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A new method for determining the timescales of ductile deformation utilizes diffusion profiles around
oriented mineral inclusions. This geospeedometer was tested with rutile needle inclusions in mylonitized
quartz grains because they are sensitive to the kinematics of deformation and behave as diffusion
couples that can be either a source or sink for Ti diffusion in the host quartz. The method was
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applied to experimental samples, in which the time-temperature conditions are known, and to natural
Keywords: samples, in which the time-temperature conditions are determined using independent geochronometers
geospeedometry and geothermometers. In our experimental quartzite, rutile needles become included in quartz during

deformation

trace element diffusion
ductile shear zones
extensional tectonics
rutilated quartz

isostatic annealing, rotate into the elongation direction of shearing during imposed deformation, and act
as a source of Ti for the surrounding undersaturated quartz. Diffusion modeling of Ti enrichment halos
yields appropriate trends in experiment duration. In a natural quartzite mylonite from the extensional
detachment zone of the Pioneer Core Complex (Idaho, USA), quartz grains are densely and pervasively
rutilated. Titanium depletion halos in quartz around lineated and boudinaged rutile needles indicate that
rutile exsolved during deformation. By estimating temperature from quartz microstructures and Ti-in-
quartz thermometry, diffusion modeling results suggest that ductile deformation in the shear zone lasted
5-10 Myr, consistent with geologic and thermochronologic data defining exhumation of the complex.
Considering structural offsets across the detachment, extrapolating our lab-derived diffusivities to the
conditions of natural samples equates to strain rates of ~1 x 10712 s~1, Tests of geospeedometry in both
naturally and experimentally deformed rutilated quartz samples indicate that this method can provide
reliable information on shear zone longevity and strain rate directly from the phase controlling the
rheological behavior of deformation.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The duration and rates of ductile deformation in shear zones
are first-order parameters in the geodynamics of orogens. Strate-
gies to determine the longevity of shear zones have focused pri-
marily on linking isotope ages with structural features; for ex-
ample, dating dikes that cross-cut or are transposed by ductile
fabrics (e.g. Phillips et al., 2004; Sassier et al., 2009), dating miner-
als that reset during deformation and recrystallization (e.g. Dunlap
et al., 1991; Freeman et al.,, 1998; Williams and Jercinovic, 2002;
Mulch and Cosca, 2004; Schneider et al., 2013), or dating crystal-
lization in structural sites that can be correlated with deformation
kinematics (e.g. Miiller et al., 2000; Sherlock et al., 2003). These
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approaches use isotope ages from spatially-correlated samples and
estimates of structural offset from field observations to evalu-
ate the timescales over which shear zones were active. Diffusion
geospeedometry introduces a complementary method, capable of
determining shear zone longevity directly from the mineral con-
trolling the deformation.

With continued advances in experimental determination of dif-
fusion kinetics for many mineral systems (Zhang and Cherniak,
2010, and references therein), there are new opportunities to re-
trieve information on the timescales of high-temperature geologic
processes by modeling incomplete diffusion profiles trapped in
minerals. This approach has driven applications of geospeedom-
etry, a method that uses diffusion kinetics as a clock to extract
rates and thermal histories of geologic processes (Watson and Bax-
ter, 2007; Chakraborty, 2008). Because it is not dependent on the
half-life of an isotopic system, geospeedometry can resolve very
short timescales, even in ancient rocks in which such short events
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Fig. 1. Shear zone geospeedometry uses incomplete diffusion halos around
structurally-oriented mineral inclusions to link diffusive timescales with deforma-
tion kinematics. The assumed starting condition (to) is an undeformed host grain
with randomly-oriented inclusions (here, with composition AO;) that are at chemi-
cal equilibrium with their host (here, BO;). During early stages of deformation (t1),
inclusions rotate towards the lineation direction of deformation. With a decrease
in solubility, the host phase will begin to diffuse component A towards the inclu-
sion phase, but since inclusions are rotating within the host grain matrix, diffusion
progress does not accumulate. High aspect ratio inclusions rotate into a stable ori-
entation after relatively low strains (t), and the geospeedometry clock “starts” as
a measurable concentration profile begins to develop. Progressive deformation will
not re-orient inclusions once they have stabilized into the flow direction (t3), so dif-
fusion profiles record the amount of time that the needles remained in the lineation
direction before cooling quenches the microstructure and halts diffusion progress.
Analysis of the mid-concentration distance corresponds to the duration of diffusion
within that current orientation and thus provides a minimum estimate of deforma-
tion timescales.

cannot be resolved by radiometric methods (e.g. Olker et al., 2003;
Camacho et al., 2009).

The premise of shear zone geospeedometry is to link diffusion
progress with structural kinematics to provide information on the
timescales of deformation events (Fig. 1). During ductile shearing,
high aspect ratio mineral inclusions rotate passively toward the
long axis of the finite strain ellipse, or lineation direction, and de-
velop a strong shape fabric after relatively small strains (e.g. Mitra,
1976). Our geospeedometry analysis uses diffusion profiles that
are symmetrical about the lineated inclusions, thereby providing
a minimum estimate of deformation duration (Fig. 1). This method
follows the assumption that deformation coincided with a thermal
event that governed the diffusion progress, as would be expected
given the strong temperature dependence on crystal plasticity.

We test this concept using rutilated quartz mylonites because
rutile needle inclusions simultaneously behave as both passive
markers of ductile flow and natural quartz-rutile diffusion cou-
ples. Quartz is perhaps the most important load-bearing min-
eral in the continental crust, and because it is a major modal
component of many different rock types, its deformation behav-
ior strongly influences the rheology of continental shear zones
(e.g., Kohlstedt et al., 1995). In addition to its rheological sig-
nificance, quartz trace element contents can provide robust ther-
mometry, barometry, and geospeedometry information on the con-
ditions and timescales of growth and recrystallization. With ad-
vances in understanding Ti solubility (Wark and Watson, 2006;
Thomas et al, 2010) and diffusivity in quartz (Cherniak et al.,
2007), both the direction and rates of Ti flux can be predicted and
used to interpret geologic events. By combining diffusion analy-
sis with microstructural and trace-element thermometry from the
same mineral, deformation geospeedometry provides a new ap-
proach to evaluate the strain rates and thermal histories of ductile
shear zones.

2. Geospeedometry of rutilated quartz mylonites

The high aspect ratio of rutile needles causes them to rotate
and align during plastic strain of quartz (Fig. 2). Lineated and
boudinaged rutile needles are commonly observed in deformed
quartz-bearing rocks (e.g. Mitra, 1976; Bouchez et al., 1984). Ad-
ditionally, rutile needles can act as either a Ti sink (Cherniak et al.,
2007) or source (Nachlas and Hirth, 2015) during diffusion con-
trolled exchange of the Ti content of the host quartz grains in
response to changes in P-T-X conditions. In our natural quartz my-
lonite samples, cathodoluminescence (CL) maps reveal dark halos
around rutile needles (Fig. 3A, B), whereas needles in experimental
samples are mantled by bright halos (Fig. 3C, D). Considering the
positive correlation between CL and quartz Ti concentrations (e.g.
Miiller et al., 2003; Leeman et al., 2012), these results suggest that
rutile exsolved from quartz in the natural samples and dissolved
into quartz in the experimental samples (Fig. 4).

To extract duration information from incomplete diffusion pro-
files requires a measurement of diffusion progress (e.g. the width
of a diffusion profile), an independent estimate of temperature,
and diffusion parameters for the system of interest. The experi-
ments of Cherniak et al. (2007) produced an Arrhenius relation for
Ti diffusion parallel to the (001) direction in quartz. Their results
also indicated modest anisotropy, with diffusivity perpendicular to
(001) about 5 times smaller than parallel to (001).

These parameters can be used to construct a diffusion model
that best approximates the inferred concentration profiles ob-
served in our samples, from which diffusion time can be calcu-
lated. To first-order, diffusion of Ti between rutile needles and
the host quartz can be approximated as half-space interdiffusion
from an infinite source into a semi-infinite medium. Typically, this
would be represented by an error-function solution to fit digi-
tal concentration data. However, in the case of our samples in
which diffusion occurred during deformation and dynamic recrys-
tallization of the host phase, it is possible that multiple diffusion
mechanisms were operative (e.g. through dislocations and grain
boundaries), resulting in composite profiles. To avoid errors asso-
ciated with fitting the distal portions or “tails” of the profiles that
may reflect contributions from secondary diffusion mechanisms
(Zhang et al., 2007; Clay et al,, 2010), we applied the simple and
robust square root law for diffusion, x ~ +/Dt, where x is the mid-
concentration distance in m, D is the diffusion coefficient (m?s~1)
solved at a chosen temperature following Cherniak et al. (2007),
and t is time in s.
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Fig. 2. Cross-polarized light micrographs of rutile needles in quartzite mylonites from the Pioneer Core Complex (A-D) and in synthetic quartz mylonites deformed in

experiments (E-H).
3. Analytical methods

In order to resolve short-duration and/or low-temperature ge-
ologic events it is necessary to measure very small (c. 1 pm)
gradients in concentration. To avoid complications arising from
contamination associated with conventional in situ techniques, and
because of the simplifying assumptions inherent in modeling dif-
fusion at the trace level, we used cathodoluminescence (CL) to
semi-quantitatively map Ti contents. CL analysis was conducted
with two different electron microscopes and CL detectors: a JEOL-
6700F FEG SEM equipped with a Gatan Mono-CL detector (Univer-
sity of Minnesota, College of Science and Engineering Characteri-
zation Facility) and a JEOL 5800LV FEG-SEM equipped with a KE

Developments CL detector (USGS Denver Microbeam Laboratory).
A panchromatic CL spectrum collected from a high-Ti synthetic
quartz crystal containing 230 ppm Ti using the UMN-SEM shows
a broad peak in the blue range (Nachlas and Hirth, 2015). Hyper-
spectral CL using the USGS-SEM reveals that the CL signal is dom-
inated by blue luminescence in grain interiors, grain boundaries,
and adjacent to acicular rutile inclusions. Based on these observa-
tions, taken with past correlations of CL signal and in-situ trace
element measurements (e.g. Miiller et al., 2003; Leeman et al.,
2012), we regard CL intensity as a semi-quantitative proxy for Ti
content in quartz. Results of diffusion analysis using CL images col-
lected from both SEMs are statistically indistinguishable and were
aggregated for analysis and interpretation.
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Fig. 3. Secondary electron images (SEI) and cathodoluminescence images (CL) of rutile needle inclusions in natural (A-B) and synthetic (C-D) rutilated quartzites. Dark-CL
depletion halos surrounding samples from the Pioneer Core Complex indicate that rutile was exsolving from quartz during deformation, whereas bright-CL resorption halos
in experimentally-deformed quartzites indicate that rutile was dissolving into quartz during deformation.
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Fig. 4. lllustration of two types of Ti diffusion behavior observed in our rutilated quartz samples. Re-drawn after Cherniak et al. (2007).

The small size and close spacing of rutile needles introduces
numerous challenges when attempting to make in situ measure-
ments of Ti concentration of rutilated quartz. Electron probe mi-
croanalysis (EPMA) offers high spatial resolution, but secondary
fluorescence of Ti X-rays from adjacent rutile needles can intro-
duce significant error in measured trace element concentrations
even at far distances (>200 pm) from the fluorescing source (e.g.
Wark and Watson, 2006). lon microprobe analysis (SIMS) offers im-
proved sensitivity, and does not suffer from fluorescence, but the
larger spot sizes of the ion beam make it difficult to avoid ru-
tile inclusions. We used the Cameca IMS-1280 ion microprobe at
Woods Hole Oceanographic Institution to measure Ti contents in
thin section samples of rutilated quartz. Results yielded variable
Ti measurements within single grains (Fig. S1, Table S1). Analysis
craters with 7 pm diameter and 1 um depth (Nachlas et al., 2014)
were apparently too large to avoid rutile needles in the densely
rutilated samples. Many of the ion probe measurements yielded
high and variable Ti concentrations, which we interpret to reflect
contamination from partial ionization of rutile needles. A group
of low Ti concentrations are interpreted to reflect uncontaminated
measurements of quartz and are used for thermobarometry appli-
cations.

4. Application to experimentally deformed quartz

We applied diffusion geospeedometry to a suite of rutilated
quartzite samples that were experimentally deformed at constant
temperature for increasing intervals of time (Nachlas and Hirth,
2015). In these experiments, rutile needles were dissolving into
the host quartz grains during deformation of the sample. Using the
known temperature-time conditions we calculate bulk Ti diffusion
rates and discuss potential effects of water fugacity and deforma-
tion on Ti diffusivities in quartz.

4.1. Experimental methods

Rutilated quartz aggregates were deformed at 1.0 GPa and
900°C to steady-state flow conditions for three incrementally-
longer intervals of time (24, 48, 72 h) (Nachlas and Hirth, 2015).
Samples were initially annealed at these P-T conditions for 15 h,
and then either held for an additional 24 h *“hydrostatic” an-
nealing period or deformed by applying a load at a fixed ax-
ial displacement rate of 10~® s to achieve a shear strain rate
of ~5 x 107> s~1. This approach resulted in a suite of experi-
ments consisting of an undeformed hydrostatic sample and low-



W.O. Nachlas et al. / Earth and Planetary Science Letters 498 (2018) 129-139

normalized CL intensity

normalized CL intensity

133

100 —owpgny,
%,
807 B o
‘e
o * N
60 “{
40+ AR
RS %“A"
20 R i WY N
¢30w.‘
0 T T T

0 05 ] 15 2 25 3
distance (um)

e
100 1o,
A T=900 °C
60 | “si t=160 days
1 xR,
20 mid—%z;g;e:jzation :’:”‘WQ“‘W
0% 0’5 ] 15 2 75 3

distance (um)

Fig. 5. Technique for modeling Ti diffusion profiles around rutile needles as applied to enrichment halos present in experimental samples. The intersection of a rutile needle
with the thin section surface is identified in petrographic microscope (A), detected in a secondary electron image (B), and analyzed with cathodoluminescence (C) to measure
the surrounding Ti concentration field. A bright CL halo indicates that Ti diffused from rutile into quartz. The gradient in CL intensity is measured along a linear transect from
rutile into the surrounding quartz (C), revealing a composition profile in inferred Ti content that resembles a diffusion profile (D). Profiles are normalized to a concentration
percent of 0-100, trimmed from max-min, and the mid-concentration distance is calculated. By assuming a fixed temperature, geospeedometry results indicate durations of
c. 100-1000 days for experimentally deformed samples. The overestimation of known experiment durations suggests that the diffusion coefficients applied for our analysis

do not fully encompass all diffusion mechanisms operating in our samples.

Table 1

Description of natural and experimental samples and results of geospeedometry analysis.

Sample Distance below Ti conc. T from Ti- Water No. profiles Mean mid-conc. St.dev mid-conc. Geospeedometry results
detachment (ppm) in-qz fugacity measured distance distance t (Myr) Shear strain rate
(m) (°cy (GPa)P (nm) (um) (at 500°C) (s~
WLM-1 100 20 2.25 0.90 6.4 11E-12
WLM-2 80 13 2.09 0.66 5.5 1.3E-12
WLM-3 80 20 215 0.89 5.8 1.3E-12
WLM-9 30 5.6/0.5 390/275 0.06 41 2.02 0.81 5.1 1.4E—-12
WLM-12 10 174 460 0.09 25 2.30 0.93 6.7 11E-12
Sample Experiment Temperature Shear strain Water Experiment No. profiles Mean mid- St.dev. mid- Geospeedometry results
type (°0) rate fugacity duration measured conc. distance conc. distance t log D
(s (GPa)® (h) (um) (um) (days)  (m?s71)
W1696 Hydrostatic 900 5%10° 1.80 39 140 1.28 0.48 450 —-17.0
W1678 Low strain 900 5%10° 1.80 39 114 116 0.36 350 -171
W1680 Mod. strain 900 5%10° 1.80 63 23 117 0.45 370 —174
W1700 High strain 900 5%10° 1.80 87 38 2.08 0.51 1100 —16.9

4 Calculated using the Thomas et al. (2010) calibration and assuming P = 0.3 GPa and ario, = 1.

b Calculated using Pitzer and Sterner (1994) equation of state for pure water.

strain (y ~ 0.7), intermediate-strain (~2), and high-strain (~3.1)
deformed samples.

Rutilated quartz aggregates were synthesized as two layers; one
layer was supersaturated in Ti, and the other undersaturated in
Ti (with respect to the equilibrium solubility predicted for the
P-T conditions of experiments). The quartz layers were produced
by doping high-purity silica gel with precise Ti concentrations
to produce layers of quartz with Ti concentrations above and
below the equilibrium solubility for the experimental conditions
(Nachlas and Hirth, 2015). Excess Ti in the supersaturated layer re-
sulted in growth of radiating, randomly-oriented rutile needles in
pore spaces of the undersaturated layer, which were included into
quartz by migrating grain boundaries during annealing. During de-
formation, the rutile needles passively rotated into the lineation
direction (Fig. 2E-H). As the quartz that incorporated the rutile
was Ti undersaturated, Ti dissolved from the needles into the host
quartz, forming concentration profiles that were measured with CL
and modeled for geospeedometry analysis.

4.2. Geospeedometry applied to experimentally-deformed quartzite

In experimental samples, rutile inclusions emit bright CL ha-
los in the surrounding quartz (Fig. 3C, D). CL halos are radially
symmetric around rutile needles oriented sub-perpendicular to the
analysis surface and exhibit planar symmetry around needles that
are sub-parallel to the analysis surface. Halos become progressively
wider and smoother in samples from longer duration experiments
(Nachlas and Hirth, 2015).

The CL halos are difficult to identify in the longest duration,
high-strain experiments. Under these conditions, grain boundary
migration recrystallization was extensive, enhancing equilibration
of the quartz Ti content, and thereby eliminating the driving force
for diffusion. The observed Ti flux into quartz grains is consistent
with the fact that quartz was undersaturated in Ti during exper-
iments. These observations lead us to interpret the preserved CL
resorption halos as patterns of incomplete Ti diffusion that devel-
oped as rutile dissolved Ti into quartz (Fig. 5).
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Halos in CL intensity were measured from 315 quartz-rutile
pairs from four experimental samples: a 39 h hydrostatic exper-
iment and 39, 63, and 87 h deformation experiments (Table 1,
Fig. 5). The average mid-concentration distance of the measured
diffusion profiles increases with increasing experiment duration
but is indistinguishable for samples from low-strain and anneal-
ing experiments that were run for the same duration (Table 1).

When applied to natural samples, geospeedometry requires in-
dependent temperature constraints to calculate the amount of time
required to form the measured profile. In experiments, tempera-
ture is controlled and experiment duration is known, allowing us
to test the accuracy of the geospeedometry method and the associ-
ated assumptions. To first order, geospeedometry results accurately
reflect populations of diffusive timescales for each sample that
correspond with increasing experiment duration. However, using
published data for Ti diffusion in quartz, the calculated timescales
are longer than the known experiment duration, indicating that Ti
diffusion in quartz was enhanced under the conditions of our ex-
periments.

4.3. Diffusion of Ti in deforming, wet quartz

Geospeedometry results indicate that Ti diffusion in our sam-
ples was faster than predicted by the one-atmosphere diffusion ex-
periments of Cherniak et al. (2007) (Fig. 6). Diffusivities calculated
from our annealing and low-strain experiments are ~2 orders of
magnitude faster than those predicted by Cherniak et al. (2007),
and the calculated diffusivity in our highest strain experiment is
approximately a factor of 3 greater than in the low-strain and
hydrostatic experiments. Cherniak et al. (2007) measured Ti dif-
fusion between quartz and rutile, titanite, and Ti-oxides at 1-atm,
anhydrous conditions. In contrast, in our experiments diffusion oc-
curred between quartz and rutile at high-pressure, under hydrous
conditions, and within quartz that was either statically annealing
or dynamically recrystallizing. Here we discuss the effects of pres-
sure, water content, and deformation as possible explanations for
the high Ti diffusivities observed in our experiments.

It is unlikely that the higher pressure of our experiments is
directly responsible for the greater diffusivities. In general, the
activation volume for diffusion is of minor importance for most sil-
icates over the pressure range of the crust (e.g. Bejina et al., 2003).
Furthermore, it would result in lower diffusivities at higher pres-
sure, whereas we observe the opposite.

Instead, elevated pressures could have an indirect effect on dif-
fusivities by increasing water fugacity. Water fugacity has potential
to influence Ti diffusion by increasing the concentration of Si va-
cancies, enhancing Ti diffusion via vacancy mechanisms. The effect
of water fugacity (or pressure under hydrous conditions) on dif-
fusion limited processes in quartz has been well documented for
Si diffusion (Farver and Yund, 2000), O diffusion (Farver and Yund,
1991), ductile rheology (Kohlstedt et al., 1995; Holyoke and Kro-
nenberg, 2013), and dislocation recovery (Tullis and Yund, 1989).
A water fugacity effect on cation diffusion has also been shown
for olivine (Hier-Majumder et al., 2005; Costa and Chakraborty,
2008) and plagioclase (Yund and Snow, 1989). Our results suggest
that elevated water fugacities resulted in a ~2 order of magnitude
enhancement of Ti diffusivities at the P-T conditions of experi-
ments. Equivalent diffusivities measured from both hydrostatically
annealed and low-strain deformed samples suggest that elevated
water fugacity is the primary cause for enhanced Ti diffusion in
our experiments.

Overall, tests of deformation geospeedometry using our experi-
mental samples are consistent with experimental conditions, but
indicate some potentially-important differences from the previ-
ously determined Ti volume diffusivities. Our findings suggest that
bulk Ti diffusivities may be enhanced under conditions of high wa-
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Fig. 6. Bulk diffusive mobility coefficients (Dp) solved for Ti in deforming quartz
at the conditions of our experiments are approximately two orders of magnitude
greater than rates of volume diffusion determined from experiments of Cherniak et
al. (2007).

ter fugacity and potentially also by deformation and recrystalliza-
tion processes in quartz. Applications of geospeedometry to quartz
deformed in hydrous, high-pressure natural settings may require
consideration of the effect of water fugacity on diffusivity.

5. Application to naturally deformed quartz

We selected quartz mylonites from the detachment of the Pio-
neer Core Complex (PCC) (Idaho, USA) to test the applicability of
diffusion geospeedometry for determining deformation timescales
of a natural shear zone. The PCC is ideal for this purpose be-
cause its exhumation history has been evaluated by multiple
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geochronometers, defining a T-t path for comparison with our
geospeedometry results. In addition, exhumation of the PCC was
accommodated by the Wildhorse Shear Zone (WSZ), composed of
a continuous section of plastically deformed quartzite mylonites in
which quartz grains are densely and pervasively rutilated, allowing
geospeedometry results to be compared between multiple sam-
ples across the width of the shear zone. Deformation temperatures
are estimated from quartz microstructures, previously-published
conventional metamorphic thermometry, and new results from Ti-
in-quartz thermometry. By estimating both temperature and time
from quartz using independent methods, geospeedometry results
provide reliable estimates of deformation timescales and strain
rates during exhumation of the PCC.

5.1. Geologic setting and sample description

The PCC is a domal culmination of metamorphic rocks in the
hinterland of the Sevier orogenic belt (Fig. 7). It has been in-
terpreted as a Cordilleran-style metamorphic core complex that
formed following gravitational collapse of the Sevier orogen (Wust,
1986; Vogl et al., 2012). The PCC preserves abundant evidence for
melt-present deformation in the footwall and detachment zone,
indicated by overprinting relationships and narrow age windows
for cross-cutting and transposed melt injection features (Vogl et
al., 2012). Post-magmatic deformation in the PCC coincides with
brittle-ductile detachment faulting and infiltration of meteoric
fluids (McFadden et al., 2015). The PCC is distinct from other
Cordilleran core complexes in that it records a longer time in-
terval from syn-magmatic dome deformation (50-46 Ma) to post-
magmatic detachment deformation (38-33 Ma) (Vogl et al.,, 2012).

The PCC is comprised of a lower plate of variably- and
complexly-deformed Archean gneisses and Eocene granitoids and
an upper plate of unmetamorphosed Paleozoic sediments and
Tertiary volcanic and sedimentary strata (Fig. 7) (Wust, 1986;
Silverberg, 1990; Diedesch, 2011). The upper and lower plates are
juxtaposed along the brittle-ductile Wildhorse Shear Zone (WSZ),
a ~2 km package of mylonitized, metamorphosed, and intruded
metasedimentary units that accommodated much of the Ceno-
zoic extensional strain in the PCC (Wust, 1986; Silverberg, 1990;
Diedesch, 2011; Vogl et al.,, 2012). Within the footwall, the WSZ
grades downward with progressively higher melt fraction and
deformation intensity into the Pioneer Intrusive Suite and com-
plexly deformed gneisses of the Wildhorse Gneiss Complex (Fig. 7).
The upper part of the WSZ is the Wildhorse Detachment System
(WDS), a W-dipping brittle extensional feature that juxtaposes
unmetamorphosed hangingwall against ductiley sheared footwall
of the middle plate (Wust, 1986; Diedesch, 2011). Based on co-
incidence between kinematic indicators on the detachment sur-
face and underlying mylonites of the middle plate, detachment
faulting is interpreted to reflect a direct progression from higher-
temperature ductile shearing to lower temperature brittle faulting
during extension-related exhumation.

The WSZ is comprised of Neoproterozoic-Ordovician quartzite,
marble, calc-silicate, and metapelite estimated to be c. 1.8-2.1 km
in vertical thickness (Diedesch, 2011). Near the top of the WSZ
(~250 m below the detachment), deformation was partially lo-
calized within a continuous sequence (~100-150 m) of quartz
mylonites composed of the Kinnikinic Formation. The Kinnikinic
quartzite is an Ordovician quartz arenite that contains detrital zir-
cons of Meso- and Paleoproterozoic and Archean ages (Diedesch,
2011). Quartz in the Kinnikinic is targeted for geospeedometry
analysis because recrystallized quartz grains contain abundant mi-
croscopic rutile needles that are strongly aligned into the lineation
direction (Fig. 2A-D).

Microstructures of deformed quartz from the Kinnikinic For-
mation are used as additional independent information on the
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Fig. 7. Details of geologic field setting. (A) Simplified geologic map of the Pioneer
core complex (after Wust, 1986; Vogl et al., 2012), (B) cross section showing struc-
tural relationships in the complex (after McFadden et al., 2015), and sample transect
showing location, “°Ar/3?Ar ages (from McFadden et al., 2015), duration results from
geospeedometry, and representative quartz microstructures from different levels of
the Wildhorse Shear Zone.

conditions of deformation. Quartz microstructures suggest dynamic
recrystallization was accommodated via combined grain-boundary
bulging and progressive subgrain rotation recrystallization over-
printing a coarser grain fabric (Fig. 7C, Fig. S1) (Hirth and Tullis,
1992; Hirth et al, 2001; Law, 2014). At the top of the Kin-
nikinic section, quartz microstructures are characterized by elon-
gate quartz ribbons, the long axis of which is sub-parallel to the
foliation plane, that are mantled by subgrains defining an oblique
fabric. In the middle of the section, subgrains are present but
less abundant, and small grain boundary bulges are found along
the margins of quartz ribbons that commonly display undulose
extinction with a weak checkered pattern. At the base of the
section, quartz grains are slightly flattened and elongated into
the shear plane and exhibit sweeping undulose extinction. Sub-
grains are poorly developed at the base of the section, but grain
boundary bulges are nearly ubiquitous along quartz boundaries.
Overall these quartz microstructures suggest modest deformation
temperatures of approximately 375-450°C (Hirth et al., 2001;
Law, 2014).
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5.2. Existing time-temperature data

The age of exhumation of the PCC has been determined for the
high-grade core and in the detachment zone. High-grade metamor-
phism and melt-present deformation occurred in the lower plate
and at the base of the middle plate in the Eocene (Vogl et al,
2012). U-Pb ages of monazite and zircon from layered migmatites,
magmatically-foliated granodiorites, and folded and boudinaged
leucogranitic intrusions range from 50-46 Ma (Vogl et al., 2012).
A high-angle cross-cutting leucocratic dike was dated at 46 Ma,
interpreted to reflect the cessation of syn-magmatic deformation
in the high grade core. The timing of deformation in the detach-
ment zone is evaluated by: (a) “°Ar/3%Ar ages of mica grains, which
indicate cooling below ~400°C by 38-35 Ma (Silverberg, 1990;
McFadden et al., 2015) and (b) 4°Ar/3?Ar ages of K-feldspar, which
indicate cooling below ~200°C by 33 Ma (Silverberg, 1990). These
geochronological data define a gap in ages spanning ~8 Myr be-
tween the early, syn-magmatic deformation of the footwall and
lower-temperature detachment deformation.

Deformation temperatures in the WSZ are derived from meta-
pelitic units located near the base of the middle plate. The highest
temperatures recorded in the middle plate are found in contact
aureoles 25 m from intrusions of the PIS, where assemblages indi-
cate temperatures above the second sillimanite isograd, suggesting
T > 650°C at moderate pressures (Pattison and Tracy, 1991). At
400 m from the contact with the PIS, assemblages are charac-
terized by cordierite-andalusite-staurolite (garnet absent) in gneis-
sic quartzite, indicating temperatures of 500-700°C and 0.2-0.6
GPa (Silverberg, 1990). Calculations from garnet-biotite and garnet-
plagioclase thermometry in schists near the base of the middle
plate indicate temperatures in the range of 590-690 °C (Silverberg,
1990).

5.3. Ti-in-quartz thermometry

Titanium contents of quartz in the Kinnikinic quartz mylonite
are used to estimate deformation temperatures using the Ti-
in-quartz (TitaniQ) thermobarometer (Wark and Watson, 2006;
Thomas et al.,, 2010). Obtaining accurate measurements of Ti con-
centrations from rutilated quartz was challenging because of the
high density of rutile needles (Fig. S1). To avoid contaminated anal-
yses, we take our lowest-Ti population of SIMS measurements as
representative. Titanium concentrations in quartz are 16-19 ppm
from the top of the section (WLM-12), 3-6 ppm in quartz grains
from mylonites from the middle of the section (WLM-9), and
0.5 ppm in cross-cutting veins (Table 1). There is abundant rutile
(both nodular and acicular) throughout the thin sections, sup-
porting the assumption of arjo, = 1. A pressure of 0.3 GPa was
assumed, based on assemblages found in contact aureoles in schist
adjacent to intrusions of the PIS (Silverberg, 1990) that indicate
P =0.3-0.5 GPa (Pattison and Tracy, 1991) and Al-in-hornblende
barometry in metapelites near the base of the middle plate that
indicates P = 0.2-0.28 GPa (Silverberg, 1990). Given these as-
sumptions, the measured Ti contents correspond to temperatures
of 450-470°C at the top of the section and 370-390°C in the
quartz grain interiors and 280°C in the cross-cutting vein quartz
in the middle of the section. We interpret Ti-in-quartz temper-
ature results to reflect ductile deformation within the WSZ over
the range of 370-470°C. Low Ti-in-quartz temperatures in cross-
cutting veins suggest an onset of brittle deformation at approx-
imately 300°C. It is important to note that our assumptions of
ario, and pressure correspond to minimum temperature estimates;
assuming lower arjo, or higher pressure will only act to increase
Ti-in-quartz temperatures.

5.4. Diffusion geospeedometry applied to the Wildhorse Shear Zone

Rutile needles were exsolving from quartz during extensional
deformation and exhumation of the WSZ. Burial and residence of
the Kinnikinic quartzite in the middle crust during the Eocene
would have homogenized quartz with a uniformly high Ti content
(e.g., 70 ppm Ti for 650°C and 7 kbar). Dynamic recrystallization
of quartz during exhumation of the WSZ re-equilibrated Ti con-
tents to the conditions of deformation and was synchronous with
exsolution of rutile, as indicated by symmetrical CL halos extend-
ing in all directions from lineated and boudinaged rutile needles
(Fig. 3A, B). Deformation geospeedometry was tested to recon-
struct the history of the WSZ by modeling diffusion profiles from
five samples across the 100 m shear zone. Two samples from the
same outcrop location (WLM-2 and WLM-3) were analyzed sepa-
rately to evaluate reproducibility. Measurements of profile widths
and geospeedometry results are shown in Fig. 8 and Table 1.

As a first approximation we fit the diffusion profiles assuming a
temperature of 500 °C, reflecting the upper range of temperatures
from Ti-in-quartz thermometry and lower range of temperatures
from conventional thermometry. At this temperature the diffusion
profiles indicate deformation timescales of ~5-10 Myr. By link-
ing constraints from field geology and geochronology with results
of geospeedometry and microstructure analysis, we can evaluate
the appropriateness of assumptions behind the geospeedometry
method and better understand the deformation conditions of the
WSZ.

Results from high and low-temperature geochronology reveal a
hiatus in deformation ages over an ~8 Myr window between the
cessation of melt-present deformation (46 Ma; Vogl et al., 2012)
and the earliest closure ages of “°Ar/3%Ar in muscovite (38 Ma;
Silverberg, 1990; McFadden et al., 2015) (Fig. 9). This age window
is consistent with other lines of structural and field evidence for
deformation in the PCC. Structural offset of the Summit Creek stock
and the North Fork Lake quartz porphyry dike complex indicates
displacements of 15-16 and 30-32 km, respectively (Wust, 1986;
Silverberg, 1990; Vogl et al., 2012). Applying our geospeedome-
try results to this structural offset indicates strain rates of ~1 x
10712 s=1 if we assume deformation localized within the 100
m quartzite unit or ~6 x 1071% s=1 if we assume deformation
was distributed across the 2 km detachment zone. Geospeedom-
etry results are also consistent with typical displacement rates
for major crustal normal faults of ~3-5 mmyr—! (Hacker et al.,
1990; Phillips et al., 2004), equating to displacement timescales of
~4-7 Myr with modest assumptions for structural offset (20 km).

However, while the timescale estimates from geospeedometry
appear to be consistent with independent constraints, there are
multiple lines of evidence to suggest that deformation persisted
to temperatures significantly below 500 °C (the value assumed for
modeling diffusion profiles), and this must be reconciled if we are
to be confident in the results of our geospeedometry analysis. First,
the 40Ar/3?Ar ages of muscovite indicate recrystallization contin-
ued to temperatures of ~400°C at 38 Ma (McFadden et al., 2015).
Second, the quartz microstructures indicate BLG and SGR recrystal-
lization overprinting an earlier GBM grain fabric with approximate
average diameters of 10 pm (Fig. 7C, S1), corresponding to stresses
of ~100 MPa (Stipp and Tullis, 2003); at 100 MPa and 400°C,
quartzite flow laws predict strain rates of 2 x 10~12 s—1 (Hirth
et al,, 2001). In contrast, strain rates of ~5 x 1011 s=1 at 500°C
are faster than predications from the integration of the geologic
or thermochronologic data, even assuming minimum fault offsets.
Third, it is likely that most of our SIMS measurements sampled
regions of quartz that correspond to the high-CL “background” as
appears in Fig. 3A, B and Fig. 8; in this case the equilibrium Ti
concentration at the time of exsolution (directly adjacent to the
exsolving needle; see Fig. 4) would be considerably less than es-
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Fig. 9. Temperature-time history of deformation in the Wildhorse Shear Zone. Re-
sults from deformation geospeedometry form a wedge-shaped region that can be
translated in absolute time. Results from geospeedometry are consistent with the
deformation history as defined by ages from multiple geochronometers.

timated by our Ti-in-quartz thermometry. Finally, the summary of
the thermochronology data shown in Fig. 9 indicates that it is un-
realistic to assume that deformation was sustained at 500 °C (with
no cooling) for the time indicated by geospeedometry results.

Taken together, these observations suggest that either (a) de-
formation persisted to considerably lower temperatures than in-
dicated by results of diffusion modeling (requiring an enhanced
diffusivity to explain the development of profiles at lower T) or
(b) the profiles formed at higher T and were undisturbed during
deformation at lower T. If quartz continued to deform to tem-
peratures of ~400°C, one would expect diffusion profiles to also
reflect this deformation, but there is no evidence for this in our ob-
served symmetrical CL halos (Fig. 3A, B). This leads us to speculate
that diffusivities may have been enhanced by hydrous conditions
prevailing during deformation, as suggested by our experiments
(Fig. 6).

To extrapolate our lab-derived bulk diffusivities to the condi-
tions of natural samples, we scale the experimental results using
the differences in water fugacity. Water fugacities are calculated
using the Pitzer and Sterner (1994) equation of state for pure wa-
ter to be 1.8 GPa for experiments and ~100 MPa at the estimated
P-T conditions of natural samples (Table 1). Given that T-t condi-
tions of our experiments are known, we can use geospeedometry
results to derive an “enhanced” Ti mobility for wet quartz at the
experimental fugacity and extrapolate this to the conditions of nat-
ural samples. For our 900 °C experiments, we measure a bulk Ti
diffusivity of ~1 x 10~17 m2s~! (Table 1, Fig. 6). We do not have
constraints on the activation energy for Ti diffusion in quartz at
hydrous conditions, so we conservatively use the value for dry Ti
diffusion (273 kjmol~!) derived by Cherniak et al. (2007). One
might expect a similar activation energy for hydrous conditions,
as changes in vacancy concentration resulting from elevated wa-
ter fugacity would have a greater influence on the effective pre-
exponential constant than the activation energy (as is the case for
hydrous diffusion in olivine; see Kohlstedt, 2006). We calculate a
pre-exponential constant for the conditions of our experiments and
normalize this to the conditions of natural samples assuming lin-
ear dependence on water fugacity, as observed for creep. At 470°C
this enhanced Ti diffusivity is 4 x 10726 m?s~!, which equates to
deformation timescales of 4 Myr and strain rates of 2 x 1012 s~ 1,
in agreement with constraints from structural offset, geochronol-
ogy ages, and typical fault displacement rates. Taking this one step
further, if a 400°C deformation temperature is assumed (corre-
sponding to quartz microstructures and recrystallized grain sizes),
it requires an activation energy ~25 kjmol~! lower than reported
by Cherniak et al. (2007) to produce strain rates that agree with in-
dependent constraints. This analysis suggests that the effect of wa-
ter fugacity on enhancement of Ti diffusivities could have modest
but potentially important outcomes when extrapolated to natural
settings.
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6. Conclusions

We modeled incomplete diffusion profiles around kinematically
oriented inclusions in two suites of deformed samples to test
the applicability of diffusion geospeedometry for reconstructing
timescales and strain rates of ductile deformation. Rutile needle in-
clusions in mylonitized quartz grains provide an ideal situation to
test shear zone geospeedometry because they behave as diffusion
couples and are sensitive to deformation kinematics. Given the
wide range of conditions under which quartz deforms plastically, it
is likely that quartz was recrystallizing over a prolonged interval of
an orogenic event. By modeling diffusion progress between rutile
needles and the host quartz, we solve for the duration over which
needles were aligned in their kinematic framework. Assuming that
high aspect ratio inclusions rotate into the lineation direction af-
ter small strains, these timescales represent a minimum duration
that a deformation event was sustained. Quantifying shear zone
deformation directly from the strain-accommodating mineral itself
(quartz) is a new approach that provides independent estimates on
the history of ductility in shear zones.

We have tested geospeedometry of rutilated quartz mylonites
on samples from the Pioneer Core Complex, where results indicate
deformation of the quartzite shear zone lasted for approximately
5-10 Myr, consistent with an 8 Myr period of shear zone deforma-
tion as defined by existing geochronology (Vogl et al.,, 2012) and
with results of geodynamic models simulating core complex ex-
humation in the North American Cordillera (Stevens et al., 2017).
Using geospeedometry results paired with estimates of structural
offset accommodated by the Wildhorse Shear Zone, we calculate
paleo strain rates of 10712 s=1 that are similar to past estimates
from other continental shear zones (Pfiffner and Ramsay, 1982;
Hacker et al., 1990; Hirth et al., 2001; Sassier et al., 2009).

Testing shear zone geospeedometry on experimental samples
where the T-t conditions are known yields trends that are rel-
atively accurate but reveals discrepancies between bulk diffusion
coefficients determined from our high-pressure deformation exper-
iments and volume diffusion coefficients determined from previous
one-atmosphere calibration experiments (Cherniak et al.,, 2007).
These differences likely reflect the importance of water fugacity,
and perhaps also deformation and recrystallization processes, on
diffusive mobility of Ti in quartz. Our results are consistent with
accelerated diffusion and mineral reaction in phases that are de-
forming via dislocation-related mechanisms and further motivate
additional experimental and theoretical research to better under-
stand effects of deformation and recrystallization processes on
mineral compositions.
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