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Abstract. Knowledge of the magnitude of differential
stress and strain rate during the formation of mylonitic shear
zones in metamorphic core complexes provides constraints on
the mechanical behavior of the middle continental crust
during extension. We analyzed the differential flow stress
during the mylonitization of quartzofeldspathic rocks in the
Whipple Mountains, California, using grain-size piezometers
and kinetic laws for grain growth. Mylonitic gneisses
collected from two widely separated transects have grain
sizes that cluster in a range from 32 to 61 pm. Analysis of
grain growth kinetics indicates that mylonitization of the
gneisses continued during cooling to temperatures <500°C,
compatible with estimates from two-feldspar thermometry.
Quartz grain-size piezometers suggest that the
mylonitization occurred under differential stresses (¢,-03) of
~40-150 MPa, or maximum shear stresses of 20-75 MPa.
Extrapolation of quartzite flow laws to 500°C indicates that
the mylonitization occurred at strain rates faster than 1014
s-1. These estimates suggest that the mylonitic zone within
the Whipple Mountains had an effective viscosity of the order
of 1018+4_10204 Pa 5. These low viscosities and rapid strain
rates, combined with seismic reflection data showing that
continental crust is layered, suggest that more realistic
physical models of extension of the continental
lithosphere should treat the lithosphere as a heterogeneous
distribution of high-viscosity regions separated by low-
viscosity zones.

INTRODUCTION

Our knowledge of the rheology of the continental
lithosphere has improved greatly in the past decade. Earth
scientists no longer treat the continents as plates with a
uniform strength as we did 20 years ago. Rather, a “layered”
model for the continental lithosphere—composed of brittle
layers with pressure-dependent strength and ductile layers
with temperature-dependent strength—has been widely used
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{Brace and Kohlstedt, 1980; Sibson, 1982; Chen and Molnar,
1983]. The foundation of this rheological model consists of
experimentally derived constitutive relationships for
frictional sliding of rocks and dislocation creep and dynamic
recrystallization of quartzite and dunite. The “layer” model
is used to explain a wide range of phenomena, including the
distribution of seismicity as a function of depth [Sibson,
1982; Chen and Molnar, 1983], potential delamination of the
continental mantle lithosphere [e.g., Bird, 1979], and the
development of crustal-scale shear zones in extensional and
contractional orogens [e.g., Davis et al., 1986; Kulik and
Schmidt, 1988; Ord and Hobbs, 1989]. This model also
provides the basis for geodynamic modeling of deformation
of the continental lithosphere [e.g., Lynch and Morgan, 1987;
Sonder et al., 1987; Bird, 1989]. To construct a well-
constrained rheological model, however, three fundamental
parameters—temperature, strain rate, and stress—must be
determined for the situation of interest. These parameters
vary greatly, and determination of their values for different
rock types and different tectonic settings remains a
substantial challenge to geologists. Thermal gradients have
been investigated through thermal modeling, direct heat-flow
measurements, and fission track and 40Ar/3YAr studies [e.g.,
Sclater et al., 1980; Zeitler et al., 1982; Copeland et al., 1987,
Furlong and Chapman, 1987]. They vary from ~7°C km! in
subduction zones [e.g., X. Wang et al., 1989] to ~30°C km-1 in
extensional areas such as the present Basin and Range province
[Lachenbruch and Sass, 1977]. The assumed and inferred strain
rates in different tectonic settings vary from 10-11 ¢1 to
10-16 51 [Sibson, 1982; Chen and Molnar, 1983; Sonder et al.,
1987]. Estimates of the magnitude of stress also vary from
~1 MPa to ~200 MPa [e.g., Goetze, 1975; Twiss, 1977,
Kanamori, 1980; Ord and Christie, 1984; Carter and Tsenn,
1987; McNutt, 1987; Molnar and England, 1990]. Because
stress, strain rate, and thermal gradient may vary over such a
wide range (several orders of magnitude), construction of
realistic rheological models for the deformation of
continental lithosphere is difficult. Meaningful models can
be produced only if values for the thermal gradient, siress
magnitude, and strain rate can be more tightly constrained for
a given region. Studies of Cordilleran metamorphic core
complexes provide an opportunity to constrain the values of
these three variables during extension of the continental
lithosphere.

The purpose of this paper is to use theoretically derived
and experimentally calibrated microstructural piezometry of
quartz to infer the differential stress during the
mylonitization of quartzofeldspathic rocks along the mid-
Tertiary mylonitic shear zone exposed in the Whipple
Mountains. Piezometry is the measurement of differential
stress; for a brief discussion of piezometry and its application
to rocks, see Hacker et al. [1990]. The inferred flow stress
(equal to differential stress) is used to calculate the strain
rate during mylonitization by applying experimental flow
laws for quartzite. The effective viscosity of the mylonitic
shear zone is also estimated, and implications of the inferred
shear stress and effective viscosity in mechanical and regional
tectonic models for the formation of the Cordilleran core
complexes are discussed.

Cordilleran metamorphic core complexes and detachment
fault terranes are distinctive structural associations of
Tertiary age and extensional origin. They have been
intensively studied in the past decade [e.g., Crittenden et al.,
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1980; Frost and Martin, 1982; Lister and Snoke, 1984; Coney
and Harms, 1984; Davis and Lister, 1988; Lister and Davis,
1989]. Core complexes are good places to study the rheology
of continental crust during extension for the following
reasons. (1) Quartzofeldspathic rocks are the dominant
lithology of mylonitic shear zones in some metamorphic core
complexes. This allows application of the considerable
experimental data available on the deformation and annealing
of quartzose rocks. (2) Kinematic models for the
development of the mylonitic shear zones are well developed
[Wemicke, 1985; Davis et al., 1986; Gans et al., 1989],
providing a conceptual framework for understanding how the
deformation microstructures are related to the cooling and
depressurization history of the rocks. (3) The age of
detachment faulting and mylonitization of lower plate
mylonitic shear zones are constrained in a few core complexes
through detailed geochronologic studies. In addition,
application of fission track and 40Ar/39Ar
thermochronology allows reconstruction of cooling histories
of the mylonitic rocks during their transport to Earth’s
surface (see summaries by Davis [1988] for the Whipple
Mountains; Lee and Sutter [1991] for the Snake Range; and
Snoke and Miller [1988] for the Ruby Mountains). 4) The
temperatures and depths at which the mylonitic rocks formed
have been estimated from thermobarometry [e.g., Anderson,
1988], reflection seismology [e.g., Frost and Okaya, 1987}, and
paleo-depth reconstructions [e.g., Miller et al., 1983; Howard
etal., 1982].

Another important aspect of this study is that it provides
critical information about mechanical conditions in the
middle and lower crust. Recent studies in the North
American Cordillera suggest that dynamic processes within
ductilely deformed middle to lower continental crust played
an important role in mid-Tertiary core-complex and late

Cenozoic Basin and Range extension. This is evident from the
widespread, ductilely deformed middle crustal mylonitic
rocks exposed in the lower plates below many major
detachment faults [e.g., Anderson, 1988; Snoke and Miller,
1988], and from correlations of exposed mylonitic zones with
reflections in seismic profiles [e.g., Frost and Okaya, 1987;
Valasek et al., 1989]. Coney and Harms [1984] suggested that
the initiation of core-complex extension was related to
gravitational spreading of a thick crustal root in the North
American Cordillera produced during the Laramide and Sevier
orogenies. Bird [1991] showed that the rate of ductile flow in
a thickened middle and lower crust due to gravitational
spreading depends strongly on the thermal regime of the
lithosphere. On the basis of the correlation between the
mylonitic gneisses exposed in southeastern California and
western Arizona with the middle/lower crustal seismic
reflectors, Yin [1989] suggested that ductile flow in the
middle and lower crust produced shear stresses acting on the
base of the upper crust that controlled the stress distribution
in the elastic-brittle upper crust. In particular, low (tens of
bars) and high (hundreds of bars) basal shear stresses can
produce distinctive stress distributions, which in turn
produce different predicted fault patterns. The knowledge of
the magnitude of differential stress in the middle and lower
crust during extension thus places constraints on possible
stress distributions in the upper crust.

THE WHIPPLE MOUNTAINS

The Whipple Mountains core complex of southeastern
California (Figure 1) is commonly cited as a type example of
a metamorphic core complex, and extensive structural,
geochronological, and thermobarometric studies have been
conducted there [e.g., Davis et al., 1980, 1982, 1986; Anderson
and Rowley, 1981; Wright et al., 1986; Anderson, 1988;
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Fig. 1. Geologic map of the Whipple Mountains [after Anderson et al., 1979], including locations of

samples collected in this study. Transects a-a’, b-b’, and c-¢” comprise samples Wh-1 to Wh-13, Wh-20 to

Wh-31, and Wh-40 to Wh-57, respectively.
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Davis, 1988; Davis and Lister, 1988; Lister and Davis, 1989].
Figure 1 is a simplified geologic map of the central and
eastern Whipple Mountains that illustrates the major
structural features of the range. The low-angle Whipple
Mountains detachment fault divides the crust into upper and
lower plates. Crystalline rocks of the lower plate are
exposed in the core of a complex dome, and are separated into
two structural domains by the Whipple mylonitic front. The
mylonitic front is a gradational SW-dipping contact between
Tertiary mylonitic gneisses and structurally higher, generally
equivalent crystalline rocks that escaped mylonitization. It
varies from as narrow as several meters to a zone ~100 m
wide.

The significance of the mylonitic front is that it marks a
major structural boundary of Tertiary age within the crust
(Figure 2). It is the upper limit of a greater than 3.5-km-thick
sequence of lower plate mylonitic gneisses formed by
intracrustal ductile flow [Davis and Lister, 1988]. The
mylonitic gneisses are characterized by a gently arched SW- to
NE-dipping foliation and a consistent NE-SW-trending
stretching lineation. Above the mylonitic front, Precambrian
gneisses and interlayered amphibolites have a steep, NE-
striking nonmylonitic foliation. This premylonitic foliation
is both rotated and transposed at the mylonitic front [Davis et
al., 1980). Directly below the mylonitic front, isolated relict
domains of steeply dipping Precambrian gneisses intruded by
Cretaceous sills are preserved within the less steeply dipping
mylonitic sequence, especially between mylonitized
Cretaceous plutonic sheets [Davis, 1988, Figure 10].

Fig. 2. Vertically exaggerated representation of the Whipple
Mountains core complex, showing diagrammatic structural
positions of samples collected in this study. Abbreviations
are WDF, Whipple detachment fault; MF, mylonitic front;
Ipxin, lower plate crystalline rocks; mgn, undifferentiated
mylonitic rocks; cbr, chloritic breccias; upxln, upper plate
crystalline rocks; sv, Miocene sedimentary and volcanic rocks.

Seismic reflection profiles by CALCRUST southwest of
the Whipple Mountains show a zone of high reflectivity
beneath the seismically transparent uppermost crust
beginning at ~8-12 km depth and continuing to ~21 km. The
base of the crust is interpreted in the CALCRUST profile to
be at ~28 km [C.-Y. Wang et al., 1989]. Davis [1988] and
Davis and Lister [1988] suggest that this zone of reflectivity
correlates with the mylonitic rocks in the Whipple
Mountains. As proposed by Lister and Davis [1989] and Yin
[1989], this correlation implies that the subhorizontal base of
the upper crust was the locus of a downward transition to
ductile deformation prior to and during the formation of the
Whipple detachment fault. For example, shearing at the base
of the upper crust induced by directed ductile flow in the

middle and lower crust may have been responsible for the
low-angle normal faults in the region [Yin, 1989].

A Tertiary (26+5 Ma) age for mylonitization in the
Whipple Mountains has been documented by Wright et al.
[1986). Thermobarometric studics by Anderson [1988]
indicate that mylonitization occurred at temperatures
increasing with depth from about 460° to 535°C at an average
pressure of ~460 MPa. 40Ar/39Ar plateau ages of
metamorphic subcalcic horblende and muscovite in
mylonitized rocks [DeWitt et al., 1986] indicate cooling of
the mylonitic gneisses from 525+75°C (range of 40Ar
retention temperatures of hornblende at cooling rates >10°C
mg.‘l Harrison, 1981] at 19.2+0.2 Ma ago to 350°£25°C
(40Ar retention temperature of muscovite; McDougall and
Harrison51988]) at 18.0+:0.1 Ma; this implies a cooling rate
of 146"55°C m.y."L. Fission track ages of three zircons, one
apatite, and one sphene crystal vary from 17.9 to 20.4 Ma,
with an overlap of error bars between 18.4 and 19.5 Ma,
indicating that the rocks cooled to less than 70°-130°C
(maximum closure temperature of apatite; Dokka et al., 1986)
by 17.9 Ma [Dokka and Lingrey, 1979]. The 4°Ar3%Ar and
fission track data collectively imply that rocks from the
‘Whipple Mountains cooled from 525°t75°C to <130°C at
rates greater than 200°C m.y.- over a period of ~1.3 m.y.
This cooling rate is rather uncertain because (1) without
detailed characterization of the hornblende microstructure
and age spectrum, its 40Ar retention temperature is poorly
known; and (2) deformation could have altered the
hornblende or muscovite age spectra; (3) the samples may
have moved closer together after they cooled below their Ar
retention temperatures [Hacker, 1991] and may reflect
spatially separated thermal events. These thermochronologic
data in conjunction with the probable 35-40 km displacement
of a Tertiary dike swarm indicate that the midcrustal
mylonitic gneisses were carried rapidly upward in the
footwall of the Whipple Mountains detachment fault system
between 20 and 18 Ma [Davis and Lister, 1988; Davis, 1988].
Both the mylonitic gneisses, with their NE-SW stretching
lineation, and the somewhat younger brittle detachment
faults, with their NE-SW direction of displacement, are
believed to be expressions of profound mid-Tertiary
extension of the continental lithosphere.

SAMPLE COLLECTION

Samples for this study were collected from two transects
in the Whipple Mountains: one directly beneath the Whipple
detachment fault along the “Powerline” road on the north
side of the range and one directly below the mylonitic front
on the southwest side of the range (Figures 1 and 2). Samples
from the north side of the range are structurally lower than
those from the southwest side with respect to the mylonitic
front (Figure 2).

On the north side of the range, mylonitic rocks of the
lower plate consist of interlayered biotite quartzofeldspathic
gneiss, granitic augen gneiss, and amphibolite [Davis et al.,
1980]. The degree of mylonitization is spatially variable; in
layers that contain abundant quartz and mica the mylonitic
foliation and stretching lineation are strongly developed,
whereas feldspar- and amphibole-rich layers are less foliated
and weakly lineated. Twenty-five samples of
quartzofeldspathic gneiss were collected along a ~1000-m
east—west transect at approximately 115°28'W and
40°41.5'N. The gneissic foliation comprises alternating
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quartzose layers (10-50 vol %) and feldspathic layers.
Feldspar crystals occur as isolated porphyroclasts and in folia
that extend outward from porphyroclasts. Feldspar
porphyroclasts are typically cracked; local twins and
undulatory extinction reflect some dislocation mobility,
perhaps during early high-temperature deformation. Feldspar
crystals in folia are a few micrometers in diameter and are
cataclastic fragments, rather than recrystallized grains, as
indicated by their angular shape and grain-scale cracks.
Epidote, muscovite, chlorite, sphene, calcite, and ilmenite or
magnetite altered to hematite, are common accessory
minerals.

The quartz within the gneiss occurs in discontinuous
globular patches as large as 1 cm, and in continuous layers

39

ranging in thickness from 3 cm to ~1 mm. Some of these
layers may originally have been veins, but they are now
transposed parallel to the foliation. The quartz textures in
these samples are variable. Some specimens contain relict
igneous grains with continuous undulatory extinction and
only minor grain-boundary bulges or subgrains. More-
deformed specimens contain ribbon grains with variably
developed deformation lamellae and stronger undulatory
extinction (Figure 3a). Other samples are composed of equant
to subequant recrystallized grains. Quartz lattice preferred
orientations are often well developed, as indicated by the
uniformity of interference colors produced by crossed
polarizers and a gypsum plate. The variation in the degree of
recrystallization may indicate that the deformation was not

Fig. 3. Cross-polarized optical micrographs of mylonitic granitoid textures. (a) Partially
recrystallized mylonitic rock with ribbon grains containing sub-basal deformation lamellae (sample
Wh-10). (b) Completely recrystallized quartz layers and cataclastic feldspar layers (sample Wh-54).

Scale in each micrograph is 100 pm.
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uniform throughout the mylonitic shear zone. Only samples
composed of recrystallized grains of relatively uniform size
were considered in the following analysis.

In the southwestern portion of the Whipple Mountains,
the mylonitic front is well developed and exposed. Fourteen
samples were collected along a 930-m ENE transect (Figure
1). In all samples, the quartz is equant to subequant
recrystallized grains with moderate to slight undulatory
extinction, variably developed lattice preferred orientation,
and relatively straight grain boundaries (Figure 3b). The
plagioclase crystals are anhedral, fractured augen.

GRAIN SIZE DETERMINATION

The recrystallized grain sizes were measured in pure
quartz layers by the mean linear intercept method described
by Hacker et al. [1990]. The actual grain diameter, D, is equal
to 3/2L, the measured mean grain size. Samples with
relatively uniform recrystallized grains from the north side
of the range have grain sizes of 53-162 pun (Table 1; Figure 4).
The rocks collected directly below the mylonitic front on the
southwest side contain grains with a more restricted range of
sizes from 32 to 61 um (Table 1). This suggests that the
differential stresses, thermal histories, and/or grain growth
histories may have been different in the two locations.
Because postdeformational grain growth may have occurred
under low deviatoric or hydrostatic stress, the measured grain
sizes may be larger than the grain sizes developed during the
mylonitization,

No systematic correlations among the mean grain size, the
standard deviation of grain size, the aspect ratios of quartz
crystals, the amount of quartz in the samples, the size of the
quartzose layers in the samples, the degree of lattice preferred
orientation, or the development of undulatory extinction
were found in the mylonitic gneisses. The lack of any
correlation between the grain size and other features of these
samples gives us confidence that the grain size is not
influenced systematically by the average amount of quartz in
the samples or the thickness of the quartzose layers in which
the grains were measured.

POSTDEFORMATIONAL ANNEALING

Grain sizes that develop during deformation can increase
during postdeformational annealing (after removal of
deviatoric stress), particularly if the annealing period is
lengthy, the annealing begins at high temperatures [Twiss,
1977], or the grain size is small. Invariably, grains are larger
after annealing than they were during deformation, and the
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Fig. 4. Histogram of measured grain sizes from samples with
homogeneous textures composed of subequant grains.

TABLE 1. Measurements From Samples With Relatively
Uniform, Subequant Recrystallized Grains

Sample N D,um Grain Shape
Below Detachment Fault on North Side of Range
Wh-5 728 61104 07:10:12
Wh-6 872 53106 07:10:16
Wh-8 816 56104 08:10:1.1
Wh-20 736 89106 08:10:10
Wh-23 899 106107 07:10:15
Wh-27 7 134+11 08:10:15
Wh-29 598 162420 09:10:10
Wh-30 824 115409 10:10:13
Beneath Mylonitic Front on Southwest Side of Range
Wh-40 888 51+04 10:10:12
Wh-41 815 56104 07:10:12
Wh-42 1168 39+03 08:1.0:1.1
Wh-43 1096 41103 09:1.0:10
Wh-44 1318 34104 07:10:1.1
Wh-45 738 61104 10:10:1.1
Wh-47 1112 41403 07:10:1.1
Wh-48 1069 421403 08:10:1.1
Wh-49 1358 33103 07:10:10
Wh-51 1406 32402 07:10:11
Wh-53 897 51103 08:10:14
Wh-54 893 50+03 08:10:12
Wh-57 787 57105 06:10:1.1
N is the number of measured grains.

larger, annealed grain size leads to an underestimate of the
actual flow stress. The kinetics of grain growth in quartzite
as a function of pressure and temperature have been
determined [Tullis and Yund, 1982; Pierce and Christie,
1987], and the effect of grain growth during annealing is
evaluated in this section.

Estimates of the peak temperature and pressure during
mylonitization, determined from two-feldspar thermometry
and barometry based on the Si content of muscovite, are
~460°C and ~460 MPa for rocks at shallow levels beneath
the Whipple detachment fault and ~535°C at structural
levels ~2.5 km deeper [Anderson, 1988; Anderson et al.,
1988]. Consideration of the grain growth kinetics of quartz
aggregates suggests mylonitization temperatures that are
compatible with these estimates. The average grain sizes of
recrystallized quartz in the mylonitic gneisses cluster at 37
and 55 pm (Figure 4). From the kinetic laws for the grain
growth of quartz [Tullis and Yund, 1982; Pierce and Christie,
1987], we calculated by numerical integration the grain
growth history for grains with a final diameter of 37 and 55
pum developed during cooling at constant rates (Figure 5). The
calculation involves the following summation, each term of
which describes the grain growth from an initial grain size
L;.1 to a final grain size L; over the time interval t (s) at
temperature T; (K):

n
L= 2\/ C(Ti)t+Li2,1 ; &(T) = o exp (~(H+PV*)/RT;)
i=1

Where co = 7.47 x 104 m2 s-1, H= 281 ki/mol, V* = -1.86 x
108 m3 mol-!, and R is the gas constant. The value of n
(number of summed terms) is equal to the number of steps
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Fig. 5. Grain growth paths to reach final grain sizes of D =37 and 55 um at various constant cooling
rates. This assumption of constant cooling rate is a more precise constraint than the assumption of
exponential conductive cooling, because heat is not lost as rapidly initially.

required to reduce the initial temperature to 0°C for a given
cooling rate and chosen time interval t. The quartz grain
growth experiments on which our calculations are based were
conducted with 1 wt % water added to promote grain growth.
The samples were damp on removal of their silver jackets
after the experiments, so that the water pressure was equal to
the confining pressure during the experiments. These
calculations represent the extreme case where PH,0 = Piotal
during the cooling history. A pressure of 0.46 GPa was used
based on work of Anderson [1988].

Figure 5 shows several grain growth paths for cooling
from different temperatures at linear rates of 25, 75, and
125°C m.y.'l. These cooling rates are conservatively slower
than those given by 40Ar/39Ar and fission track data, because
of the previously mentioned uncertainties regarding the
cooling rates. The paths were calculated by assuming that
steady state deformation during mylonitization produced a
grain size controlled by the differential stress; then the
mylonitization ceased instantaneously and was followed by
annealing during hydrostatic cooling. Although this
assumption grossly oversimplifies the likely stress and
temperature history, data for more sophisticated modeling are
not presently available.

Grains of 37-um diameter can form during annealing from
any initial grain size smaller than 37 pm. At <450°C, 37-um
grains cooled at 125°C m.y."! do not grow; this temperature
is symbolized as T, the “annealing blocking temperature,”
for this grain size and cooling rate. During cooling from
500°C, grains that were initially 26 pm grow to a final grain
size of 37 pum in less than 2 m.y. At temperatures >510°C,
grains grow rapidly to more than 37 pm, regardless of the
initial grain size. This places an upper limit (Tpax) on the
temperature at the end of mylonitization of the 37-um quartz
aggregates of 500°C, based on grain growth kinetics. Thus 26
um is the minimum grain size that could have resulted from
mylonitization at 500°C (Figure 5).

Similar calculations and reasoning indicate that T,=460°C
and Tax=520°C for the mylonitic gneisses with a final grain
size of 55 pum cooled at 125°C m.y.”'. The minimum grain size
that could have resulted from mylonitization of the 55-pum
samples at 520°C is 28 um (Figure 5).

DIFFERENTIAL STRESS DURING MYLONITIZATION

We used the recrystallized-grain-size piezometers of
Twiss [1977, 1980], Mercier et al. [1977], and Koch [1983] (see

Table 2 of Hacker et al. [1990]), to calculate the differential
stress for each sample using our measured grain sizes (Table
2) and the grain sizes inferred from grain growth
calculations. Mercier et al.’s [1977] piezometer is less precise
because the grain-size measurements were made on 1-25 pm
diameter grains in standard 30-um-thick sections using
transmitted light microscopy. We prefer the recrystallized-
grain-size piezometer of Koch [1983], because it is based on
combined data from experiments on “wet” and “dry”
quartzite, flint, and novaculite, deformed over a wide range of
pressures, temperatures, and strain rates, in solid-medium
[Koch et al., 1989] and gas-medium apparatus [Mainprice,
1981]. Note, however, that the stresses inferred from the
theoretical piezometer of Twiss [1977; 1980] are very similar
for the majority of samples. Koch [1983] incorporated
uncertainties in his and Mainprice’s [1981] experimental
measurements in his piezometer calibration; consequently, his
piezometer yields uncertainties for the calculated differential
stresses that include both the experimental calibration error
and variance of the grain-size measurements. Koch’s and
Mainprice’s data were acquired at stresses of ~50 to 2000
MPa, so that little or no extrapolation of their-data to lower
stresses is required [cf. Twiss, 1986]. Moreover, we used the
same grain-size measurement technique that Koch used, so
that our grain sizes are directly comparable to Koch’s.

An important assumption is that the deformation
mechanisms operative during the mylonitization were the
same as those active during the experiments from which the
piezometer was derived. In Koch’s [1983] experiments on
quartzite and novaculite, the recrystallized grain sizes were
independent of strain rate, water content, temperature, initial
grain size, and finite strain (beyond a certain critical strain),
but this may be the result of a relatively restricted
experimental range of strain rates, water contents, and
temperatures. In rocks deformed under drier or wetter
conditions, slower strain rates, and lower temperatures
characteristic of natural deformation, the sizes of
recrystallized grains may depend on these variables [e.g., Ord
and Hobbs, 1986]. The deformation microstructures in Koch’s
samples are like those in the Whipple Mountains mylonitic
rocks, although the natural rocks show less grain boundary
recrystallization and greater development of subgrains
relative to the experimental samples. This suggests that
similar deformation mechanisms were operative, but that
grain boundary mobility and dislocation recovery may have
been greater in the natural samples.
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TABLE 2. Calculated Differential Stresses

Differential Stress (MPa)
GrainSize ~ Twiss  Mercieretal.  Koch!
Sample D,um  [1977,1980]  [1977] [1983]
Below Detachment Fault on North Side of Range

Wh-5 614 41*} w1 ut
Wh-6 5316 45%% 2t} 4370428
Wh8 566 44" 2w 3%
Wh20 896 322 5% 1838
Wh-23 10616 28*f 1440 131 %
Wh-27 13446 24} 1t ott #
Wh-29  162+6 21*} 1071 61 %
Wh-30  115%6 27t 134 iy

Beneath Mylonitic Front on Southwest Side of Range
Wh40 514 47%% 234 4678
Wh-4l 56+ 4473 at?
Wh42 3943 56'3 28" 7278 34
Wh43  41+3 5473 73 66t T
Whd4 344 6215 2% 'Ry
Wh45 616 413 0wt
Wh47 4143 54*3 271 6619 B
Wh48 4243 5343 6 et
Wh49 333 6314 3112 96+18 59
Wh-S1 3242 6443 VI ST Rt A
Wh-53  50+4 47*3 1nt 4l
Whs4 5043 47*3 »nt sy
Wh-57 5745 4373 't 3818 2}

The uncertainties given are derived from (1) the standard
deviation of the grain size (first or only +/- numbers), and
from (2) the uncertainty of the grain size and the uncertainty
of the piezometer calibration (second +/- numbers; for Koch
[1983] only).

! Includes data from 6 experiments by Mainprice [1981].

Using the measured grain sizes (i.e., assuming no
postdeformational annealing), differential stresses for the
mylonitic gneisses from the north side of the range are 6-43
MPa, whereas grain sizes from samples near the mylonitic
front suggest stresses as high as 101 MPa (Table 2). Note
that the uncertainties of these values are in some cases a large
fraction of the values themselves. Because the grain sizes may
have increased during postdeformational annealing, these
calculated differential stresses are lower limits to the stress
during the mylonitization. Using the minimum pre-annealing
grain size of 26 um for a final 37 um grain size (Figure 5), the
stresses during mylonitization may have been as high as 143
MPa for rocks that cooled from 500°C at 125°C m.y." L.

EFFECT OF SLOWER COOLING

Only one rate of cooling, 125°C m.y."!, was considered in
the previous discussion. This rate is quite fast and possibly

inaccurate. Cooling rates of ~50°-100°C m.y.”! calculated
for the Bitterroot mylonite [Hyndman and Myers, 1988] and
Ruby Mountains core complex [Hacker et al., 1990] suggest
that 125°C m.y.'1 is probably too rapid. To explore the
effects of variable cooling rates, we have calculated grain
growth histories and implied pre-annealing stresses for
cooling rates of 75°C m.y.”! and 25°C m.y.”! (Figure 5).
Slower cooling promotes more extensive grain growth. This,
in turn, reduces both the annealing blocking temperature and
the maximum temperature at the end of mylonitization.
Note, however, that even for a reduction in cooling rate from
125°C m.y."! t0 25°C m.y.1, the reduction in both of these
temperatures is only ~20°-30°C. Moreover, grain growth is
slower at lower temperatures. Consequently, as the cooling
rate tends toward 0°C m.y.-!, grain growth is more rapid at a
given temperature, but the annealing blocking temperature
may be reduced to the point where grain growth is minimal.
For example, for 5°C m.y.” cooling rates appropriate for
thrust belts [England and Thompson, 1984], the calculated
annealing blocking temperature is only ~30°C less than that
for the 25°C m.y."! cooling rate.

Let us now consider the constraints available on the
temperature (T) and differential stress during the
deformation of the quartzofeldspathic mylonitic rocks in the
Whipple Mountains. As discussed above, grain growth
calculations show that temperatures higher than Tpax result
in grain growth that exceeds the observed grain sizes (Figure
5), leaving two possible temperature ranges: either
Tmax>T>Ta or T<Ty. If Trax>T>Ta, then postdeformational
grain growth has occurred, and the grain size and inferred
differential stress during mylonitization can be read from
Figure 5 (maximum values of 100-150 MPa). If T<T,,
however, the measured grain size is the same as the grain size
during mylonitization, and hence the differential stress can be
inferred from the measured grain size (40 and 79 MPa for
grain sizes of 55 and 37 um, respectively). Our calculations
do not treat the case where mylonitization may have
continued during cooling to lower temperatures, where the
rate of dynamic recrystallization was not fast enough to
permit the grain size to equilibrate to changes in differential
stress, because the requisite experimental data are not
available.

ESTIMATES OF STRAIN RATE AND EFFECTIVE
VISCOSITY

Once the differential stress has been determined, it can be
combined with temperature estimates to determine the strain
rate during mylonitization, by using “flow laws,” or
constitutive relations between stress, temperature, and strain
rate. Flow laws are derived from laboratory experiments and
in some cases it may be justified to extrapolate them to
geologic conditions. If the natural deformation occurs at
steady state conditions by the same mechanisms that operated
during the experiments (which are generally conducted at
higher temperatures and faster strain rates than are
appropriate for natural deformations of interest), then the
constitutive relations can be used to predict one of the
variables, temperature, stress, or strain rate, if the other two
variables are known [e.g., Poirier, 1985). It is preferable to use
flow laws of relatively pure quartz rocks, in preference to
granitoid rocks, because (1) the quantity we have inferred is
the stress supported by the quartz during mylonitization, not
the stress supported by a mixture of quartz with feldspar or
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other phases, and (2) the rheology of granitoid rocks has been
investigated much less comprehensively than that of
quartzose rocks. We assume that all rocks in the mylonitic
zones were sirained at the same rate as the quartz layers so
that the strain rate that we infer for the quartz applies to the
rock mass. This assumption is probably incorrect because
quartz is weaker than feldspar at these conditions

[Dell’ Angelo and Tullis, 1989], and the quartzose rocks
probably deformed at a faster rate than the
quartzofeldspathic rocks. Theoretical analysis and
experiments on two-phase rocks summarized by Handy [1990]
suggest that quartzofeldspathic rocks such as those in the
Whipple Mountains [with 20-40% quartz; Anderson et al.,
1979] might be as much as five times stronger than pure
quartzite,

We did not consider flow laws for vacuum-dried samples,
because the presence of biotite and muscovite indicates that
the natural samples were not deformed under anhydrous
conditions. We have also excluded rheological data from
experiments on novaculite and flint. None of the sets of
experiments from which the flow laws were derived were
ideal [see discussion in Koch et al., 1989]. All were done in
solid-medium apparatus, which cannot measure differential
stress as accurately as can gas apparatus. Kronenberg and
Tullis* [1984] and Jaoul et al.’s [1984] experimental samples
were encapsulated in platinum, which affects the stress
measurements during the experiments. Further, their
rheological data come from creep experiments on five or
fewer samples. Koch et al.’s [1989] experiments were done
with copper or talc confining media, which are somewhat
stronger than the salt confining medium used in some of the
other experiments. Although experiments have shown that
the rheological behavior of quartz is affected by pressure,
impurities such as Na [Jaoul, 1984], water content [Jaoul et
al., 1984; Kronenberg and Tullis, 1984], and the /P transition
[Linker and Kirby, 1981; Ross et al., 1983], none of these
effects can yet be extrapolated quantitatively to natural
conditions.

We calculated strain rates (Table 3) from quartzite flow
laws (see Table 5 of Hacker et al. [1990]) for several
temperatures (Tmax, Ta, and 400°C) using the differential
stresses derived from the observed grain sizes (Table 2) and

the grain growth calculations above (Figure 5). At the
annealing blocking temperatures, Ty, the predicted strain rates
for the rocks with 37- to 55-pm grain sizes (cooling rate of
125° m.y.-1) are in the range 10°10 10 10-12 -1, At a lower
temperature, 400°C, strain rates are one order of magnitude
slower. We prefer the strain rates derived from the
experiments of Koch et al. [1989] because they are the most
conservative (they are the slowest and yield the slowest
exhumation and faulting rates) and because Koch et al.’s
“dry” flow law is based on experiments conducted in solid-
medium as well as gas-medium [Heard and Carter, 1968]
apparatus. Even with the maximum uncertainty (including
grain-size variances, piezometer-calibration errors, and flow-
law calibration errors), strain rates faster than 1014 51 gre
predicted for the mylonitic gneisses deforming at a
temperature of 500°C. To convert the strain rates in Table 3
derived from uniaxial compression experiments to shear
strain rates it is necessary to express the constitutive
relationship in terms of effective shear stress and effective
strain rate [Ranalli, 1987, p. 75-79; Schmid et al., 1987, p.
775-776]. For the constitutive relationships used in this
study, the shear strain rates are ~1.2-1.4 times the strain rates
quoted in Table 3 for uniaxial compression experiments.
Note that this means that our previous report on the Ruby
Mountains [Hacker et al., 1990] underestimated shear strain
rates and displacement rates during faulting by a factor of
~2.6.

An important assumption is that the deformation
mechanisms operative during the mylonitization were the
same as the deformation mechanisms active during the
experiments on which the flow law is based. At least for
Koch et al.’s [1989] experiments the deformation
microstructures are similar to the Whipple mylonitic
rocks—which suggests that the deformation mechanisms
were similar, although grain boundary mobility and
dislocation recovery may have been greater in the natural
samples. Other mechanisms such as grain boundary sliding or
diffusive transport could have been active during the
mylonitization, however, and may have contributed an
unknown amount to the deformation of the rocks.

The midcrustal shear zone in which the gneisses were
mylonitized was at least several kilometers thick (based on

TABLE 3. Negative Logarithms of Strain Rates

Shelton Hansen Kronenberg Logarithm
and and Koch et al. Koch et al. and Jaoul Effective
_ Tullis Carter (1989) Hansen (1989) Tullis et al. Viscosity
TCC)D (um) 6(MPa)  (1981)  (1982) “dry” (1982) “wet” (1984) (1984) (Pas)
Mylonitic Gneisses With Average Final Grain Size, D = 37 ym
500 20&2 223 9.9°04%05 g 70% 10.%0838  8.2'0  95t0E  ssanY 893S 1 s.of?‘:;g e
450 371 96 112704304 97704 1503436 9508 10.8'05 Y 9.6'0eiy 10003 ."1‘_'7: 19.0%08 28
400 37x1 96 12.1°027%% 10.4%%% 12290338 104707 1167007 103%0e 50 108031 197065
Mylonitic Gneisses With Average Final Grain Size, D = 55 ym
520 2743 134 9.8'08%05  g.6'0d 100082 sofd 940 82’03 sy 17.6’f8;§ 22
460 5583 43 1170400 102708 1200302 9807 1140348 102938 10390305 19319359
400 5583 43 127004204 11.0°%2 13.0°02%7 110000 12470370 11000370 11299302 2020357

Strain rates calculated from the differential stresses given by the piezometer of Koch [1983] and from the temperatures listed in the first
column. The uncertainties given are derived from (1) the uncertainty of the stress (first or only +/- numbers) and from (2) the uncertainty of
the stress and the uncertainty of the flow-law calibration (second +/- numbers). The effective viscosities were calculated from the slowest

strain rate for a given temperature.
Effective viscosity 1 = o / 3é (1 Pa s = 10 poise).
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exposures in the Whipple Mountains) and may have been as
much as 13 km thick if a seismically reflective zone is
correlated with the exposed mylonitic rocks [C.-Y. Wang et
al., 1989]. If we assume that the deformation history within
this zone involved homogeneous simple shear, then the
displacement rate across this shear zone was of the order of
centimeters per year, that is, at plate tectonic rates. The
Whipple Mountains shear zone does, however, contain
packages of unmylonitized rock [Davis, 1988, Figure 10], so
the actual displacement rate may have been more rapid.

The effective viscosity during the deformation of the
mylonitic rocks, calculated from the estimated stresses and
strain rates (Table 3), is ~1018%3-6 Pa 5 (1019 poise) at
500°C and ~102%43.6 Pa 5 (1021 poise) at 400°C.

DISCUSSION

Comparison With the Ruby Mountains Core Complex

This study in the Whipple Mountains is analogous to a
recently published study [Hacker et al., 1990] in the Ruby
Mountains, a core complex in northeastern Nevada.
Temperatures of mylonitization in the Ruby Mountains,
inferred from consideration of quartz grain growth are 450°—
500°C. Shear stresses estimated by quartz grain-size
piezometry are <50 MPa. Strain rates of 1011 to 1013 571
were calculated for these temperatures and stresses using
experimentally derived quartzite flow laws. Compared to
the Whipple Mountains, the grain sizes measured in rocks
from the Ruby Mountains suggest that mylonitization
occurred at similar temperatures, lower stresses, and slower
strain rates. Consequently, the effective viscosity inferred
for rocks from the Ruby Mountains is about one order of
magnitude greater than for rocks from the Whipple
Mountains. These differences are insignificant in view of the
uncertainties in the experimental data and the extrapolations
involved. It is significant that the stress, strain rates, and
effective viscosities derived independently from these two
sets of samples and thermochronologic and thermobarometric
constraints are similar.

Comparison With Other Studies

Christensen et al. [1989] used the radial variation in
8751/868r ratio in a gamet grown al ~500°C 10 calculate a
strain rate of 5x10-14 51, This is at least one order of
magnitude slower than we have inferred from mylonitic
gneisses in the Whipple Mountains. This difference is
probably related to differences in the tectonic settings. The
garnet grew during nappe emplacement under horizontal
contraction in a collision zone, whereas the mylonitization
discussed here occurred during horizontal extension.

Christensen et al. [1989] calculated an effective viscosity
of 1019 Pa s for their garnet-bearing rock by assuming a stress
of 0.6 MPa. Sibson [1982] estimated 1018-1019 Pas, for the
viscosity of the “quasi-plastic” portion of the San Andreas
fault zone. These values are identical to those we have
calculated for the Whipple Mountains, and this suggests that
viscosities of ~1018-1020 Pa s may be representative of
middle crust in a variety of tectonic settings.

Implications for Physical Models of Lithosphere Extension

Seismic-reflection data show that the crust in the Basin and
Range province is characterized by numerous reflectors of
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variable orientation and distribution. The lower crust is
highly reflective, and rather continuous reflectors extend
from the upper crust as deep as 15-20 km into the mid to
lower crust [Allmendinger et al., 1983, 1987]. The reflectors
are interpreted to have resulted from a combination of
deformation and magmatism [de Voogd et al., 1988;
McCarthy and Thompson, 1988]. The continuous reflectors
within the lower crust suggest that deformation was fairly
homogencous there, whereas the local presence of rather
continuous reflectors that cross from upper to midcrustal
levels suggests that much large-scale deformation within the
middle to upper crust took place along discrete zones.

The significance of this is that many physical models of the
mechanical behavior of the continental lithosphere [e.g.,
Lynch and Morgan, 1987; Sonder et al., 1987] assume uniform
plane strain rate and use a single value for the strength of the
lithosphere derived by averaging the vertically integrated
yield stress over the thickness of the lithosphere. These
models predict strain rates of 1015 s-1 [Lynch and Morgan,
1987] or slower, and viscosities of ~1021 Pa s [Sonder et al.,
1987] for extension to form the Basin and Range province.
Our measurements suggest that mylonitic midcrustal rocks
exposed in the Whipple Mountains formed at strain rates
several orders of magnitude faster, with viscosities 1 to 3
orders of magnitude lower. The next generation of physical
models that seck to explain the Basin and Range province
should treat the continental lithosphere as a spatially
heterogeneous medium composed of high-viscosity (>1021 Pa
s 7), relatively undeformed regions separated by low-
viscosity (~1019 Pa s), strongly deformed zones.

Future Studies

Data from two core complexes, the Whipple and Ruby
Mountains, suggest that conditions of mylonitization were
somewhat similar in both mountain ranges. Our estimates of
the conditions of mylonitization might possibly be verified
by examination of dislocation densities in quartz grains. Thus
far, we have used only quartz grain growth kinetic data and
quartz grain-size piezometers. An analogous method is to use
quartz dislocation-recovery kinetic data and quartz
dislocation-density piezometers. Because the activation
enthalpy for dislocation recovery in quartz [Christie and
Pierce, 1987] is different than that for grain growth of quartz
[Pierce and Christie, 1987], it is possible to correct for
dislocation recovery and obtain a stress estimate from
dislocation densities. Ideally, the stress estimate obtained
from a “preannealing” dislocation density should match the
siress estimate obtained from a “preannealing” grain size.
However, dislocation density may be readily reset by late
stress pulses involving quite small strains so that this
piezometer is considerably less stable than grain size.

Studies such as this that extrapolate laboratory data to
naturally deformed rocks are heavily dependent on the quality
and breadth of the laboratory data, and demonstrate the
urgent need for further experimental studies. Measurements
of the effects of water, pressure, temperature, impurities, and
other variables on quartz grain growth rates are needed for
more precise determination of grain growth histories in
nature. There are many quartzite flow laws available, but
most are based on few data. Studies of quartzite theology
that assess the impact of impuritics within crystals, the
presence of additional phases, and pressure are needed. Only
one experimentally calibrated quartz grain-size piezometer is
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available; more are required. In addition, calibration of
second-order effects involving the aforementioned variables
isneeded.

SUMMARY

Mylonitic gneisses collected from the Whipple
Mountains metamorphic core complex have quartz grain sizes
that cluster in the range 32-61 pm. The kinetic laws derived
from grain growth data of Tullis and Yund [1982] and Pierce
and Christie [1987] indicate that mylonitization must have
occurred at or continued to temperatures lower than 500°C.
Koch’s [1983] quartz grain-size piczometer suggests that the
mylonitization occurred at differential stresses of ~40-150
MPa, or maximum shear stresses of ~20-75 MPa.
Extrapolation of quartzite flow laws indicates that the
mylonitization occurred at strain rates faster than 10-14 g1,
These stress and strain rate estimates suggest that during
mylonitization, rocks in the fault zone now exposed in the
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Whipple Mountains had an effective viscosity of ~1018%4.
1020+4 pa s at temperatures of about 400°~500°C,
respectively. Physical models of the formation of the Basin
and Range province would be in greater agreement with
seismic reflection data and the strain rates and viscosities
presented in this paper if the continental lithosphere were
treated as a spatially heterogeneous medium composed of
high-viscosity (>102! Pa s 7), relatively undeformed regions
separated by low-viscosity (~1019 Pa s ?), strongly
deformed zones.
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