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Abstract Understanding conditions in the Earth's interior requires data derived from laboratory
experiments. Such experiments provide important insights into the conditions under which mineral reactions
take place as well as processes that control the localization of deformation in the deep Earth. We performed
Griggs-type general shear experiments in combination with numerical models, based on continuum mechanics,
to quantify the effect of evolving sample geometry of the experimental assembly. The investigated system

is constituted by CaCO, and the experimental conditions are near the calcite-aragonite phase transition. All
experimental samples show a heterogeneous distribution of the two CaCO, polymorphs after deformation.
This distribution is interpreted to result from local stress variations. These variations are in agreement with the
observed phase-transition patterns and grain-size gradients across the experimental sample. The comparison of
the mechanical models with the sample provides insights into the distribution of local mechanical parameters
during deformation. Our results show that, despite the use of homogeneous sample material (here calcite),
stress variations develop due to the experimental geometry. The comparison of experiments and numerical
models indicates that aragonite formation is primarily controlled by the spatial distribution of mechanical
parameters. Furthermore, we monitor the maximum pressure and 6, that is experienced in every part of our
model domain for a given amount of time. We document that local pressure (mean stress) values are responsible
for the transformation. Therefore, if the role of stress as a thermodynamic potential is investigated in similar
experiments, an accurate description of the state of stress is required.

Plain Language Summary To understand processes in the Earth's interior, we can simulate the
extreme conditions via laboratory experiments by compressing and heating millimeter-sized samples. Such
experiments provide important insights into mineral reactions and processes that control deformation in the
Earth. We performed rock deformation experiments close to calcite-aragonite phase (CaCO,) transition.
Deforming the sample leads to stress variations due to the experimental geometry. These variations are
documented by locally occurring phase transition and variation in the grain-size. We performed computer
simulations of the deforming sample to quantify, for the first time, the effect of sample geometry on the
distribution of mechanical variables, such as stress, pressure, or deformation, inside the sample. The new
findings document that any mechanical variable cannot be treated as homogeneous within the sample
because the variations can be significant. Deforming the sample leads to stress concentrations. By comparing
the experimental observations and simulation results, we show that locally high pressure triggers the

phase transition to aragonite, the high-pressure polymorph. This has important consequences for further
thermodynamic interpretations of systems under stress, where the role of deformation, pressure, or maximum
principal stress on mineral reactions is investigated.

1. Introduction

Understanding how geological materials respond to deformation helps us to reconstruct and predict geodynamic
processes as well as natural hazards. Deformation experiments are required to simulate the pressure (P), tempera-
ture (7), and mechanical conditions that occur below the Earth's surface. The flow of rocks and the corresponding
deformation rates are primarily dependent on stress, temperature, and confining pressure (e.g., Karato, 2008;
Paterson & Wong, 2005). In fact, high temperatures favor viscous deformation, where the stress that is expe-
rienced by the rock is proportional to the strain rate. Experiments performed at high pressure and temperature
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conditions (HP-HT) provide not only mechanical data (e.g., stress and strain rate) but also influence the rock
microstructure (i.e., changes in grain-size; e.g., Griggs, 1940; Schmid et al., 1980; Poirier, 1985; Paterson &
Wong, 2005). The experimentally produced microstructures can be studied to gain insights into deformation
mechanisms and be compared with naturally deformed samples to ensure the applicability of the laboratory
results to nature. For example, the relation between stress and grain-size has been used as paleo-piezometer to
infer stress conditions in natural microstructures (e.g., Rutter, 1995; Schmid et al., 1980).

A common assumption in coaxial shortening and general shear deformation experiments is that the state of
stress can be treated as homogeneous within the sample, thus leading to spatially homogeneous strain rates.
However, several studies have documented the heterogeneous distribution of high-pressure polymorphs (e.g.,
quartz/coesite) in deforming samples that experienced phase transitions (Green, 1972; Hirth & Tullis, 1994;
Hobbs, 1968; Richter et al., 2016; Zhou et al., 2005). Interestingly, all these studies demonstrated that the crys-
tallization of the high-pressure polymorph is not a simple function of the confining pressure but it rather occurs
in non-hydrostatically stressed samples. In particular, the maximum principal stress (o,) in the deformed samples

reached a value equal to or greater than the phase transition pressure (P, ). On the one hand, this observation

trans:
has led to interpretations, where the experimentally determined o, has a major impact on mineral reactions and
phase transitions (e.g., Paterson, 1973; Wheeler, 2014). On the other hand, theoretical studies suggest that the
heterogeneous nucleation of high-pressure polymorphs is related to the spatially heterogeneous strain or pressure
(Ji & Wang, 2011; Moulas et al., 2013). Recently, the combination of deformation experiments together with
numerical modeling of rock deformation confirmed the presence of stress and pressure variations during coaxial
shortening of heterogeneous samples (Cionoiu et al., 2019). This work qualitatively related these variations to
locally occurring phase transitions. Based on these new findings, it is essential to be able to quantify the hetero-
geneity of mechanical parameters in order to quantify the stress/pressure distribution. Complex thermodynamic

interpretations must be based on mechanically valid observations/sample models.

In this contribution, we build on the recent findings of Cionoiu et al. (2019) and present combined numerical
models and deformation experiments to quantify the effect of evolving sample geometry on the heterogeneous
distribution of mechanical parameters such as differential stress and mean stress. We use a simple CaCO, system
in general shear experiments and analyze the spatially inhomogeneous crystallization of aragonite at condi-
tions where the confining pressure favors calcite formation. Furthermore, we relate the observed heterogene-
ous grain-size distribution in the experimental samples to the modeled (heterogeneously distributed) differential
stress. Our combined results suggest that the evolving sample geometry is responsible for significant variations
in all mechanical parameters that need to be considered in deformation experiments. Moreover, the evolution of
the locally resolved pressure in time explains the spatial distribution of the two polymorphs within the sample.
Therefore, any thermodynamic interpretation of a stressed system must take into account the locally resolved
state of stress during sample deformation.

2. Methods
2.1. Deformation Experiments and Sample Preparation

General shear deformation experiments were carried out in Griggs-type deformation apparatuses installed at the
ETH Zurich and University Tromso (UiT) using a solid salt sample assembly (Tullis & Tullis, 1986). The detailed
experiment conditions are shown in Table S1 in Supporting Information S1. We followed the preparation, exper-
imental, and correction procedure after Richter et al. (2016), and the adapted techniques are listed below. The
sample material was either Carrara Marble (samples 022SC-026SC) or natural calcite-powder (524SC-530SC
and 001-008SC), which was sieved to 63—125 pm and not washed. The natural powder was obtained from crush-
ing a high purity Iceland spar single crystal (from Helgustadir, Iceland). Both sample materials were dried at
110°C. In addition, the material for 511SC was a clear calcite crystal that was crushed to <0.5 mm, neither sieved
nor dried. 0.1 pl of H,O was added to all samples with a calcite mass of 98-103 mg (i.e., ~0.1 wt%). The sample
material was placed between two alumina (Al,O,) forcing blocks that were pre-cut at 45° relative to the vertical
displacement direction, within a 0.15 mm thick welded Pt-capsule (Figure 1a). To obtain this configuration, the
lower forcing block was introduced into the jacket, then the powder was added and pre-compressed at a 45° angle.
After adding water, the second forcing block was placed on top and the capsule was welded. The expected shear
direction was marked on the jacket and the thermocouple was placed at the side of the shear zone in a central
position. Each assembly was hot-pressed for 13—-15 hr at 600°C and experimental confining pressure before
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Figure 1. Sketch of the experimental configuration and terminology followed in this study. (a) Initial sample configuration (undeformed). The starting sample material
is calcite, pistons, and forcing-blocks are made from alumina (Al,O,), and the confining medium is potassium iodide (KI). The platinum jacket covers the whole
sample. For clarity, only the sliding part is shown, because this strongly influences the sample deformation. (b) Sample configuration at the end of an experiment with a
description of the (scale-dependent) terminology for stresses used in this paper. We use left-side superscripts to indicate the location to which mechanical variables refer
(confining medium, piston, sample-average). The sample averaged values are those commonly published in the experimental literature and represent the stress state of

a homogeneously stressed and deforming material confined between the decreasing overlap area of the forcing blocks. 6, denotes the mean stress equal to P. The actual
stress data of the sample are indicated without superscript. All compressive stresses are positive by definition. (c) Expected stress-strain evolution during an experiment
that is set up at confining pressure closely below the phase transition. Weak experiments (low *“*Ao) reach *“P below P Strong experiments (high **Ac), the *“P is
overstepping P, P, is phase transition pressure at given temperature.

trans® ~ trans

trans*®

deformation. After the deformation experiment, the sample was quenched from 600°C to 200°C at a rate of
25°C/s to prevent back-reactions and preserve any transformed phases.

In this work, the sample-average mechanical variables (classically reported in experimental rock-deformation
literature) are indicated by “sa” superscripts (Figure 1b). The measurements of the confining pressure in both
machines were corrected as shown in Text S2 in Supporting Information S1. The mechanical experimental
data (stress and displacement) were corrected using the RIG AB program (Heilbronner et al., 2020; Richter
et al., 2016). This includes corrections for: decreasing piston-overlap area, friction during lead run-in, and
deformation and machine compliance. Furthermore, the “classical” hit point was used (see Figure 3 in Richter
et al., 2016), and *“c, was set equal to *s; (= “YP) at this point. The variations of *c, during deformation were
evaluated beyond this point. In particular, the externally measured force (F) is recalculated to sample averaged
stress (*“o, = F/A) where A is decreasing over time, thus accounting for the decreasing forcing-block sample
overlap. Following the convention in experimental literature, all stresses (including pressure) are taken as positive
in compression.

The mechanical data (e.g., stress and strain rate) derived from Griggs-rig experiments represent the average
state of an idealized, homogeneously stressed, and deforming shear zone. Simple geometrical corrections are
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commonly applied to extract the sample-averaged stress and strain-rate values (Heilbronner et al., 2020; Richter
et al., 2016). Thus, approximations for the pressure (i.e., mean stress) within the sample need to be made consid-
ering the particular aspects of the flow in general shear. The sample-average pressure (mean stress) is then given
by (see Text S3 in Supporting Information S1 for details):

sao.l + 5863

2

saP= (1)

This equation suggests that the pressure of the sample depends not only on the confining pressure “VP = %g,
but also on the maximum principal stress *“s,. The confining pressure during the experiments was preferen-
tially chosen to be below the phase transition pressure (calcite-aragonite) (*“c; in Figure 1c). Similarly, the

sample-average differential stress is given by:
SaA(T:SaO'] _sao_3 (2)

Therefore, the sample-average pressure *“P may be above or below P, depending on *“*c, and the *"As, which is

trans

reflecting the strength of the analyzed sample (Figure 1c).

After recovery from the assembly, the samples were cut in half, mounted in Acryl (Struers Specifast), and
polished with diamond paste (down to 0.25 pm) for reflected light microscopy and Raman spectroscopic analysis.
For Electron Backscatter Diffraction analysis (EBSD), an additional polishing step with colloidal silica (Struers
OP-U non-dry) was performed.

2.2. Raman Spectroscopy

Raman spectroscopic mapping was used to locally resolve the distribution of calcite and aragonite after the
experiment. Raman mapping was carried out using a WITec Alpha 300R microscope and UHTS 300 Spectrom-
eter VIS-NIR at Heidelberg University. The x-y stage was operated at a step-size of 8 pm. A 50X objective and a
grating of 1,200 grooves/mm were used. The excitation laser wavelength was 531.98 nm. The laser intensity at the
sample was 50 mW, which allows distinguishing calcite and aragonite spectra with 0.33 s acquisition time. For
the map interpretation at each pixel, the spectra were analyzed and assigned to calcite (peak at 283 and 713 cm™;
Biellmann & Gillet, 1992), aragonite (peak at 209 and 706 cm~!, Biellmann & Gillet, 1992) or a mix. The inten-
sity of the different aragonite and calcite peaks varies with crystal-orientation and thus allows an approximate
assessment of crystal coherence and size.

2.3. Electron Backscatter Detection

A field emission gun scanning electron microscope (JEOL IT800) at the Heidelberg University, equipped with
an Oxford Instruments Symmetry2 EBSD was used for the EBSD analysis. The machine was operated in high
vacuum mode, with 18 kV acceleration voltage, ca. 50 nA beam current, an aperture of 30 pm and sample tilt of
70°. The patterns were binned to 156 X 128 px and dynamic background correction was applied. The orientation
data were pre-processed in Aztec crystal (auto-clean), by removing wild spikes and applying a Kuwahara filter
and merging twinned grains (plane orientation). Grain-size (area-equivalent diameter) maps and distributions
were calculated using the MTEX toolbox (Hielscher & Schaeben, 2008), with a grain-boundary angle of >7°. For
discrete values, we report the modal value of a Weibull fit to the grain-size distribution.

2.4. Numerical Modeling of Sample Deformation

The actual variations of mechanical variables within the sample cannot be resolved in a deformation apparatus
and therefore, sample-average values are used. To compute these local variations in the sample throughout the
experiment, a numerical model is performed.

We used a finite difference numerical model to calculate the local mechanical variables (e.g., stress and strain
rate) within the experimental assembly (Cionoiu et al., 2022). The model has a numerical resolution of 551 x 851
grid points. We solve Stokes' equations for slow, viscous, incompressible flow. The code uses the MATLAB®
direct solver, employs a staggered grid for discretization and the marker in cell method for model advection
(Gerya & Yuen, 2003). For characteristic timescales that are larger than the effective viscoelastic deformation

CIONOIU ET AL.

4 of 18



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2022JB024814

timescale, the incompressible approximation yields accurate stress/pressure values (fig. 5 in Moulas et al., 2019).
For the conditions of interest, the characteristic timescale of a purely viscous but elastically compressible material
is ~100 s, which is much smaller than the simulated time. The model represents a cross section through the exper-
iment in the e,—e, plane and it resolves the stress distribution within the forcing blocks and sheared calcite. This
also allows the investigation of the influence of the confining medium and jacket deformation between the pistons
and forcing blocks (see numerical results). Our experimentally determined and previously modeled temperature
gradients indicate a variation of ca. 5% over the vertical distance of the sample, which does not affect the distri-
bution of phases in experiments under stress (Cionoiu et al., 2019). Therefore, temperature is assumed to be
homogeneously distributed and constant during deformation.

The boundaries of the model domain are extended to include the forcing blocks, pistons, and the confining
medium (salt). In this way, the sample is at the center of the model domain and no boundary conditions are
imposed on the sample directly. This treatment allows the simulation of more realistic boundary conditions on
the sample (e.g., shape changes due to friction). Boundary conditions were set to free slip at the sides and top of
the extended model, while the bottom was set to no-slip. An internal zone of constant vertical and zero horizontal
displacement rate was set in the upper alumina piston. To control the overall deformation rate of the sample
region, a uniform displacement rate in vertical direction is defined for experiments that produced symmetric
thinning. The asymmetric thinning is produced by superimposing a lateral change in vertical velocity across the
top piston that ranges from 1 (left) to 1.12 (right) of the base deformation rate. Within 600 calculation steps, a
bulk shear strain of y = 4.0 was reached.

The rheology of the sample materials was modeled using a power-law viscosity recalculated to strain-rate depend-
ent effective viscosity using the relationships between stress and strain invariants and experimentally derived
values described in Gerya (2009). For rheologies derived from either coaxial or for simple shear experiments
Equation 3 and Equation 4 are used, respectively.

L 0
et = 2(n=1)/n3(n+1)/2n X A|/”é(rt-l)/n X exp (HRT) (3)
I
__ 1 y 9
Neft = 2@n=1)in Al/“é("‘l)/” exp nRT (4)
1I

where neﬂ(Pa 8) is the effective viscosity; &, (s™1) is the second strain rate invariant, R (kJ/(mol K)) is the universal
gas constant, 7 is the stress exponent, T (K) is temperature, Q (kJ/mol) is the activation energy, and A (Pa™ s7})
is a material parameter. The parameters we used for the different materials are described below.

We focused on modeling the deformation experiments in the CaCO, system that were performed in this study.
In addition, we used the same numerical approach to model the results published for the SiO, system (Richter
et al., 2016, 2018) for comparison. The flow law of Schmid et al. (1980) for Carrara Marble is used for calcite
(Regime 2; n=7.6,A =3.16 X 10~*, Q0 = 418.4 in Equation 3). For temperatures of 600°C and strain rates of ca.
10~%s~1, differential stress is approximately 100-300 MPa. Under these conditions, the strengths of aragonite and
calcite marbles are comparable for similar grain-size (50—100 mm; Rybacki et al., 2003). For the quartz samples,
we use the stress exponent derived by Richter et al. (2018) for their experiments and merge the temperature sensi-
tivity together with the pre-exponential factor as only one temperature is analyzed. The effective pre-exponential
factor A was calculated to fit the experimentally determined stress-strain relation (n = 1.9, A = 9.46 x 1072,
0O = 0in Equation 4).

For the salt that is used as confining medium and the platinum jacket surrounding the sample, we employ
temperature-dependent power-law. The flow law parameters for salt and platinum are based on Frost and
Ashby (1982). The pre-exponential factor was adjusted to fit their deformation maps in the region of interest (y:
1073-107% and T: 500-800°C). For platinum, the parameters of silver are used (both face-centered cubic metals)
which approximate its behavior best, based on experimental observations (n = 4.3, A = 8.77 x 1073°, 9 = 100
in Equation 3). For KI-salt, the material strength was reduced to 30% of NaCl-salt strength (Inoue, 1957; Pec
et al., 2012) by modifying A (n = 3.6, Q = 205; for NaCl: A = 4.64 x 10~"; for KI: A = 3.60 x 10~'3 in Equa-
tion 3). The viscosity of the non-deforming alumina parts (pistons and forcing blocks) was assumed to be constant
with 10'® Pa s, that is, at least two orders of magnitude higher than the surrounding materials.
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Figure 2. Experimentally produced shear zones and the corresponding sample-average stress-strain curves. The deformed samples are shown as a combination of
Raman maps laid over reflected light microphotographs. The dashed red line indicates the orientation that is parallel to the opposed forcing-block interface. The

insets on the right show the sample-averaged principal stress and pressure (*‘s,, *“P, and *“c;) evolution with increasing strain. The gray line marks P,  (1.52 GPa at
600°C). Both axes are scaled equally for all plots. The sketch in the left upper corner shows the approximate location of the shear zone within the sample assembly. (a)
Experiment performed at low <P and stopped at y = 2.2, showing the early stage of aragonite formation and a small asymmetry. (b) Symmetric experiments that show
less variation in shear-zone thickness and a more symmetric distribution of aragonite. (c) Experiments that show asymmetrical thinning of the shear zone. Aragonite is
more abundant in the thinned parts.

3. Experimental Results

In all experiments, aragonite formed at the expense of calcite to a varying extent. In fact, calcite and aragonite
grains show strong local variation in shape, size, and orientation indicating variations in strain. For all experi-
ments, the strain gradient across the shear zone is small in the core of the sample and it increases toward the tips
of the shear zone. Regions of higher strain are the regions with the smallest grain-size (Figure 2 and Figure S4
in Supporting Information S1). In experiments with y > 4, an average grain-size of 20 um was measured in the
center of the shear zone. A first abrupt and then gradual increase in grain-size (from 2 to 60 pm) along the vertical
section is observed at the rims (Figure 2b).

After deformation, the observed thickness of the shear zone is not always constant, this variability appears to
correlate with the original sample grain-size. The initially coarse-grained samples (e.g., 511SC and 026SC)
show little thickness variation along the shear zone (Figure 2b). The initially fine-grained samples (e.g., 007SC
and 528SC) exhibit asymmetrical thinning that also produced thin and thick bulges at the tips of the shear zone
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(Figure 2c). The low shear strain sample 008SC (Figure 2a; y = 2.2; asymmetry 13%) shows the initial nuclea-
tion of aragonite predominantly in the slightly thinner half of the shear zone. For this sample, both, */s, and *P,
were below the transition threshold (Figure 2a, inset). All other deformed samples experienced larger strain and
sample-average stresses and can be broadly categorized as “symmetric” or “asymmetric” based on the variation
of shear zone thinning (Figure 2).

3.1. Symmetric Shear Zone

The forcing blocks confining the shear zone are subparallel in the symmetric geometries (Figure 2b). The devia-
tion of the forcing block faces from parallel is less than 1.5° (i.e., 16% thickness variation). In these experiments,
aragonite is distributed almost symmetrically around the shear-zone center. In 026SC, only *c, overstepped P, ..
and aragonite formation is confined to the zone, where the forcing blocks overlap. In 511SC with high finite
strain (y = 4), both, **P and *s,, exceeded P, . Here, almost all of the calcite starting material between the
forcing blocks is transformed to aragonite. Interestingly, some aragonite is also found in the extruded bulges.
However, an increased amount of calcite is observed in a triangular-shaped region between the extruded bulge
and the confined shear zone (Figure 2b). The two samples, 511SC and 026SC, have different starting material
and preparation procedure as described in Section 2 and in Table S1 in Supporting Information S1. Furthermore,
sample 511SC shows the highest degree of transformation and grain-size reduction, which may be associated
with significant softening behavior that is documented macroscopically (Figure 2b; inset). As the materials were
not prepared employing exactly the same procedure, further investigation of this potential softening effect is

beyond the scope of this study.

3.2. Asymmetric Shear Zone

In asymmetrically thinning samples, the right end of the shear zone is up to 41% thinner compared to the left end
(Figure 2c). With respect to the assembly orientation, thinning is mostly observed at the upper tip of the shear
zone. The asymmetric thinning of the samples is also observed in the platinum separators (cups) between pistons
and forcing blocks. *o, exceeded P, in the asymmetric samples (Figure 2c). The thinner part in these samples
shows an increased formation of the high-pressure phase aragonite (Figure 2c). Specifically, in 528SC, the tran-
sition is almost complete in its thinner part, while its thicker end consists mainly of calcite. In 007SC, aragonite
formation is heterogeneous in the thinned part, where an increased amount of aragonite was formed next to the
upper piston right tip (Figure 2¢). This region, near to the forcing block inner tip, is also characterized by reduced
grain-size (Figure S4 in Supporting Information S1).

4. Modeling Results

The modeled configuration allows for the quantification of mechanical parameters for all the major compo-
nents of the experimental assembly including the confining medium, the pistons/forcing blocks, and the jacket
(Figures 3a and 3b). The numerical results show that the stress state of the low-viscosity confining medium (salt)
is close to hydrostatic and homogeneous as expected (Figure 3b). Conversely, pressure is not homogeneous in
the rest of the model during deformation (Figure 3b). This means that the state of stress within the deforming
sample is not homogeneous. The numerical model results can also be used to extract the mechanical variables in
a way that is emulating the experimental measurements (confining pressure, piston, and sample average stresses;
see Figures 3¢ and 3d for details). For the comparison of sample-averaged data, we performed a piston-overlap
correction in the same manner as in the processing of the experimental data (Figure 1b). Since we are only mode-
ling the viscous deformation of the assembly, the steep stress increase of the “loading phase” is not depicted by
our model. The model results are presented separately for the symmetric and the asymmetric case as it was done
in the case of experimental results.

4.1. Symmetric Shear Zone

The distribution of mechanical variables is shown in relation to the locally averaged values for the case of a
symmetric shear zone (Figure 4). The spatial distribution of the mechanical variables within the samples gener-
ally follows two trends in this geometry (Figures 4a and 4b). The values of 6, P, and o, are generally higher in the
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Figure 3. Overview of numerical model results. (a) Full model configuration and time evolution with increasing finite strain (y). A constant displacement rate is
defined for the upper piston (black arrows mark displacement vector field). (b) Mean stress (pressure) distribution during deformation within the model (in color).
(c) Time evolution of the *,, P“""c, and “”P values. (d) Differential stress derived from the model #**"As (dotted line) and resulting **As (solid line) after overlap

correction.

core of the sample with the maximum values being at the region of maximum overlap of the two forcing blocks
(Figure 4a). These values are decreasing toward the confining medium, where they yield an almost hydrostatic
stress state at the sample-confining medium interface. The results indicate that all normal stresses are higher in
the core of the sample domain and their distribution is not homogeneous in such experiments. Other mechan-
ical variables that are related to the intensity of shear deformation (As, 7, and y), are also not homogeneous
within the shear zone. The distribution of these variables shows increased values along the shortest diagonal that
connects the two tips of the opposite forcing blocks, with lower values around the sample core and higher at the
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Figure 4. Results from numerical model of the experimental assembly for the case of a symmetric shear zone (e.g.,
511SC). The 2D model is shown for y = 3.9. (a, b) Distribution of mechanical variables within the shear zone (in color)
and the surrounding regions (edges of the forcing blocks and confining medium). The color-bars for 6, P, o;, Ao, 7,

and y are centered around the sample average values which are indicated by white color. Contours for 6, P, 6, and Ac

are calculated with a 25 MPa interval. Positive (red) and negative (blue) variations from the sample-average values are
indicated. Point symbols in 6/, P, 6, and Ac indicate the locations where the local values are monitored. (c) Distribution of
the effective viscosity in the sample. (d) Stress evolution for the indicated points within the shear zone as functions of the
finite strain. Additionally, the range of pressure (variation) within the shear zone (dashed yellow line in (a)) is shown. The
sample-averaged values are shown for comparison. (e) Differential stress evolution for the indicated points as a function of
strain. Range of variations and sample-average value as in (d).

tips (Figure 4b). The effective viscosity follows the opposite trend compared to the strain rate (Figure 4c). The
comparison of the distributions of all stress variables shows that relatively high values of Ac within the sample
coincide with the maximum values of P, 6, and ¢, only around the core part of the sample (compare Figures 4a
and 4b). However, the highest values of A are found adjacent to the inner forcing blocks tips, where the value of
P is close to pressure of the confining medium.

More specifically, the increase in P, ¢,, and o, from the edge of the sample toward its core can reach 250 MPa
over a distance of 4 mm along the shear zone. Such an increase is larger than the magnitude of the modeled
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sample-averaged differential stress (210 MPa; Figures 4a and 4e). The variations in P, ¢, or o, are increasing with
on-going deformation (increase of y), reflecting a more pronounced heterogeneous distribution of stress within
the sample. This heterogeneity is responsible for the large range of the stress values in Figures 4d and 4e. After
relatively large deformation (y = 3.9), the local values of 5, P, and o, are increased by ~120 MPa at the sample
core compared to the expected sample-averaged values (Figure 4d). In contrast, for the same deformation amount,
the local values of o,, P, and o at the sample rim are reduced by ~90 MPa compared to the sample-averaged
value. Interestingly, the models reveal a small triangular region between the shear zone and the extruded bulge,
where the sample pressures are lower than the pressure in the confining medium (Figure 4a). In summary, the
modeled geometry reveals that, at later stages of deformation (y > 2.5), the local pressure in the central region
can be as high as *“s,. On the contrary, at the ends of the shear zone, the local pressure values can be as low or
even lower than as *“o;.

The values related to the intensity of shear deformation also show a heterogeneous distribution that amplifies
with increasing deformation. For y = 3.9 and for the present case of calcite with an average strain rate of 1.7¢107
s~1, the central sample region (i.e., between overlapping forcing blocks) has values of local strain rates ranging
from 3¢10~* to 10~% s~! (Figure 4b). For a vertical section across the central region, the differential stress ranges
between 150 and 200 MPa, with the highest values being at the central point of the sample (Figure 4b). In addi-
tion, the differential stress across the shear zone close to the inner tip of the forcing blocks drops from 250 MPa at
the top-right side to 90 MPa at the bottom-right side (Figure 4b). These values indicate a differential stress gradi-
ent across the shear zone (e.g., vertically in Figure 4b) that is ~150 MPa/mm for the core region and ~240 MPa/
mm for the shear zone edge. As a result of all the stress/strain rate variations, the effective viscosity varies by
more than 1 order of magnitude within the shear zone (Figure 4b). It is important to note, that although As and
y follow the same diagonal distribution, they are nowhere simultaneously equal to the sample average values, as
would be required by the homogeneous deformation assumption.

4.2. Asymmetrically Thinning Shear Zone

To reproduce the observed thickness variation of the shear zone in the experimental samples (007SC and 528SC;
Figure 2c), we imposed a horizontally increasing gradient of 12% in the deformation speed of the upper piston
(see Section 2 and Figure 3). This gradient is responsible for the asymmetric velocity field and results in the
uneven thinning of the modeled shear zone. The numerically produced shear zone is 25% thinner on its right tip
compared to its left tip at the final deformation stage (Figure 5). Similar to the symmetric case, the distribution
of the mechanical variables follows two trends. o, P, and o, have the largest values at the core of the shear zone
where the overlap region of the forcing blocks is maximal (Figure 5a). Ao, y, and y are also heterogeneously
distributed, with the relatively high values being along the shortest diagonal that connects the two forcing blocks
(Figure 5b). Due to its strain rate sensitivity, the effective viscosity is relatively lower at the same diagonal as it
was observed in the symmetric models (Figure 5c).

The model results reveal that, despite the similar trends in mechanical variables, the asymmetric shear zone has
maxima of ¢,, P, and o, that are shifted toward the thin part of the shear zone (Figure 5a). Furthermore, the large
values of Ae, 7, and y along the shortest diagonal are slightly more pronounced on the thin (right) side of the
shear zone (Figure 5b). Similar to the symmetric shear zone model, all spatial variations in mechanical variables
amplify with the progression of deformation. This amplification is reflected by the scatter of the time-evolution
curves in Figures 5d and Se. These curves show that the pressure within the shear zone can reach values that are
larger than *“s, and smaller than *“c, (Figure 5d). Thus, the pressure variation along the shear zone in such experi-
ments is larger than **Ac (Figures 5a, 5d and 5e). Interestingly, the pressure in the core of the shear zone is almost
identical in value to the *“o, at strains greater than 2.5 (Figure 5d). Differential stresses within the shear zone also
show an increasing variation over time with the largest values being ~250 MPa and the lowermost values being
~110 MPa (after y > 2.5), both at the thin side of the shear zone (Figure 5e).

5. Comparison of Experimental and Modeled Stress Values

The produced numerical model was validated against the presented experimental samples using both qualita-
tive (shape and distribution) and quantitative (stress and grain-size measurements) criteria. To a first order, the
numerical model captures the geometrical evolution of the deforming sample well (e.g., Figure 3). In a more
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Figure 5. Results from numerical model of the experimental assembly for the case of an asymmetric shear zone (e.g.,
528SC). The 2D model is shown for y = 3.9. The description for (a)—(e) is identical as in Figure 4.

quantitative way, the numerically produced sample average stress and strain rates are compared to the correspond-
ing experimental values.

The experimentally measured peak Ao ranges between 250 and 350 MPa, and the modeled Ao varies around
205 MPa for both, symmetric and asymmetric, geometries. However, the numerical models are based on flow
laws determined in a gas apparatus (Schmid et al., 1980). Such data can be compared with Griggs-type experi-
ments only if an additional calibration is applied (correction factor = 0.73; Holyoke & Kronenberg, 2010). Apply-
ing the inter-apparatus calibration raises the numerically determined stresses by 80—140 MPa, varying with the
assembly type (Figure 6). The potassium-iodide assembly used here is both, softer than NaCl and stronger than
molten salt. Therefore, any remaining difference between model and experiments is within error.

The inhomogeneity of stress, strain, and strain rate in deformation experiments is quite common and can be
observed in many cases such as the necking of metal rods under tension, barreling in compression, or shear band
formation in rock or soil. The inhomogeneous strain/stress distribution makes the stress-strain curves no longer
objective for the characterization of material behavior (Vermeer & De Borst, 1984, p. 13). Thus, if the role of
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Figure 6. Stress-strain curves of the analyzed samples in comparison to numerical modeling results obtained using a

flow law calibrated in a gas-apparatus (model gas cal). We apply the calibrations of Holyoke and Kronenberg (2010) to

the modeling results: Molten salt assembly (MSA) and solid salt assembly (SSA—calibrated using NaCl), see main text

for details. The strength of the potassium-iodide assembly ranges in between these two (Inoue, 1957; Pec et al., 2012). A
generally good fit between model prediction and experimental results is observed. For stress-strain curves of all experiments
done see Figure S5 in Supporting Information S1.

stress as a thermodynamic potential is investigated, an accurate description of the state of stress is needed. The
distribution of differential stress within the sample may not be known during the experiment. However, we
can use the resulting grain-size distribution from the experimentally deformed samples as a proxy for the level
of differential stress distribution based on grain-size piezometry (for calcite: e.g., Rutter, 1995). The general
relation is that the recrystallized grain-size can be inversely related to the differential-stress level. Figure 7a
illustrates that the grain-size in the experimentally deformed sample is not homogeneous. There is a distinct
gradient with the smaller grains being observed at the tip of the lower forcing block and increasing grain-sizes
being observed toward the opposing (upper) forcing block (Figure 7a), where the strain decreases to almost
0. The average grain-size increases from few microns adjacent to the forcing block tip to ca. 2040 pm at the
“upper” low-strain-end. This is documented by the increasing mode of the grain-size distribution analysis done
for each half individually (Figure 7b). The modeled differential stress for the region, where the EBSD map was
done, correlates with the increase of stress inferred from the grain-size variations across the shear zone in the
analyzed region (Figures 7a and 7c). A more quantitative comparison of the experimental grain-sizes with model
results calculated from differential stress and already published piezometers are shown in Figure S6 in Supporting
Information S1.

It is important to note, that the relative magnitude of local stress/pressure/strain variations presented here is
strongly dependent on the aspect ratio of the shear zone. Increasing the thickness (for a given length), will lead
to less pronounced spatial variations.

6. Discussion and Conclusions

We performed calcite deformation experiments and numerical models to simulate its behavior near the
calcite-aragonite phase transition. All experimental samples show aragonite formation locally that resulted in
a heterogeneous distribution of the two CaCO, polymorphs. In addition, numerical models were developed and
used to provide insights into the distribution of local mechanical parameters during sample deformation. The
modeled principal stresses, pressure, differential stress, and deformation rates also show heterogeneous patterns
as observed in the experimentally produced phase and grain-size distribution. In fact, in experimental studies, it is
common to observe shear bands and zones of localized deformation not randomly distributed but rather following
specific patterns (Holtzman et al., 2003; Marti et al., 2020; Pec & Al Nasser, 2021; Pec et al., 2016). In this work,
we showed that the distribution of shear stress and strain is more pronounced along the short diagonal in the
central part of the sample, that links the forcing-block inner tips. These results highlight the importance of local
stress distribution within the deforming sample.
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Figure 7. Experimental grain-size and modeled differential stress distribution. (a) EBSD map of sample 528SC (left edge),
where the grain-size of calcite was measured. The photomicrograph from Figure S4 in Supporting Information S1 is shown
in the background). The dashed blue line separates the two regions used for the grain-size distribution overview in (b). (b)
Grain-size distribution in the upper and lower half of the mapping domains. The mode of the grain-size distribution in each
region is indicated by vertical dashed lines. (c) Differential stress calculated by the mechanical model for asymmetric samples
(see Figure 5) for the same sample-averaged stress/strain values and geometrical configuration as in (a).

The experimental results can be broadly categorized based on the extent of asymmetric thinning experienced by
the shear zone. In the symmetrical case, the locations of formation of aragonite coincide with the distribution of
total strain if the sample averaged o, oversteps the phase transition and the sample averaged pressure gets close to
it (Figures 2 and 4). However, in samples with asymmetric shear zones the formation of aragonite is limited to the
regions of high local pressure (Figures 2 and 5). This is the thinned part of the shear zones, where the pressure is
expected to be higher based on results from numerical models. Within the high-pressure region, the formation of
aragonite follows the high strain in some experiments (e.g., 007SC), in others (026SC), the entire high-pressure
region is transformed into aragonite. Importantly, no aragonite is formed in the low-pressure region, despite high
strain.

The comparison of experiments and numerical models indicates that the formation of aragonite is controlled by
the spatial distribution of mechanical parameters. It has been suggested that mechanical work produced plays a
crucial role in the formation of fine-grained or amorphous materials during deformation (Austin & Evans, 2007,
Pec & Al Nasser, 2021). The enhancing kinetic effect of deformation on reaction progress has been demonstrated
by de Ronde and Stiinitz (2007) and Richter et al. (2016). As shown in Figure S7 in Supporting Information S1,
the dissipative work per unit time (the product of stress and viscous strain rate) is relatively large close to the
forcing-blocks inner tips and links these along the short diagonal, where the differential stress and strain rate are
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Figure 8. Comparison of the deformation experiment 495BR in SiO, system (Richter et al., 2016) with numerical models
for 6, and P. (a) Reflected light photomicrograph of the experiment, clearly showing coesite formation by increased relief
(darker grains). The zone of coesite occurrence is outlined by the dashed yellow line. Qz = quartz and Coe = coesite. (b)—
(e) Distribution of ¢, and P within the shear zone and the surrounding regions (edges of the forcing blocks and confining
medium) for varying time increments of the experimental run. The color-bar ranges around the Qz-Coe phase transition
pressure, which is characterized by white color. Contours are calculated with a 100 MPa interval. The outline of Coe-bearing
zone in (a) is superimposed on all models. The red color indicates that Coe formation is expected. The best fit is evaluated
based on comparison of the dashed yellow area in experiments (b)—(e) and the Coe region in (a). According to numerical
models of differential stress and strain, see Figure S8 in Supporting Information S1.

high. However, local high P values are necessary for the formation of aragonite. Strain appears to enhance or speed
up the formation of aragonite within the regions but only where local P oversteps P,,,,.. This can be demonstrated
by two key observations. On the one hand, aragonite is not present in all the regions that have experienced high
strain, and, on the other hand, aragonite is present (to a varying extent) in all regions that have experienced high
local pressure (mean stress). Furthermore, strain seems to predominantly enhance the phase transition only when
the local pressure overstepping is low (007SC and 026SC). With increasing degree of pressure overstepping, the
role of strain decreases (511SC and 528SC). Interestingly, our results agree with the previous interpretation of
quartz-to-coesite experiments that highlighted the occurrence of high-pressure polymorphs also in the low-strain
regions (strain shadows; Ji & Wang, 2011). The main differences between our experiments and the experiments
interpreted by Ji and Wang (2011) are: (a) the composition of the system (CaCO, instead of SiO,) and (b) the
experimental configuration (general shear instead of coaxial shortening). However, to investigate the applicabil-
ity of our modeling approach, we also simulated the experiments of Richter et al. (2016), who considered the SiO,
system (quartz-to-coesite transition) under general-shear conditions (Figure 8a). Due to material properties, the
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differential stress sustained by SiO, polymorphs is generally larger than for CaCO, polymorphs. The large values
of differential stress lead to smaller uncertainties in experimental data and therefore the role of non-hydrostatic
stresses will be more pronounced. As previously documented by Richter et al. (2016), coesite formation occurred
in experiments during which *s, reached the coesite field. However, when analyzing the distribution of coesite,
we observed that increased amounts of coesite are found in the center of symmetric shear zones (e.g., 495BR;
Figure 8a). Our numerical model for this experiment predicts instantaneous pressure values in the center of the
shear zone that go beyond the phase-transition pressure toward the end of the experiment (Figure 8b).

In fact, there are two main factors that need to be considered in the interpretation of the phase transitions. One
is the driving force for the reaction, which would guarantee the sufficient degree of overstepping of the phase
transition. The second important factor is the role of the kinetics of the phase transition (henceforth “kinetics”).
Theoretically, in the limiting case with instantaneous equilibration, kinetics is infinitely fast and therefore the
experiment could be characterized solely by the distribution of its mechanical variables (e.g., stress and pres-
sure) at the end of the experiment, before quenching. If kinetics were infinitely fast, the final stage of the model
(Figure 8b) would have to be identical to the experimental observation (Figure 8a). In reality, all kinetic processes
are characterized by a finite timescale. This means that even if a system is brought to conditions that would favor
the nucleation of a new phase, the system would still need a finite amount of time to respond. Experimental data
from Hirth and Tullis (1994) focused on the quartz to coesite transition during coaxial shortening experiments
showed that the transformation took place only at temperatures above ~600°C and the rates of transformation
were too slow below that value. This dependency on the degree of transformation and the temperature of the
experiment was later confirmed by Richter et al. (2016) for the general-shear deformation. These observations
document that, for a given temperature, there is a finite amount of time that is needed for the transformation to
take place (both forward and backward). Therefore, the actual phase distribution at the end of the experiment may
not correspond to an instantaneous equilibrium phase distribution but may be rather influenced by the history
of the sample's stress/pressure/strain, and so on. To overcome the unknown time scale related to kinetics, we
can examine the evolution of the mechanical variables for given time frames. In this way, we can identify which
mechanical parameter is the key driver that guarantees the necessary degree of overstepping by comparison with
the experimental results (Figure 8c).

We monitored the maximum values of given parameters (pressure, o, strain, strain rate, etc.) that are experienced
by every “particle” (i.e., Lagrangian marker) of our model for a given amount of time while tracing its movement
across the model domain. This time and space resolved monitoring reveals that a material point will experience
a variety of conditions as a result of the evolving geometry. Here, we focus on pressure and o, because they seem
to have the greatest impact on the distribution of the polymorphs in the calcite/aragonite case. Differential stress
and strain evolution are provided in Figure S8 in Supporting Information S1. We chose to plot the maximum pres-
sure/stress value experienced by every “particle” of the model for the last 1.5, 3.0, and 6.4 hr of the experiment
(Figures 8c—8e). Since the experiment lasted for 6.4 hr, this corresponds to the whole duration of the experiment.
The last 3.0 hr corresponds to the last ~46% of the duration and the last 1.5 hr corresponds to the last ~23% of
the duration of the experiment. In other words, the reported values in Figures 8c—8e correspond to the maximal
values of ¢, and pressure a given particle (which is now shown in its final position) experienced on its way during
a given period.

With this approach, we are able to investigate if a particular part of the model domain experienced condi-
tions above the phase-transition pressure and did not back-react due to kinetic reasons. The main reason for
back-reactions is that the geometry of the samples keeps evolving and therefore the stress distribution keeps
changing. Our results show that in all cases (1.5, 3.0, and 6.4 hr), only pressure can be related to the phase
distribution of coesite observed in the experiment. Interestingly, using the local ¢, values does not seem to repro-
duce any of the patterns observed in the experiment (Figure 8). Thus, by considering the finite amount of time
needed for the kinetics of the reaction, the results of this test suggest that local pressure values are responsible
for the transformation. Similar to the calcite/aragonite case, strain enhances the quartz/coesite transition and
the back-reaction, especially when the degree of overstepping is low. However, where local P is lower than P, ,
no coesite was formed irrespective of the amount of strain within these domains (close to the inner piston tips,
see Figure 8 and Figure S8 in Supporting Information S1). This observation can be used to rule out local ¢, as
a driving force for phase transitions. For example, if ¢, was controlling the phase transition, coesite should be
observed in regions with local high ¢, and strain (the region at the inner piston tips; Figure 8 and Figure S8 in
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Supporting Information S1). However, the experimental sample 495BR of Richter et al. (2016; also Figure 8a)
does not support this interpretation.

Previous studies suggested that the maximum principal stress can be used as a thermodynamic potential for
reactions in the presence of differential stress (e.g., Hirth & Tullis, 1994). Based on the stress magnitude in the
presented models (Figures 4 and 5), and in contrast to the theoretical works of Wheeler (2014, 2020), the corre-
lation between maximum sample averaged principal stress and phase transformation may not be interpreted as a
causal relationship for such experiments. This is particularly important if the role of stress as a thermodynamic
potential is under investigation. In any differentially stressed sample, its geometry leads to stress concentrations
(despite of homogeneous sample material)—this is true for general shear as shown here, but also for coaxial
shortening (e.g., Ji & Wang, 2011). In these samples, large values of sample-averaged differential stress (Ao)
will result in large magnitudes of spatial pressure (i.e., mean stress) variations. Such variations can drive mineral
reactions and phase transitions locally (e.g., Moulas et al., 2013).

At this point, we should make clear that the role of stress in mineral reactions can be direct or indirect. A direct
effect of stress on phase equilibria is the displacement of pressure and temperature (P-T) conditions, where phases
coexist (Frolov & Mishin, 2010; Sekerka & Cahn, 2004). Note that this effect exists even if the stress distribu-
tion within each reacting phase is homogeneous. In contrast, the indirect role of stress would be the formation
of spatially variable pressure/stress patterns or concentrations that would undeniably change—Ilocally—the free
energy of the reacting mixture. Based on the high-stress gradients in viscously deforming polycrystalline material
within our experiments and models (100 MPa/mm to GPa/mm), the homogeneous stress assumption may not
be appropriate. Therefore, these local changes in energy should be considered in addition to local contributions
from deviatoric stress/strain tensor components. For this reason, without the knowledge of the stress distribu-
tion in the sample, it is impossible to assess the role of stress in mineral reactions. Interestingly, local stress
variations that may result from heterogeneous mechanical properties and the geometrical configuration are not
restricted to the experiments only, but also relevant for natural settings (Jamtveit et al., 2018; Luisier et al., 2019;
Moulas et al., 2022; Putnis et al., 2021).

To conclude, we demonstrated that the coupled use of experiments and numerical modeling can provide impor-
tant insights in the role of stress on mineral reactions. Currently, experimental measurements do not provide any
information on the spatial distribution of mechanical variables within the sample (except for experiments moni-
tored live in synchrotron facilities). Therefore, the use of accurate mechanical models resolving spatially varying
mechanical parameters is necessary. Alternatively, new kinds of experiments are needed that would be able to
resolve the mineral reactions in situ during deformation.
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