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Abstract Coesite was found in quartz aggregates, experimentally deformed at confining pressures of
1.0-1.5 GPa and temperatures between 600°C and 900°C. The confining pressure (P.) and, in most cases, the
mean stress (o,,,) of the experiments were below those of the quartz-to-coesite phase transformation. Yet
coesite formed when the maximum principal stress (o) was within the P-T range of the coesite stability field.
In one sample, the euhedral coesite grains were corroded indicating that coesite started to transform back to
quartz. It is inferred that this sample started to deform with ¢; above the quartz-to-coesite phase
transformation and, with ongoing deformation, ; decreased to values in the quartz stability field due to
strain weakening. In all cases, o, triggered the quartz-to-coesite reaction as well as the reverse reaction,
suggesting that o is the critical parameter for the quartz-to-coesite transformation—not P, or ¢,,. With
progressive deformation, the coesite laths rotated toward the shear plane as more rigid particles with the
sense of shear. In case of back reaction, new quartz grains exhibit no systematic crystallographic relationship
with respect to old coesite. The experiments cover different degrees of pressure “overstepping,” different
temperatures, and different experimental durations at P and T, and deformation always enhances the
reaction kinetics. The observation that o, is critical for a pressure-dependent phase transformation (also for
reversals) poses questions for the thermodynamic treatment of such phase transformations.

1. Introduction

Since its discovery in natural rocks [Chopin, 1984; Smith, 1984], coesite, a high-pressure polymorph of silica,
has been widely used as an indicator of high-pressure conditions in metamorphic rocks, because the phase
transformation is only subordinately temperature dependent. Using piston cylinder apparatus, a number of
studies have been carried out to establish the pressure and temperature conditions of the phase transforma-
tion [e.g., Boyd and England, 1960; Kitahara and Kennedy, 1964; Mirwald and Massonne, 1980; Bohlen and
Boettcher, 1982; Akella, 1979; Bose and Ganguly, 1995]. A selection of transformation relations is shown in
Figure 1. Several studies were dedicated to the kinetics of the phase transformation [e.g., Mosenfelder and
Bohlen, 1997; Perrillat et al., 2003; Schénbohm, 2003].

Using the experimental data by Bohlen and Boettcher [1982] and Mirwald and Massonne [1980] which are in
good agreement at 800°C, Akaogi et al. [1995] were able to construct a consistent thermochemical database.
Earlier, Berman [1988] also used the data of Bohlen and Boettcher [1982] to calculate the pressure, P, at the
quartz-to-coesite phase transformation as a function of temperature. Following these two studies, we used
P (T)=21.6+0.0079- T+ 0.2 (with pressure in kilobars and temperature in °C), the equation given by Bohlen
and Boettcher [1982], as the most reliable one (see Figure 1). In the following, we will refer to P calculated from
this P-T relation as the transformation pressure (see later).

In several deformation studies on quartz, performed in solid medium deformation apparatus, coesite was
detected as a reaction product [e.g., Hobbs, 1968; Green et al., 1970; Hirth and Tullis, 1994; Zhou et al.,
2005]. The reported applied confining pressures (P.) were always considerably below the transformation
pressure of the quartz-to-coesite phase transformation. Green [1972] explained the coesite formation by
metastable growth from flint (partly amorphous SiO,) according to the Ostwald step rule, while Hirth and
Tullis [1994] attributed the formation of coesite to the effect of the maximum principal stress (o;) instead
of the confining pressure.

The concept of (equilibrium) pressure, as used in thermodynamics, is based on the assumption of a (litho-
static) stress state, where all principal stresses are equal: P=04 =0, =03. In absence of an equilibrium stress
state, the mean stress o, (average principal stress, average P) is usually considered the equivalent of the
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Figure 1. Selection of published P-T relations at the quartz-to-coesite phase
transformation. Heavy line: B + B 1982—Bohlen and Boettcher [1982] (used in
this study), K+ K 1964—Kitahara and Kennedy [1964], B + E 1960—Boyd and
England [1960], A 1979—Akella [1979], M + M 1980—Mirwald and Massonne lyzed in recent studies [e.g.,
[1980] (using a-quartz), B + G—Bose and Ganguly [1995]. Moulas et al., 2013; Wheeler, 2014;

Tajémanovd et al., 2015; Petrini
and Podladchikov, 2000]. Wheeler [2014] calculated the effect of differential stresses on the chemical potential
along grain boundaries and showed that differential stress could significantly shift the pressure threshold for
metamorphic reactions. Moulas et al. [2013] invoked a “pressure variation” (i.e., a differential stress) to which
the rock as a whole is exposed. Their theory predicted that for equilibrium to exist after a phase transforma-
tion, the pressure of the new phase had to be close to the minimum or the maximum principal stress (o or
a3). When considering observations made on experiments [e.g., Hirth and Tullis, 1994], they concluded that it
should be ;.

Research on mineral equilibria under nonlithostatic stress is in its infancy and may require the application of
nonhydrostatic thermodynamics. Such a treatment is beyond the scope of the study presented here. For the
presentation and discussion of our experimental results, we will distinguish the following terms; in particular,
we will refer to the (temperature dependent) pressure at the quartz-to-coesite transformation as the transfor-
mation pressure Py ans (1) principal stresses: o4, 05, and o3, where o; is the maximum compressive stress; (2)
confining pressure: P, in experiments P.= o3 =0, < 04; (3) mean stress: 6,,, = (o1 + 05 + 73)/3, in experiments
om= (01 +2P.)/3; (4) transformation pressure: Pyans, the pressure at the quartz-to-coesite transformation, as
determined for a given temperature T; (5) g1-flow stress: the constant level of 5, during steady state deforma-
tion; (6) o,-overstepping: the amount by which ¢, exceeds Py.ns for the quartz-to-coesite transformation or
the amount by which o falls below Py, for the coesite-to-quartz transformation.

The kinetics of the coesite-to-quartz transformation has been studied to understand the preservation poten-
tial of coesite in high-pressure metamorphic rocks. The first-order reconstructive phase transformation
between trigonal quartz and monoclinic coesite requires nucleation of a new phase and thus activation
energy. Therefore, overstepping of the phase boundary has a strong effect on the kinetics of the phase trans-
formation. As the quartz-to-coesite transformation is primarily pressure dependent, usually only pressure
overstepping is considered, and overstepping of ~200 to 600 MPa has been applied in kinetic studies by
Mosenfelder and Bohlen [1997] and Perrillat et al. [2003]. Mosenfelder and Bohlen [1997] found a strong depen-
dence of the transformation on nucleation rate, while Perrillat et al. [2003] observed that nucleation rate was
always fast, so that the growth rate was the controlling factor for the kinetics of the transformation. In addi-
tion, the growth rates of the coesite-to-quartz transformation reported by these studies differed by 1 order of
magnitude or more.
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Studies on the coesite-to-quartz transformation published so far are difficult to compare because the experi-
mental procedures, the degree of overstepping, the grain size of the material, the water content, and the
duration of the experiments vary considerably [Mosenfelder and Bohlen, 1997; Perrillat et al., 2003;
Schénbohm, 2003]. Mosenfelder and Bohlen [1997] used single runs of loading and tried to minimize cracking
during the preparation, whereas Perrillat et al. [2003] applied several cycles of prograde and retrograde trans-
formations to one sample which may have increased the defect density in the material. This in turn could
have caused higher nucleation rates as were indeed observed in the study by Perrillat et al. [2003].

All kinetic studies found that once a sufficient pressure overstepping was achieved, increasing the tempera-
ture had an additional enhancing effect on the rate of the phase transformation [Mosenfelder and Bohlen,
1997; Perrillat et al., 2003; Schénbohm, 2003]. Perrillat et al. [2003] observed lower transformation rates for
the coesite-to-quartz transformation than the quartz-to-coesite transformation (by 1 order of magnitude).
Schénbohm [2003] found significantly faster transformation rates for the coesite-to-quartz transformation
than Perrillat et al. [2003], but the water content of the starting material in the study by Perrillat et al.
[2003] was very small, while Schénbohm [2003] did not measure the exact water content (but high water con-
tents were assumed).

In the study presented here coesite was formed in shear experiments performed on quartz aggregates in a
modified Griggs apparatus at confining pressures below those of the phase transformation. In experiments
where ¢, exceeded the transformation pressure, coesite was found in the samples. Where ¢, dropped below
the transformation pressure again, the back reaction to quartz could be observed. We will discuss both the
level of the principal stresses necessary to trigger the reaction and the influence of deformation and other
parameters on the kinetics of the quartz-to-coesite phase transformation.

2. Experiments

Fifteen shear deformation experiments were carried out using two modified Griggs type solid medium defor-
mation apparatus. The following sections address the preparation of the sample assembly, the experimental
procedure, the description of the data processing, with special emphasis on the stress conditions, and the
microstructural analysis methods.

2.1. Sample Preparation

The starting material was crushed quartz from a single crystal derived from a cleft in the Aar Massif
(Planggenstock, Switzerland). Parts with few fluid inclusions were used. The inclusions were composed of
H,O-rich fluids with minor CO, and NaCl [Tarantola et al., 2012], but most of them decrepitated during the
crushing procedure. All samples were prepared in the same way. A grain size fraction below 100 um obtained
by sieving was used. This powder, with 0.2 wt % H,O added, was placed between 45° precut Al,O5 forcing
blocks, where it formed a zone of ~1 mm thickness (Figure 2). This assembly was wrapped with a Ni foil
and inserted into a Pt jacket, which was then weld sealed. The confining medium was solid NaCl. The tem-
perature was controlled by S-type (Pt/Pt-Rh) or K-type (Cr-Al) thermocouples (depending on the deformation
temperature). Maximum temperature fluctuations of +3°C were recorded during experiments. The vertical
temperature gradient inside the jacket was ~10°Cmm™" for experiments deformed at 700°C. A more detailed
description of the sample assembly can be found in Pec et al. [2012a].

2.2. Experimental Procedure

The samples were pressurized and heated to the required deformation conditions within 5-9 h. The pressure
was slowly increased to ~150 MPa, before heating the furnace to 100°C (heating rate 20°C min~"), to prevent
the added water from evaporating. Temperature and confining pressure were increased in alternating steps
of 100°C and 100-200 MPa, respectively, such that the conditions always remained in the a-quartz stability
field (Figure 3, inset). During pressurization the confining pressure (P.) was nominally hydrostatic. A nonhy-
drostatic stress component on the samples (resulting from a difference between the load applied through
the o; and the o3 piston) could not be entirely avoided but rarely exceeded 100 MPa.

At the end of the pressurization, when the desired P-T conditions were reached (end of stage (1), Figure 3),
the external pistons were in a piston-out position. The experiment was started by moving the ¢; piston
through the top lead piece to bring it into contact with the upper forcing block (see Renner [1996] for more
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Figure 2. Sample assembly. (a) Sample (quartz powder) is inserted on 45° precut between forcing blocks, surrounded by
the confining medium (NaCl) and a carbon furnace (modified after Pec et al. [2012a]). (b) Stresses in the sample: F—load
applied to upper forcing block, P —confining pressure (MPa), o,—normal stress, t—shear stress. (c) Sample geometry: d—
displacement of o piston, th—thickness of sample, and ds—shear displacement parallel to sample-forcing block inter-
faces. Small shear couple arrows indicate sideways escape of forcing blocks.

details). At the beginning of this so-called run-in (stage (2) in Figure 3) the load on the piston increased shar-
ply by approximately 50-100 MPa (occasionally even more). After this, the force record curved over and
increased gently throughout the run-in until it got close to the hit point where it started increasing again until
it was as steep as the loading part of the force record (stage (3) in Figure 3). The hit point is therefore not well
defined; rather, it has to be constructed. The “classical” hit point (point B, Figure 3) is obtained by intersecting
the tangent lines to the run-in and the loading curve (dashed lines, Figure 3) as described, e.g., by Pec [2014].
In this study, we used point A (Figure 3) on the same tangent to the loading curve, however, at a load level
that corresponds to the beginning of the run-in (obtained by intersecting the tangent lines to the initial steep
part and the subsequent flatter part of the run-in stage).

After an initial steep increase of the load, the sample continued to deform at increasing, decreasing, or con-
stant load levels. The experiment was stopped by quenching the sample to 200°C within 2 or 3 min (cooling
rates 150-300°Cmin~") and retreating the o, piston in such a way that o, was at a slightly higher level
(~200 MPa) than the confining pressure. The sample was depressurized to ~250 MPa followed by the
decrease of pressure and temperature to room conditions.

2.3. Calculation of Stress and Strain in Sample

An external load cell was used to measure the force applied to the o, piston (Figure 2a). A direct current dis-
placement transducer (resolution ~1 pm) was used to record the displacement of the ¢, piston relative to the
steel frame of the Griggs apparatus; one of the machines (rig 2) was additionally equipped with a digital
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Figure 3. Signal-time plot of a typical mechanical data record (452br). F—force on ¢4 piston and P. —confining pressure mea-
sured as oil pressure applied through the hydraulic ram. Five stages are indicated: (1) pressurization (static)—attaining P-T
conditions, (2) run-in—advancing ¢ piston through top lead piece, (3) loading of sample (4) deformation of sample, and (5)
quenching and subsequent slow depressurization. The inset shows a schematic P-T path during pressurization for 800°C at 1.0
and 1.5GPa in a SiO, phase diagram (calculated with Theriak Domino based on the Berman database, 1988; tridymite not
shown).

linear-transformation measurement system (LTM, resolution =0.1 um). Measuring the pressure of the hydrau-
lic ram, which actuates the o3 piston, continually monitored the confining pressure. All data were digitally
recorded at a frequency of 1 Hz and analyzed with a modified version of one of the programs that were used
previously [see, e.g., Pec, 2014]. The details of this correction are not the subject of this paper; however, the
software can be downloaded from www.earth.unibas.ch/micro.

In a first step, the displacement, load, and pressure measurements were used to derive the principal stresses,
o1 and a3, in the forcing blocks, which were assumed to remain undeformed under the applied P, T, and load-
ing conditions. The second step was the calculation of the stresses transmitted to the deforming sample
along the 45° precut.

Stresses in the forcing block: at the start of the experiment (t = 0), the minimum and the maximum principal
stresses were both set to the value of the confining pressure measured at the hit point (A in Figure 3) such
that 61(0) = 03(0) = P. and Ac(0) = 0.00. The maximum principal stress (o) was calculated by adding the differ-
ential stress (Ao) to a3. During the experiment, o+(t) was calculated assuming a constant cross sectional area
of the Al,O3 forcing blocks (Figure 2b), and Aa(t) was calculated as the difference between o(t) and a5(t). It is
assumed that o5 is not constant but increases with time as the ¢, piston gets pushed into the pressure vessel.

The shear and normal stresses acting on the sample (across the piston sample interface) were calculated
using the Mohr circle construction. For a sample orientated at 45° with respect to the applied o4, the shear
stress z(t) = Aa(t)/2, and the normal stress o,(t) = (o1 (t) + 03(t))/2. Normal and shear stresses inside the sample
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were calculated by balancing the normal and shear forces across the piston sample interface taking into con-
sideration the ever decreasing area of piston overlap [Heilbronner and Tullis, 2006] and the increasing confin-
ing pressure [see Heilbronner et al., 2015] resulting in a combined correction for piston overlap and confining
pressure buildup.

As the principal stress (o) at t = 0 was not determined from the classical hit point but from the lower value of
the new hit point (B in Figure 3), the so-called friction correction (an increase of o, extrapolated from the
slope of the run-in curve, see Pec [2014]) was not necessary. Also, the correction proposed by Holyoke and
Kronenberg [2010] was not applied, as will be discussed later.

All samples thinned during the experiments, as could be measured after deformation. For the calculation of
the shear strain (y=ds/th, see Figure 2), it was assumed that thinning was continuous and linear throughout
the experiment. At each point, the shear strain was obtained by summing the incremental shear strains (cal-
culated for decreasing sample thickness) between the recorded data points.

2.4. Texture and Microstructure Analysis

To analyze the microstructure, samples were cut parallel to the displacement direction and impregnated
under vacuum with epoxy to prepare doubly polished thin sections. Thin sections were analyzed by means
of light microscopy and scanning electron microscopy (Philips XL 30 ESEM). The acceleration voltage varied
between 10 and 15 kV. Raman spectroscopy was conducted on a Bruker SENTERRA spectrometer using a
532 nm laser. For Electron backscatter diffraction (EBSD) analysis, the thin sections were polished additionally
with colloidal silica suspension “OP-U-nondry” for 2 to 3 min. A field emission Zeiss Merlin scanning electron
microscope (SEM) with a Nordlys nano camera was used, and the samples were analyzed in high vacuum. The
data were acquired with Oxford AZtec software and processed with Channel 5 and MTEX. Grain sizes were
calculated using the StripStar method [Heilbronner and Barrett, 2014].

3. Results

One suite of experiments was carried out at 1.5 GPa confining pressure and temperatures between 600°C and
900°C (Table 1). The shear strain rates varied between ~2.5-107°s~", ~2.5-10"%s™" and ~2.0-10 s~
Additional experiments were conducted at 1.0 GPa confining pressure and temperatures of 650°C, 700°C,
and 800°C.

3.1. Stresses, Pressures, and the Formation of Coesite

All samples were loaded to peak stress conditions and some were stopped at this point. Some samples dis-
played steady state or weakening stress conditions with ongoing deformation. Plotting the maximum princi-
pal stress (g,)—rather than the differential stress—against shear strain, the samples can be divided into three
classes with respect to the quartz-to-coesite phase transformation (Figure 4):

1. The first class is characterized by the formation of coesite. In these experiments, o attained a level above
the transformation pressure, Pyans, before reaching the peak stress and stayed above Py,ns until quench-
ing (Figure 4). Some experiments were stopped at or shortly after the peak stress yielding only small
amounts of coesite.

2. Inthe second class, o1 never reached P45 at any time during the entire experiment; no coesite could be
detected.

3. In the third class (one experiment), g1 also reached a level above P,,,,,s before reaching peak stress, and
coesite was formed. As a consequence of strain weakening during the subsequent deformation, o, fell
below Pyans again (Figure 4a) triggering a reverse reaction of coesite to quartz.

This correlation between ¢, and presence or absence of coesite is independent of confining pressure and
shear strain rate. Whenever ¢; exceeded Py, coesite was found in the samples, with the sole exception
of experiment 338br, which was stopped close to peak stress. In it, no coesite could be found despite ¢ hav-
ing exceeded Pyans, suggesting that the duration of the experiment, in other words, transformation kinetics
plays an important role.

In all of our experiments the confining pressure P. and the mean stress o,,, stayed far below Py (Figures 5a and
5b). Data from published studies, also included in Figure 5, show a few cases where ¢,,, > Pyans, due to the high
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values reached for o, [e.g., Hirth and
Tullis, 1994]. In contrast, coesite
formed if o exceeded Pians, With
one exception (338br) at 600°C
(Figure 5¢). If ;1 stayed below Pyans,
no coesite was found, even for values
of o1 close t0 Py ans. The same correla-
tion holds for the study by Hirth and
Tullis [1994], with exceptions at low
temperatures (500°C) where no coe-
site was detected despite ¢ having
exceeded Pians.

3.2. Microstructural Observations
of the Quartz-to-Coesite
Phase Transformation

All samples start out as pure quartz
powders and acquire, in the course of
the experiments, typical dense quartz
microstructures in response to com-
paction, temperature, flow stress, and
strain rate. Coesite forms in a small
volume fraction (see Table 1), and it
probably does not influence the
microstructure  development  of
quartz in a significant way. Rather,
coesite grains seem to nucleate and
grow, adjusting to the deformation
of quartz as rigid particles without
deforming internally. In the next para-
graphs, we therefore start by describ-
ing the microstructures and textures
of quartz, followed by a description
of coesite as well as the interaction
between coesite and quartz.

3.2.1. Microstructure and Texture
of Quartz

Samples deformed at 1.5GPa and
temperatures below 700°C are char-
acterized by fracturing and probably
frictional sliding, accompanied by
dissolution-precipitation  processes
as well as the beginning of dynamic
recrystallization. Riedel shears domi-
nate the microstructure. At 700°C
and higher temperatures, recrystalli-
zation becomes pervasive, and vis-
cous deformation microstructures
dominate. At low strain (y<2) or
strain rates faster than 107°s™',
shear bands develop. At high strains
(y>3), samples are more homoge-
neously deformed with pervasive
dynamic recrystallization (Figure 6).
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The recrystallized grains of the sam-
ple deformed at 700°C show a strong
crystallographic preferred orienta-
tion (CPO) with one peripheral maxi-
mum of the ¢ axes subnormal to the
shear plane, rotated slightly with the
sense of shear (red color coding of Z
direction) and a maximum of a axes
subparallel to the shearing direction
(Figure 6a). The CPO is consistent
with dislocation creep as the domi-
nant deformation mechanism for
quartz. The typical equivalent dia-
meters of recrystallized grains in
samples deformed at 700°C and
800°C (measured as the mode of
the 3-D recalculated grain size distri-
butions) are 25um and 5pm,
respectively. At lower temperatures
or higher strain rates grains
are smaller.

3.2.2. Microstructure and CPO

of Coesite

Coesite crystals can be distinguished
from quartz on account of their
higher birefringence in light micro-
scopy and higher Z contrast in SEM
backscattered-electron (BSE) images
(Figure 7). Using Raman spectro-
scopy, coesite is easily distinguished
from quartz (Figure 8) by distinct
peaks, at 465cm ™" (quartz) and at
522cm™ (coesite). In measurements
made in small grains both bands can
appear. In this case, the signal is not
considered as evidence for inter-
growth between these two phases;
rather, the Raman spectrum is a
mixed signal of the small coesite
grain and the surrounding quartz.

An elongated tabular shape charac-
terizes euhedral coesite crystals with
the largest diameter (less than 10 um
up to a few tens of micrometers) par-
allel to the c¢ axis and the shortest
diameter parallel to the b axis
[Renner et al., 2001]. Coesite grains
(<20 um largest diameter) appear
around and between quartz clasts
(diameter 30-40 um, see Figure 7¢),
as well as dispersed among recrystal-
lized grains. In highly deformed sam-
ples, the  coesite platelets
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Figure 6. EBSD orientation maps of (a) quartz and (b) coesite. Sample 383br (step size 0.8 pm) with pole figures (maxima indicated, contour intervals 0.5 times uni-
form distribution), inverse pole figure color coding of Z direction (normal to shear plane).

(predominantly high aspect ratios > 2.5) are aligned at a small angle to the shear plane (Figures 7a and 6).
Occasionally, multiple coesite grains seem to grow from single nucleation sites, forming rare spherulitic struc-
tures (Figure 7b). They may also grow from the surfaces of larger quartz grains (Figure 7c). In 383br (700°C,
y~5), many coesite grains have partly lost their well-defined euhedral shape; instead, grain boundaries show
a corroded appearance indicating the reverse transformation of coesite to quartz (Figures 7e and 7f).

In general, coesite forms throughout the sample, most abundantly in the region where the forcing blocks
overlap (Figure 9). The less deformed end regions of the samples are always coesite free. Moreover, coesite
is usually absent near the “heels” of the forcing blocks where stress concentrations are expected. In some
cases, coesite may be related to local stress concentrations, for example, at contact surfaces of clasts
(Figure 7¢).

The amount of coesite found in the samples varies considerably. Three samples (435br, 383br, and 495br;
Figure 9) deformed at 650°C, 700°C, and 750°C, respectively, show a distinct pattern. At 650°C, coesite crystals
nucleate with random orientations at random sites within the quartz matrix as small volume fractions, often
much less than 1vol % (Table 1). At 700°C and with increasing shear deformation, the coesite platelets are
rotated as rigid particles toward the shear plane in the dynamically recrystallizing quartz matrix. Volume frac-
tions of 2-3 vol % coesite are attained. Finally, at 750°C, the volume fraction of coesite crystals keeps increas-
ing (up to ~30 vol %) defining a wavy foliation (Figure 7a).

At high strain (y > 3) and 700°C, coesite shows a strong CPO with a strong alignment of the {010} planes sub-
parallel to the shear plane and the {100} planes subnormal to the shear plane (Figure 6b). The coesite grains
do not display any dynamic recrystallization or bending of crystals (intracrystalline plasticity), so that the CPO
is interpreted to be the consequence of the shape anisotropy and rotation of rigid tabular coesite grains
toward the shear plane in the weaker quartz matrix.

Earlier studies indicate a growth relationship between coesite and quartz ([130]|[10-11], Zinn, 1996). This cor-
relation could not be observed, neither for the growth of coesite on quartz nor for the reverse reaction.
Furthermore, no clear growth direction of quartz on coesite was found.
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Figure 7. Coesite in deformed samples. (a) Alignment of coesite grains (495br, SEM/BSE). (b) Radial aggregate of coesite
grains (435br, SEM/BSE). (c) Coesite grains nucleated along surface of quartz clasts (447br, SEM/BSE). (d) Single coesite
grain embedded in quartz (383br, reflected light) with measurement points for Raman spectra (Figure 8). (e) Coesite grain
with corroded appearance (383br, SEM/BSE). (f) Same as Figure 7e with arrows pointing to locations of the reverse coesite-
to-quartz transformation.

3.2.3. Transformation Kinetics

A suite of experiments (339br, 351br, 383br, and 437br) performed at intermediate temperature of 700°C,
1.5GPa, 107> s~ ! and different amounts of finite strains (2.0 < y < 4.9) shows that the longer the duration
at the condition where o1 > Pyans the more coesite forms (Figure 10). Samples 339br and 351br yield the
same amount of coesite after 6.5h and 6.7h (<0.1vol %) demonstrating good reproducibility. Sample
437br yields ~0.5 vol % after 11.6 h, and sample 383br yields ~1.9 vol % after 17.3 h. Note that 383br also
shows microstructures of the reverse reaction of coesite to quartz; hence, the amount of coesite originally
formed may have been slightly higher.

The lower the temperature, the more time is needed to obtain a given coesite fraction. For example, in sam-
ple 479br, deformed at 600°C and 43.9 h at 61 > Py ans, Only a few coesite grains (<0.1 vol %) forms. In con-
trast, sample 435br, deformed at 650°C with 38.3 h at the same o, overstepping and deformed at the same
strain rate yields more than an order of magnitude more coesite (3.2 vol %; Figure 10 and Table 1).

The degree of g, overstepping needs to be considered, too. High o, overstepping during an experiment
(~1350 to 1600 MPa, in 435br, 481br, 479br, 338br, and 495br) does not yield systematically higher amounts
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Figure 8. Raman spectra of quartz and coesite grains from two different samples. The small peak at 465 nm in the spectrum
of the coesite grain of sample 351br is a background signal of the surrounding or underlying quartz. For wavelengths below
200cm " the mineral spectra are superposed by epoxy in the thin section and therefore neglected. Spots of Raman
measurements of sample 383br are marked in Figure 7d.

of coesite compared to lower o; overstepping values (<500 MPa in 383br, 437br, and 447br)—temperature
and strain rate are more important factors (Figure 10 and Table 1)

Despite the fact that the stress difference between ¢ and Py ans and the time in the respective stability field
was the same, the amount of quartz produced during the back transformation was very small. The precise
amount could not be determined because we did not find a reliable criterion (textural or microstructural) that
could help us distinguish between the back reacted and the original quartz in every case.

4, Discussion

The following discussion focuses on microstructural characteristics of the quartz-to-coesite phase transfor-
mation at nonhydrostatic stresses and the kinetics of this transformation. In addition, metastable formation
and geological implications will be discussed.

4.1. Maximum Principal Stress as Critical Parameter for the Quartz-to-Coesite Phase Transformation

All coesite-bearing samples of our experiments were subjected to o, higher than P,,s derived from nomin-
ally hydrostatic experiments (Figures 4 and 5). Samples without coesite experienced a1 below Py ans. At 700°C
and y~ 5, the transformation from coesite back to quartz is observed. It is assumed that the back reaction
starts when ¢, decreases with progressive deformation and falls below Py, (Figure 4a, sample no. 383br).
The mean stress, o, in samples containing coesite remains below Pyans (Figure 5b), even if the transforma-
tion pressures of Bohlen and Boettcher [1982] are used, the lowest of all experimentally determined pressures
(Figure 1). The o, realized in our experiments cannot explain the coesite occurrence, because in most experi-
ments, a,,, remains up to several hundreds of MPa below Py ,ns. Thus, using the mean stress concept as the
representative for Py.ans fails and it is implied that o > Pyans is a sufficient condition for coesite formation.

The data set by Hirth and Tullis [1994] shows similar results as ours. All coesite-bearing samples experienced
o1 higher than Py,ns, but the mean stress of two coesite-bearing experiments by Hirth and Tullis [1994]
reached Py,,s for the given temperature (Figure 5b). Three samples deformed at 500°C had o, values higher
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Figure 9. Distribution of coesite in samples after deformation. (a) Sample 435br (SEM/BSE image). Note deformed forcing block at left. (b) Sample 383br (reflected
light with polarizer). (c) Sample 495br (transmitted light).
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Figure 10. Avrami plot for coesite at 1.5 GPa confining pressure. Temperature is color coded, symbols denote amount of
shear strain, and size of symbols denotes amount of o1 overstepping. Avrami equation is fitted to data at 700°C (n =3.3
and k=4.8-10"°),650°C (1=4.9 and k=3.6-10"°), and 600°C (1=4.8 and k=15-10"°).

than Pyans, but no coesite was found (Figure 5c), which is most likely related to sluggish transformation
kinetics at low temperatures. The study by Zhou et al. [2005] contains two coesite-bearing experiments where
o1 values are close to Pyans. One experiment reached the coesite stability field, and the other one is in the
quartz stability field, but in both of them coesite formed.

4.2. Metastable Formation of Coesite?

The o, values in most samples of Green [1972] and one described in detail by Hobbs [1968] have remained
below the Py.ns of the quartz-to-coesite transformation, and only one of the two described samples of
Zhou et al. [2005] has reached the Py.ns Without exceeding it (Figure 5). These situations are different from
the ones described by Hirth and Tullis [1994] and those of this study, where in all coesite-containing samples
o1 has been well above P,s. Therefore, it is unlikely that in our samples coesite forms as a metastable phase
as it is concluded by Hobbs [1968], Green [1972], and Zhou et al. [2005] for their experiments.

Furthermore, during deformation of all of our samples, a large part of the quartz recrystallizes dynamically. If
coesite did form as a metastable phase, such coesite is expected to decompose (back transform) during con-
tinuing reconstitution (recrystallization) of the material. However, the back transformation of quartz to coe-
site is only observed in the sample, where ¢, values decrease below Py,,. In addition, we do not observe
a systematic effect of the confining pressure on coesite formation as inferred by Zhou et al. [2005]. Coesite
occurs if the o values are higher than Py, at 1.0GPa or 1.5GPa confining pressure, P, (i.e, o3) (see
Figures 4a and 4b).

An extreme approach for the phase transformation in conjunction with deformation has been taken by Su
et al. [2006], who ball milled their quartz samples before subjecting them to high pressure and temperature.
Similar to Kingma et al. [1993], they observed the formation of an amorphous phase during ball milling and
during subsequent high-pressure treatment; coesite grew after extremely short times (less than 1 min). Their
results appear to be similar to those of Green [1972], who explained the formation of coesite below the trans-
formation pressure as the result of metastable crystallization from partly amorphous material according to
the Ostwald step rule. This rule implies that a metastable phase (coesite) nucleates and grows more efficiently
than a stable phase (quartz) because the activation energy for the formation of the metastable phase with
respect to the original material (partly amorphous SiO,) is smaller than the activation energy for the stable
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phase [Green, 1972]. The experiments of Green et al. [1970] and Green [1972] have been carried out using flint.
Flint contains large amounts of amorphous silica, so that the Ostwald step rule applies to the formation of a
crystalline phase from amorphous material. Our starting material consists of fully crystalline quartz, and no
signs of amorphous material, produced during loading or deformation, have been observed. Furthermore,
Pec et al. [2012b] produced (partly) amorphous material in experimentally deformed granitoid rocks where
the quartz remained always crystalline and the amorphous domains are depleted in SiO, relative to the start-
ing material, so that amorphization of quartz has never been observed. Given the reasons above, in our study,
which considers the direct phase transformation from quartz to coesite, it is very unlikely that coesite should
have formed as a metastable phase.

4.3. Effect of Potential Stress Raisers

Only bulk measurements of force can be made with our experimental equipment, and the stress states con-
sidered above refer to the entire sample. As the quartz powder is a polycrystalline material, the stress state of
individual grains is expected to be heterogeneous and will depend on the neighborhood relationships, elas-
tic anistropy, grain boundary orientations, etc. The analysis of the stress state of individual grains requires
special equipment (see, e.g., Bystricky et al. [2015]—not commonly employed for hydrostatic and deforma-
tion experiments). The stress state of a grain boundary depends on the orientation of that boundary with
respect to the acting forces. Therefore, the normal stress acting on a grain boundary was introduced as a sca-
lar term by Gibbs [1906]. This approach was further developed by using the chemical potential to describe the
stress state at grain boundaries [e.g., Robin, 1978] in the theory of pressure solution: For stress states with o4
above and o3 below the equilibrium pressure of the phase transformation, the high-pressure phase is
expected to grow in the compression direction and react back to the low-pressure phase on the extensional
side of the grains [Shimizu, 1992]. We do not observe a specific growth direction of coesite with respect to a4,
probably because the more rigid character of coesite grains with respect to quartz causes an alignment of the
coesite grains at a small angle to the shear plane during subsequent deformation stages (see Figures 6b, 7a,
9b, and 9¢), so that the overall preferred orientation of coesite and, locally, its orientation with respect to the
neighboring quartz is the result of this alignment rather than the original stress state.

Stress concentrations have to be expected in a polycrystalline material, especially when deforming in the brit-
tle field. But in most samples we observe coesite distributed throughout the shear zone and not only in spe-
cific locations. Moreover, if stress raisers did occur, they should only persist for short time spans in a
continuously deforming sample. If the stress concentration provided a stress high enough to nucleate coe-
site, the stress would decay instantaneously and coesite could not grow any further, because it is in a meta-
stable state. Instead, the observed coesite of our samples indicates continued growth, and metastable
growth has been excluded above. In samples that are dominated by brittle deformation processes (e.g., at
low deformation temperatures and high strain rates) it is possible that stress raisers could persist.
However, viscous deformation processes and extensive recrystallization (e.g., at high deformation tempera-
tures) as occurred in our experiments make stress raisers an unlikely candidate for stable coesite formation.

4.4, Stress Estimates From Recorded Force Data

The force-displacement record of each experiment is converted to a stress-strain plot using the new com-
bined correction for confining pressure and piston overlap. Both are a function of the advancement of the
o1 piston and thus of the increasing shear strain. We did not use the stress correction proposed by Holyoke
and Kronenberg [2010] because it was determined for coaxial experiments under low confining pressures
(<0.4 GPa), while the experiments discussed here were performed under shearing conditions on quartz at
high confining pressures (up to 1.5 GPa). Furthermore, the stresses published by Hirth and Tullis [1994] and
Zhou et al. [2005], to which we compare our results (Figure 5), do not include this correction. Note that if
the correction proposed by Holyoke and Kronenberg were used, the calculated maximum stresses of most
of the coesite producing experiments shown in Figure 5 would not reach the coesite stability field.

In addition, sample 452br (700°C, 1.0 GPa confining pressure, y ~4.4) remains below Py, (~130 MPa) and
does not contain any coesite, while 383br (700°C, 1.5 GPa confining pressure, y~4.9) exceeds Pyans by
~100 MPa and contains coesite. If the correction by Holyoke and Kronenberg [2010] would be applied, both
samples would not reach Py ans and the absence or presence of coesite at these similar conditions (same tem-
perature, similar shear strain and shear strain rate, difference in 1 max < 230 MPa) could not be explained.
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4.5. Kinetics of the Quartz-to-Coesite Transformation

Our experiments were not originally intended for systematic kinetic studies of the quartz-to-coesite transfor-
mation, and systematic overstepping criteria are lacking. They were carried out with the aim of finding steady
state flow stresses for quartz. Yet we can analyze semiquantitatively the transformation progress (expressed
by the amount of coesite produced) that varies considerably with pressure overstepping, temperature, and
strain [Rubie and Thompson, 1985] and fit an Avrami-type curve (¢ =1 — exp(—(k- )" with & (%)—volume frac-
tion) to the amount of coesite formed (as vol %) against time spent in the coesite stability field (in seconds),
(Figure 10). For T=700°C our curve fit yields n=3.3 and k=4.8- 1075 for T=650°C the curve yields n=4.9 and
k=3.6-10"% and for T=600°C the curve yields n=4.8 and k=1.5-10"°. The increase of k with increasing
temperature illustrates the temperature dependence of nucleation and growth rate, which are included in
the k value [Porter and Easterling, 1992]. At 700°C, n is between 3 and 4, indicating the dominance of the
nucleation rate. The high n values (n > 4) for lower temperatures can suggest an inhomogeneous distribution
of nuclei or very high nucleation rates [Sun et al., 1996]. However, n values above 4 correlate with high over-
pressure (>1GPa at 600°C and 650°C; see Table 1). Unfortunately, low volume fractions of coesite at 600°C
make it difficult to fit the data.

For 700°C, 14.6 h are needed for the growth of 1 vol % coesite. In contrast after less than 1s 1 vol % coesite has
grown in Perrillat et al. [2003] experiments, which is faster than in our experiments. Perrillat et al. [2003] cal-
culated n values below 1 (n=0.73 £ 0.1 for 700°C) indicating diffusion as controlling factor. The k values
(k=2.3+0.5-1072 for 700°C) are higher by three orders of magnitude compared to our k values illustrating
the earlier onset of the transformation. The H,O content in our experiments is approximately 1 to 2 orders of
magnitude higher than those of Perrillat et al. [2003]. A catalytic effect of H,0 on reaction kinetics is generally
assumed, although its physical nature is not well understood. However, it should be noted that there are sev-
eral parameters (e.g., grain size) that vary between our study and Perrillat et al. [2003]. The most important
difference is the fact that we deformed our samples, and therefore, only o but not o,,, exceeds Pyans (i.e.,
in the coesite stability field). In contrast, static kinetic studies [e.g., Perrillat et al., 2003] have applied a constant
pressure overstepping of oy,

The observations of different durations and extents of o, overstepping, different finite strains, and different ¢
values in samples deformed at 700°C (Figures 4 and 10) suggest that deformation and time spent in the coe-
site stability field have a greater kinetic effect on the transformation than the &, overstepping alone.
Furthermore, the back reaction has occurred to a small extent in 383br (Figure 7) even though the time is
equal to the time in the coesite stability field, supporting the conclusion by Perrillat et al. [2003] that the
coesite-to-quartz transformation is slower than the quartz-to-coesite one.

The slow reaction rates at low temperatures (<600°C) appear to be the reason why coesite is not present in
our sample 338br, although o, exceeded Py4ns by ~1400 MPa during ~17 h. In sample 479br (same tempera-
ture, confining pressure, o, overstepping, and strain rate), which was in the coesite field for ~44 h, coesite is
present (Figure 10), probably because the reaction rate is not fast enough at low temperatures of 600°C to
form coesite at durations shorter than ~30-40 h. At 600°C and 650°C, o, overstepping is similar (Figure 4),
but the volume fraction of coesite is considerably higher after shorter duration (Figure 10). Probably the
absence of coesite in the samples of Hirth and Tullis [1994], deformed at 500°C with high ¢; overstepping
values (Figure 5c¢), can be explained by the same kinetic barrier of low temperature.

In deformation experiments it is difficult to separate the quantitative contribution of individual factors to
kinetics, such as temperature, strain rate, duration, and o or Py,,s Overstepping. It has been inferred for
solid-solid metamorphic reactions between plagioclase and olivine that deformation may increase the reac-
tion kinetics by approximately 1 order of magnitude [De Ronde and Stiinitz, 2007]. As a consequence, it can be
concluded that, in addition to temperature and pressure overstepping, deformation adds a third variable to
the kinetics of the phase transformation.

The term “deformation” refers to the process and includes the effect of finite strain and strain rate. For exam-
ple, samples deformed at high strain rates (Figure 4c) show the fastest reaction kinetics, i.e., the highest reac-
tion rates of our samples in the Avrami plot (Figure 10 and Table 1). The deformation process will increase the
Gibbs free energy (G) of the deforming phases, providing a driving potential for the transformation similar to
overstepping [Stiinitz, 1998; De Ronde and Stiinitz, 2007]. It probably is not the dislocation density alone,
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which provides the additional AG, because the dislocation density is proportional to the differential stress
[Kohlstedt, 2007], and the differential stress in the high strain rate samples (495br, 499br, and 447br) has been
similar to or lower than that of the lower strain rate samples (479br, 481br, and 338br), which show slower
reaction kinetics (Figure 10 and Table 1). As the kinetics is strain rate dependent, it may be the energy dissi-
pation rate during deformation [Austin and Evans, 20071, which plays an important role for the driving poten-
tial in reaction kinetics.

4.6. Geological Implication

The growth of coesite in these experiments illustrates that the high-pressure phase can nucleate and grow if
o, reaches values above Py4ns, €ven if o3 or o,,, are below this pressure. Under low differential stresses, where
the difference between ¢ and o, is small, it is difficult to identify whether o4, 3, or 6., is responsible for the
phase transformation. Our results support the view expressed in the literature [e.g., Schmalholz and
Podladchikov, 2014] that the presence of high-pressure phases in deformed rocks is not necessarily an indi-
cator for high lithostatic pressure. Numerical models indicate the possibility of high differential stresses in
parts of the lithosphere [Schmalholz and Podladchikov, 2013; Reuber et al., 2016]. The critical question is
how high can differential stresses be in nature?

|u

Typically, flow laws for wet quartz [Paterson and Luan, 1990; Hirth et al., 2001] indicate “normal” geological
strain rates of 107 "2 to 10~ "* s~ for differential stresses of tens to hundreds of MPa, so that these are typical
estimates for natural conditions [e.g., Wheeler, 2014, and references therein]. Values of 300 + 100 MPa have
been independently determined for quartz, jadeite, and calcite at 300-350°C in Kiister and Stckhert [1999]
and 50-100 MPa for dry quartz at ~800°C in Menegon et al. [2011]. In general, high &, values are expected
to occur in mechanically strong lithologies. Dry quartz has been proposed as an example for strong litholo-
gies [e.g., FitzGerald et al., 2006; Menegon et al., 2011]. Therefore, dry quartz and a strong lithology at higher
temperatures may be candidates for the occurrence of elevated differential stresses and thus phase transfor-
mation with o4 above Py ans and o, below Py ans.

Stress data are often “bulk” measurements on the kilometer scale. But there is evidence for local variations in
the stress state (e.g., creeping fault segments) [Rowe and Griffith, 2015] if stresses localize over several deci-
meters to meters producing temporary stress raisers. In addition, the introduction of mechanically strong het-
erogenities in numerical models [Reuber et al., 2016] produces local high-stress regions in subduction zones,
so that apparently, high ¢ could be temporarily realized on a local scale. It should be noted that the stress
raiser at the grain scale are transient in space and time. The mesoscopic stress raisers, mentioned above,
could possibly be more persistent. Consequently, under high o; new phases could grow, which normally
are associated with higher depth. Therefore, depth estimates made from high-pressure phases in such situa-
tions could overestimate the actual depth.

Coesite is predominantly found as inclusions in mechanically strong phases, e.g., garnet, where the back reac-
tion of coesite-to-quartz is suppressed [e.g., Chopin, 1984, 2003; Taj¢manovd et al., 2015]. One of the main rea-
sonsgiven forthe preservation is that the strong minerals may actas a “pressure vessel” and thus maintain a high
pressure for the coesite [e.g., Moulas et al., 2013]. This study demonstrates that deformation enhances the reac-
tion kinetics so that the back transformation of coesite to quartz is very likely to occur in a deforming matrix. So
the back reaction to quartz may be likely—as in the case of a slowly deforming matrix (deformation active overa
long time)—or impossible—as in the case where coesite may remain locked inside a nondeforming mineral.

5. Conclusions

In shear experiments, quartz can transform to coesite as soon as the maximum principal stress (o) exceeds
the (temperature dependent) pressure for transformation (Pyans) determined from hydrostatic experiments.
The reverse transformation of coesite to quartz is triggered only when ¢, drops below Py,,s during strain
weakening deformation. The formation of (stable) coesite can take place, even when P, and o, are below
Pirans the formation of metastable coesite is excluded in our experiments.

The positive effect of the deformation process, namely, strain and strain rate, on the kinetics of the phase
transformation can be separated qualitatively from the effect of temperature, time, and o, overstepping.
Enhancing effects of temperature, time, and o, overstepping on kinetics are confirmed, too.
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