , and a differential stress of
100 MPa, Q must be in range of ~130-160 kJ/mol to
give strain rates in the range of 1074-107'/s at
~300°C. At lower stresses, the best fitting O becomes
significantly less than 150 kJ/mol (Fig. 4c). There is no
reasonable set of ¢ — fi,0 conditions that is consistent
with a value of Q in the range of 220 kJ/mol.

Similar to the trade-off between stress and activa-
tion energy, the best fitting O values decrease the
greater the dependence of water fugacity becomes. As
illustrated in Fig. 4b, with values of m=2, the best fit-
ting Q’s are again significantly lower than 150 kJ/mol.
A more extreme case is illustrated in Fig. 4d, where Q
must be lower than ~130 kJ/mol to be consistent with
the estimated deformation conditions in the Ruby
Gap duplex. If the water fugacity is lower than
37 MPa, because of the presence of other fluids and/or
sublithostatic pore-fluid pressures (e.g., Kiister and
Stockhert 1999), the activation energy would have to
be even lower to be consistent with the deformation
conditions in the duplex (and the assumptions outlined
above).

Evaluation of experimental constraints on the value
of the water fugacity coefficient (m)

Detailed microphysical models for how water
influences the rheological properties of quartz are still
being developed (e.g., Paterson 1989; Kronenberg
1994). However, experimental observations ranging
from the measurement of oxygen diffusion rates
(Farver and Yund 1991), the influence of pressure and
fluid composition on the rate of dislocation recovery
under fluid saturated conditions (Tullis and Yund
1989; Post et al. 1996), and the analysis of rheological
data where microstructural observations suggest that
dislocation climb controls creep rate (Gleason and
Tullis 1995; Kohlstedt et al. 1995; Post et al. 1996) are
all consistent with a model in which diffusion rates are
enhanced by the presence of a defect in the quartz
structure whose concentration increases with increas-
ing water fugacity. These observations all support
Paterson’s (1989) suggestion to include the water
fugacity term in the flow law. Motivated by the trade-
off between the best fitting activation energy and
water fugacity exponent illustrated in Fig. 4, we now
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evaluate some of the laboratory constraints on the
dependence of water fugacity on creep rate.

Several observations suggest that the water fugacity
of G&T’s experiments was on the higher side (i.e.,
near ~2500 MPa, consistent with &ocf}; ) than the
lower side (i.e., ~800 MPa, consistent with & o f7; ) of
the values used in Fig. 4. First, the strength of “as-re-
ceived” samples deformed in the molten salt cell at
é=15x107s"1, T=900°C is lower at a confining
pressure of 1,500 MPa than at 1,000 MPa (Gleason
and Tullis, 1995); these are the data that G&T used to
calculate & f,},zO. This observation suggests that there
is more than enough water to saturate the quartzite at
a pressure of 1000 MPa (where fy,0 =1800 MPa),
otherwise there is no explanation for why the strength
would decrease with increasing pressure. Second, the
strength of G&T’s “as-received” samples deformed at
a confining pressure of 1500 MPa is actually slightly
lower than that reported for “water-added” samples
(Post et al. 1996) deformed under the same conditions
using solid salt as a confining medium (Fig. 5). At the
high temperatures employed by Gleason and Tullis
(1995), it is possible that water liberated by dehydra-
tion of the minor amounts of phyllosilicates in the
quartzites provides the additional source of water
required to promote “water-added” behavior. There is
a greater uncertainty in stress for the experiments con-
ducted using solid salt. However, the results of Glea-
son and Tullis (1993) indicate that there is little differ-
ence in the strength measured for ‘“as-received”
samples deformed using solid salt or molten salt at
high (i.e., 900-1000 °C) temperatures.
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Fig. 5 Plot of temperature versus differential stress for a strain
rate of 1.5x107/s showing that strengths at lower temperature
are significantly underestimated by extrapolation of Gleason and
Tullis’ (1995) high-temperature flow laws. Experimental data
from Gleason and Tullis (1995) (experiments conducted at a
confining pressure of 1.5 GPa, labeled G&T), Post et al. (1996)
(1.7 GPa, labeled P,T&Y), and Hirth and Tullis (1994) (labeled
H&T) are also shown. At temperatures below ~800°C the
quartzites deform by semi-brittle flow (Hirth and Tullis 1994)
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A comparison of the data of Post et al. (1996) and
Heard and Carter (1968) also indirectly suggests that
the water fugacity in Gleason and Tullis’ experiments
is significantly greater than ~800 MPa. The strength of
Post et al’s (1996) samples deformed at a
¢ =1.5x107 s, T=900°C and confining pressure of
700 MPa (strength =800 MPa) is approximately the
same as that measured for Heard and Carter’s (1968)
“as-received” samples deformed at similar conditions
(6=3.6 x107s7!, T =900°C and confining pressure
of 800 MPa, strength =710 MPa). This observation
suggests that (1) the stress resolution of Post et al.’s
experiments is reasonably good, (2) there was enough
water present in Heard and Carter’s experiments to
saturate quartz at these conditions, and (3) the water
fugacity in G&T’s experiments must be considerably
greater than that in Heard and Carter’s experiments,
as the strength of G&T’s samples at the same temper-
ature and strain rate, but higher confining pressure, is
significantly lower (~140 MPa at a ¢ = 1.5 x 107557,
T=900°C) than that of Heard and Carter’s (1968)
samples. In summary, this analysis suggests that the
water fugacity of G&T’s experiments is close to that
expected for saturated conditions, and therefore,
assuming that the only difference between the data
sets of G&T and L&P is the pressure effect on water
fugacity, that & o f3, .

An evaluation of the effect of temperature on
deformation of quartzite at conditions near the transi-
tion from regime 2 to regime 1 indicates that the value
of m=2 measured by Post et al. (1996) is a result of a
change in deformation mechanism with increasing dif-
ferential stress. Post et al. suggested that the value of
m could be overestimated if the large difference in
stress observed for high pressure (high fi,0) and low
pressure (low fi,0) experiments occurs as a result of a
change in the rate-limiting step of a serial deformation
process. More experimental results are required to
analyze this possibility in detail. However, an indica-
tion that such a change in deformation mechanism
occurs is illustrated in Fig. 5, where the strength of
quartzite deformed in regime 1 and in the semi-brittle
flow regime (e.g., Hirth and Tullis 1994) is shown to
be significantly greater than that predicted by extrap-
olation of the G&T flow law to lower temperatures.
The data shown in Fig. 5 emphasize the importance of
determining flow law parameters within a single defor-
mation regime. Indeed, if the analysis of the influence
of water fugacity on strain rate is restricted to samples
that deformed at stresses less than ~300 MPa, the
observed value of m is ~1 [see Gleason and Tullis
(1995) and the analysis of the results of Kronenberg
and Tullis (1984) presented by Kohlstedt et al. (1995)
and Post et al. (1996)].

The increase in strength associated with a transition
to regime 1 (Fig. 5) also provides an explanation for
the curious result that the stress exponent measured
for the coarser-grained “silicic-gel origin” samples of
L&P (n=~2.2) is smaller than that determined for the

finer-grained “silicic-acid origin” samples. The exper-
imental conditions employed by L&P extended to
stresses in the range of 300-500 MPa. The smaller
stress exponent observed for the coarse-grained sam-
ples could be a manifestation of the transition from
climb-controlled to glide-controlled creep. In this case,
the measured stress exponent is not representative of
a single deformation process. By contrast, the hard-
ening observed with the transition from regime 2 to
regime 1 may have been reduced for the fine-grained
silicic-acid origin aggregates if a significant amount of
recovery was accommodated by grain boundary migra-
tion recrystallization (e.g., Tullis and Yund 1985; Hirth
and Tullis 1992). Gleason and Tullis (1995) also report
an apparent decrease in stress exponent associated
with the transition from regime 2 to regime 1.

The Ruby Gap quartzite flow law

The results of the extrapolation of quartzite flow laws
to conditions estimated for the Ruby Gap duplex indi-
cate that Q=135+35 kJ/mol with m=1 and n=4. The
uncertainty in Q reflects the range in estimated values
of the external state variables. Based on the observa-
tions described in the previous section we concur with
previous analyses (Gleason and Tullis 1995; Kohlstedt
et al. 1995; Post et al. 1996) that the value of m=1 pro-
vides the best fit to experimental data at stresses less
than ~300 MPa (i.e., at stresses below that at the tran-
sition between regimes 1 and 2). The uncertainty in
the value of Q determined by our analysis is within
the reported error of that calculated for L&P’s silicic-
gel origin flow law and both G&T’s flow laws. Addi-
tional support for a lower activation energy (i.e.,
~135 kJ/mol) is provided by analyzing the conditions
where the transitions between the different dislocation
creep regimes occur in the laboratory. As illustrated
in Fig. 2, the boundaries between the dislocation creep
regimes are better defined using G&T’s lower activa-
tion energy, “melt-present” flow law (Q=137+34 kJ/
mol), then the “melt-free” flow law (Q=223+56).

Further refinement of the flow law parameters can
be realized by assuming that a single quartzite flow
law is appropriate for the complete range of defor-
mation conditions that prevailed during formation of
the duplex. The entire suite of dislocation creep
microstructures illustrated in Fig. 1 must have been
created at conditions within the bounds estimated in
the previous section. As illustrated by Dunlap et al.
(1997), the differential stress estimated using grain
size piezometry for samples from the duplex ranges
from ~25 to >200 MPa. Some samples have recrystal-
lized grain sizes indicating stresses as low as ~10 MPa,
but these display microstructures indicative of post-de-
formational grain growth (see Fig. 6f of Dunlap et al.
1997). The highest stresses are calculated for samples
that exhibit regime 1 microstructures.
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Fig. 6 Plot of temperature versus differential stress illustrating
the range of deformation conditions predicted for best fitting
quartzite flow law parameters shown in Fig. 4. In both figures
the estimated stresses at the transitions between the dislocation
creep regimes are shown by the shaded regions. Differential
stresses were calculated using values of n=4 and m=1. a Micro-
structural observations indicate that the differential stress during
the formation of the duplex ranged between <50 and ~200 MPa.
Using the most extreme estimates for the activation energy (100
or 170 kJ/mol), this range of differential stress can not be
achieved using a single flow law within the deformation con-
ditions estimated for the duplex. b With an activation energy of
135 kJ/mol, the entire spectrum of differential stresses can be
achieved within the estimated deformation conditions

Within the range of strain rate and temperature
estimated for the Ruby Gap duplex, flow laws incor-
porating the more extreme values of Q are not consis-
tent with the range of differential stresses exhibited.
As shown in Fig. 6a, with the lower value of Q
(100 kJ/mol), the stress predicted for the lowest tem-
perature and highest strain rates estimated for the
duplex is ~80 MPa. Similarly, using the higher value
for O (170 kJ/mol), the stress predicted for the highest
temperature and lowest strain rate estimated for the
duplex is ~80 MPa. By contrast, the range in stress
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predicted using Q=135 kJ/mol is large enough to
produce the full spectrum of dislocation creep micro-
structures observed in the duplex within the estimated
limits of temperature and strain rate (Fig. 6b). By
applying this additional constraint we arrive at a
quartzite flow law with parameters log(A)=-11.2+
0.6 MPa™/s, Q =135+15 kJ/mol, for m=1, and n=4. It
is encouraging that this set of flow law parameters
also fits the estimated deformation conditions
described by Stockhert et al. (1999) for quartzite
deformed in the Italian Alps.

Summary

The similarity of dislocation creep microstructures
produced during laboratory experiments and those
preserved in naturally deformed quartz mylonites indi-
cates that the same deformation processes operate at
geological and experimental conditions. The observa-
tion of microstructures characteristic of the different
dislocation creep regimes in quartz mylonites from the
Ruby Gap duplex, together with the well constrained
deformation conditions and the relatively simple
deformation history of the duplex, provide the oppor-
tunity to test the applicability of different quartzite
flow laws at natural conditions. By assuming that the
same flow law must satisfactorily describe the rheol-
ogy of quartzite in both the laboratory and during the
formation of the Ruby Gap duplex, we have obtained
a quartzite flow law &= Af}} 50" exp(—Q/RT) with
values of log(A) =-11.2+0.6 MPa™/s and Q=135+
15 kJ/mol, for m=1, and n=4; the values of m and n
are constrained by the highest resolution experimental
data. The results of our study emphasize the impor-
tance of combining observations from both laboratory
and geological studies to understand the rheological
properties of the crust. The continued improvement of
flow laws provided by such studies increases the
potential impact of the wide range of theoretical/nu-
merical studies that require knowledge of the rheolog-
ical structure of the continental crust and lithosphere.
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