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Abstract. The transition from strong to weak mechanical
behavior in the Earth’s continental middle crust is always
caused by an initiation of viscous deformation. Microstruc-
tural evidence from field examples indicates that viscously
deforming polymineralic shear zones represent the weakest
zones in the crust and may dominate mid-crustal rheology.
The results of recent experiments (as in Part 1, Nevskaya et
al., 2025) demonstrate that the observed weak behavior is due
to the activation of dissolution–precipitation creep (DPC).
Formation of fine-grained material and efficient pinning of
grain growth are important prerequisites for the formation of
a stable deforming microstructure. However, available rheo-
logical parameters for fine-grained polymineralic rocks de-
forming by DPC are insufficient. A series of three types of
experiments was conducted on a granitoid fine-grained ul-
tramylonite to different strains at 650–725 °C, 1.2 GPa, with
strain rates varying from 10−3 to 10−6 s−1. Type I and II
experiments are solid natural samples, providing key mi-
crostructural evidence for DPC. Type III experiments are
general shear experiments performed on coarse- and fine-
grained ultramylonite powder. All experiments were com-
bined to estimate rheological parameters for such polymin-
eralic shear zones. A stress exponent n≈ 1.5 and grain size
exponentm≈−1.66, with uncertainties, were estimated and
coupled with microstructural observations. Extrapolations
indicate that, at slow natural strain rates, DPC in polymin-
eralic granitoid fault rocks can occur at lower temperatures
than monomineralic quartz. A deformation mechanism map

is proposed, indicating a transition in the deformation mecha-
nism from dislocation creep in monomineralic quartz to DPC
in weaker polymineralic fine-grained granitoids, based on
strain rate and grain size. Most importantly, the polyminer-
alic composition is the determining factor in achieving the
fine grain sizes necessary for DPC to become activated. This
is due to the presence of additional chemical driving poten-
tials and phase mixing, both of which are absent in monomin-
eralic systems.

1 Introduction

In the Earth’s middle and lower crust, the switch from fric-
tional to viscous deformation is often accompanied by a tran-
sition from seismic to aseismic deformation. Consequently,
the study of the onset of viscous deformation in nature is
crucial for advancing our understanding of earthquake me-
chanics. Hence, as a broader implication of this study, an
understanding of viscous deformation in the middle conti-
nental crust is of great importance for the amplification of
local stresses and the localization of deep earthquakes, as ev-
idenced by the findings of Campbell et al. (2020).

The rheological behavior of rocks is commonly estimated
from experiments on monomineralic or synthetic simpli-
fied rocks. In these experiments, rheology is constrained
by intrinsic parameters, such as the rock’s composition,
grain sizes, and anisotropies, and by extrinsic parameters,
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such as temperature, confining pressure, pore fluid pres-
sure, and strain rate. Particularly in monomineralic polycrys-
talline aggregates, two general viscous end-member defor-
mation mechanisms are distinguished: diffusion and dislo-
cation creep, where the former is grain-size-sensitive (GSS)
creep and the latter is grain-size-insensitive (GSI) creep.

The Earth’s continental crust consists mostly of feldspar-
dominated lithologies, which are usually modeled or rep-
resented by granitoid rocks (e.g., Burov, 2011; Burov and
Watts, 2006; Fossen, 2016; Kohlstedt et al., 1995). These are
a mixture of quartz, feldspars, and micas, among which each
mineral has a different temperature (related to pressure and
strain rate) for the onset of viscous deformation when de-
formed in monomineralic aggregates. The initial grain size
of granitoids is quite large when compared to the deformed
rocks, ranging from sub-millimeter to centimeter scale (e.g.,
Berger and Stünitz, 1996; Ceccato et al., 2022; Fitz Gerald
and Stünitz, 1993; Kilian et al., 2011; Stünitz and Fitz Ger-
ald, 1993; Wehrens et al., 2016).

In terms of viscous deformation, in general, grain-size-
insensitive (GSI) and grain-size-sensitive (GSS) creep are
the two end-members, where stress and strain rate do not
and do depend on the grain size of the deforming aggre-
gates, respectively (e.g., Nabarro, 1967; Poirier, 1985; Raj
and Ashby, 1971). In terms of specific deformation mecha-
nisms, the terms dislocation creep (GSI) and diffusion creep
(GSS) are often found in the literature when dealing with
the viscous deformation of monomineralic aggregates such
as quartz (e.g., Hirth and Tullis, 1992; Rutter and Brodie,
2004a). Of all granitoid mineral phases, quartz is considered
to be the weakest in monomineralic experiments and typi-
cally deforms through GSI creep at grain sizes of the start-
ing granitoid at mid-crustal extrinsic conditions (i.e., green-
schist to amphibolite facies P–T conditions) (e.g., Hirth et
al., 2001; Hirth and Tullis, 1992; Richter et al., 2018). For
this reason, there have been numerous studies to explore GSI
and GSS rheology of quartz (e.g., den Brok, 1992; Fukuda
et al., 2018; Ghosh et al., 2022; Gleason and Tullis, 1995;
Hirth et al., 2001; Hirth and Tullis, 1992; Richter et al., 2018;
Rutter and Brodie, 2004b, a). Such studies investigating GSS
and GSI creep also exist for feldspars (e.g., Rybacki et al.,
2006, 2008; Rybacki and Dresen, 2000, 2004). Extrapola-
tion to nature indicates that quartz is mechanically weaker
than GSI creep of feldspars in the Earth’s middle crust (e.g.,
Bürgmann and Dresen, 2008). Note that such a generalized
statement might not always be true, particularly if GSS creep
is the dominating deformation mechanism, as is the case for
many fine-grained tectonites (e.g., Ceccato et al., 2022; Imon
et al., 2002; Marti et al., 2018; Stokes et al., 2012) or the
presence of large amount of mica (e.g., Tullis and Wenk,
1994). Due to observations of GSI in natural monomineralic
or coarse-grained rocks, the GSI creep for quartz represent-
ing the weakest phase is mostly used for modeling crustal
strength (Arnold et al., 2001; Brace and Kohlstedt, 1980;
Burov, 2003, 2011; Kohlstedt et al., 1995).

However, there are many studies of natural rocks indicat-
ing that the strength of polymineralic fault rocks may be
weaker than predicted by pure quartz GSI creep laws, due
to the activation of GSS creep mechanisms through continu-
ous grain size reduction (e.g., Fitz Gerald and Stünitz, 1993;
Gratier et al., 2013; Stünitz et al., 2020; Stünitz and Fitz Ger-
ald, 1993; Stünitz and Tullis, 2001; Wheeler, 1992). To make
extrapolations to nature, it is therefore of utmost importance
to link the rheology of fine-grained polymineralic granitoid
rocks to the formation and evolution of shear zones in the
Earth’s middle crust.

Few experimental studies exist that attempt to confirm the
field observations of polymineralic rocks by investigating the
viscous behavior of fault rocks (e.g., Pec et al., 2012, 2016;
Stesky et al., 1974; Sun and Pec, 2021; Tullis et al., 1990;
Tullis and Yund, 1977). Many of these experiments use syn-
thetic, initially fine-grained material as an analog for fault
rocks or pre-cut a rock to simulate a fracture/fault plane.
Common conditions for viscous deformation in the lower
to middle crust are amphibolite facies (e.g., Okudaira et al.,
2010; Pennacchioni and Mancktelow, 2007), but most ex-
periments investigating the viscous processes are conducted
at higher temperatures and/or lower pressures to scale nat-
ural and experimental conditions (see compilation of high-
temperature quartz experiments in Ghosh et al., 2022).

Our aim is to understand the rheology of polymineralic
fine-grained shear zones in the Earth’s middle to lower crust.
This is why, in this study, we deform a natural, initially fine-
grained granitoid ultramylonite at 650–725 °C, 1.2 GPa con-
fining pressure, and shear strain rates of 10−3 to 10−5 s−1,
with strain rates for general shear of 10−6 s−1. To capture the
complexity of natural samples, we use three different exper-
imental geometries for this ultramylonite. Our setup allows
us to reach fairly high strains at experimental conditions and
activate viscous deformation in polymineralic fine-grained
zones even at faster strain rates than observed in other coarse
granitic or monomineralic studies (see Part 1, Nevskaya et
al., 2025). We investigate the importance of grain size reduc-
tion leading to substantial weakening of polymineralic rocks.
In the present study, we estimate the parameters describing
stress and grain size sensitivity for a flow law to finally com-
pare to data in the literature and to extrapolate the experi-
mental findings and observations to shallower crustal levels.
Our results have direct implications for the onset of viscous
deformation and the rheology of polymineralic shear zones.

2 Materials and methods

2.1 Starting material characterization and preparation

This study was performed on a granitoid ultramylonite from
the Central Aar granite in the Central Alps. Peak meta-
morphic conditions of this ultramylonite were estimated at
450 °C and 600 MPa (Challandes et al., 2008; Goncalves et
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al., 2012). The structures were not overprinted afterwards,
leaving the original mylonitic structures unmodified. Coring
from an underground test laboratory (Grimsel test site) pro-
vided fresh sample material devoid of any weathering fea-
tures.

The granitoid ultramylonite consists of quartz, feldspars,
biotite, and epidote. It is strongly foliated through my-
lonitic bands (qtz:ab:K-fsp:bt:ep= 37:38:11:8:6 wt %). My-
lonitic bands were carefully investigated and characterized.
Bands are ∼ 100–400 µm wide and have varying mineralog-
ical composition and grain size (see Part 1, Nevskaya et
al., 2025). Microstructural analysis of the starting material
was performed on thin sections with both a petrographic mi-
croscope and a scanning election microscope (SEM). The
mylonitic bands have a grain size range of < 10 µm (even
down to 2 µm) to > 600 µm in proto-mylonitic zones. The
most fine-grained and homogeneous zones with a median of
∼ 15 µm were targeted for our experiments. In such zones,
micas are well mixed with feldspars, quartz, and epidote.

2.2 Deformation experiments

We deformed the granitic ultramylonite in a Griggs-type ap-
paratus at the University of Orléans at confining pressures
of 1.2 GPa and temperatures between 650 and 725 °C. We
used three different experimental setups, in which the sam-
ples were deformed at varying strain rates and to different
strains. These different types of experiments bring different
insights to strain evolution and deformation mechanisms that
can be used for extrapolation to nature (see Fig. 1):

Type I: Shear experiments using natural samples, where
strain localization in fractures results in dominant sim-
ple shear deformation.

Type II: Coaxial shortening experiments using natu-
ral samples where deformation is more homogeneously
distributed.

Type III: General shear experiments using coarse-
grained (cg) and fine-grained (fg) powders obtained
from a natural sample between alumina pistons.

All three experiments were performed on the same start-
ing material; only the sample preparation was different. For
Type I and II, the ultramylonite was cored with a 6.3 mm
diameter diamond drill, such that the foliation was inclined
45° with respect to the piston axis. These cylindrical sam-
ples were carefully investigated macroscopically and with a
micro-CT scanner (Skyscan) prior to experimental deforma-
tion to ensure that the most homogeneous and fine-grained
zone was targeted and that no drilling-induced fractures ex-
isted. For Type III, one portion of the ultramylonite was dis-
integrated using the in-house SELFRAG Lab (high-voltage
pulse machine; https://www.selfrag.com/, last access: July
2024; Gnos et al., 2006; Regis et al., 2014) and further milled
by hand and in a ball mill (McCrone corundum ball mill).

Figure 1. Schematic of the three experimental types in this study.
For details, see text.

Material from each step was sieved several times to obtain
grain sizes below 125 µm, maximizing disintegrated grains
and minimizing the damage of grains from the milling pro-
cess. This material was used directly for Type III-cg (cg:
coarse-grained) experiments. From this milled sample batch,
a small part was used to perform XRD measurements to ob-
tain a chemical composition of the bulk rock material. For
Type III-fg experiments (fg: fine-grained), a second batch of
powder was prepared by milling the < 125 µm samples with
the McCrone mill and further by hand. After several milling
cycles, Atterberg cylinder sedimentation was performed to
separate a grain size fraction < 2.8 µm. For sedimentation
times, a Troom of 19.9 °C (climatized), a column height of
28 cm, a particle density of 2.75 g cm−3, and H2O as the sus-
pension medium were considered. The grain size distribution
of the gouge samples was measured by laser diffraction in
a Mastersizer 3000 (see distribution in Fig. S1 in the Sup-
plement). To avoid clustering in the clay grain size fraction,
the dried powder with a droplet of ethanol was homogenized
with a pestle and mortar until dry again.

Brittle fractures in sample Type I experiments are typically
formed before reaching experimental P–T conditions during
the compression stage, by advancing the pistons quickly at
low temperatures (≈ 100 °C). We term these cataclastic shear
zones in a coherent sample as pre-fractured microstructures
(for more details, see Part 1, Nevskaya et al., 2025). The grain
sizes are reduced in a brittle manner down to < 0.5 µm from
∼ 15 µm initially. One benefit of the Type I experiments is
the large shear strains that can be obtained in the thin zones
(up to γ = 200), resulting in microstructures that are close
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to steady-state conditions (see also Microstructures in Part 1,
Nevskaya et al., 2025). Furthermore, these zones simulate the
evolution of natural faults from brittle to viscous behavior. In
the literature, this type of experiment has rarely been used for
mechanical tests so far because of its difficulty in correcting
the stress measurements. Exceptions are the experiments of
Stesky et al. (1974) and Tullis et al. (1990), but some experi-
mental conditions were different (mostly frictional properties
in the case of Stesky et al., 1974). Most importantly, their
shear stress and shear strain rate were calculated in a differ-
ent manner compared to our approach (see Sect. 2.4, Correc-
tions of raw data). Type II samples represent a more common
setup of coaxial shortening experiments and can be used re-
liably to understand strain evolution and deformation mech-
anisms (Dell’Angelo and Tullis, 1988; Ghosh et al., 2022,
2024; Stipp and Tullis, 2003). Type III experiments repre-
sent a commonly used Griggs rig simple shear setup (e.g.,
Fukuda et al., 2018; Okazaki and Hirth, 2016; Richter et al.,
2018; Stünitz and Tullis, 2001). These experiments are af-
fected by boundary conditions, such as friction of the forcing
blocks against the actuator, compaction of initial porosity,
and maximum possible shear strain/gamma values of 3–4.
Type III experiments, however, allow us to compare the in-
fluence of different starting grain sizes (< 2.8 and < 125 µm
in our case) and to perform strain rate and temperature step-
ping with a controlled sample geometry and grain size. As
shown below, the extraction of microstructural and mechani-
cal information benefits from the use of all three approaches.

2.3 Grain size analysis

Coarser-grained microstructural domains (>∼ 1 µm) were
mapped with a small (500–1000×) magnification on stitched
SEM images, where the image sequence was taken as a
cross-section perpendicular to the shear zone. For the small
scale (∼ 1000–50 nm), grain sizes were measured on high-
magnification (5000–30 000×) FEG-SEM backscatter elec-
tron detector images by drawing the grain boundaries manu-
ally. Automated image analysis techniques would have re-
quired larger data sets on which to be trained and better-
defined grain boundaries. However, in our samples, these
conditions were not met, and for each grain it was decided
manually whether it was a grain or not. This method was lim-
ited to areas where phases were mixed because many grain
boundaries were not visible in monophase regions. More re-
liable and smaller-scale grain size analysis (∼ 500–10 nm)
was performed on TEM sections. This validation shows that
FEG-SEM images were sufficient to resolve grain sizes that
were confirmed through TEM down to < 50 nm. Number-
weighted densities and medians from outlined grains in Fiji
ImageJ were calculated for large and fine grain sizes for the
bulk aggregate by calculating the diameter d of the area A of
equivalent circles:

d = 2 · 2
√
A/π;Med(d). (1)

This workflow allows us to capture the broad range of grain
size distributions from nanometer (nm) to micrometer (µm)
scale in our experimentally deformed samples, where grain
size reduction at grain boundaries and initial grain size influ-
ence the strength equally, as shown below.

Limitations of resolution in regions of extremely fine-
grained material and restriction to observations of phase
boundaries instead of grain boundaries (measuring several
grains as a single one) will result in an upper limit of the
actual grain sizes (e.g., Berger et al., 2011; Heilbronner and
Keulen, 2006). Hence, the median of corresponding ranges
will overestimate the grain sizes and should be used with cau-
tion. Despite these limitations, it is demonstrated that, in our
experiments, grain sizes are reduced by orders of magnitude
from the starting material, which results in grain size data
making it possible to draw conclusions about the shear zone
evolution.

2.4 Corrections of raw data

In terms of mechanical data, each type of experiment requires
different corrections for different sample geometries. At this
point, it is already noted that the parameters calculated in this
study are estimated to allow extrapolations and comparisons
with the literature and nature. However, more experiments
are necessary to determine these parameters precisely for a
ready-to-use flow law. In Type I experiments, the shear strain
rate is calculated from the thickness of the zone and the verti-
cal displacement of the piston depending on the angle of the
shear zone with the shortening direction. It is a standard pro-
cedure resulting in shear strain rates γ̇ . Conversion of shear
strain rates of the Type I and Type III experiments to equiva-
lent strain rates ε̇eq is done by following Eq. (2) (e.g., Kohlst-
edt and Hansen, 2015; Sun and Pec, 2021):

ε̇eq = γ̇
2 ·
√

3
3

. (2)

Note that this ε̇eq is considered directly comparable with the
calculated ε̇ of Type II experiments.

In Type I and Type III experiments, differential and shear
stress are calculated considering the inclined area on which
the measured force acts; in Type II experiments, differential
stress is calculated. While, in shear zones forming at 45°, a
conversion from shear stress to differential stress is simply
by a factor of 2, the shear stress τ for other angles α of the
shear zone is calculated as in Eq. (3):

τα =
σD

2 · sin(2α)
or, equivalently, σD = τα ·2·sin(2α). (3)

To capture the complexity of our experiments, we used
equivalent strain rate ε̇eq. We also calculated the angle-
dependent shear stress τα for our stress exponent calcula-
tions. However, comparison with differential stress calcula-
tions shows that the calculated values for stress and grain
size dependence do not change significantly for the observed
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range of values. For comparison with data in the literature,
we therefore use differential stress for stress dependence, as
the equivalent shear strain rate already contains the shear
zone angle.

Additionally, corrections of the Griggs-type apparatus in-
ternal friction were performed, and, furthermore, a friction
increase of 1.3 kN mm−1 was subtracted from the load data
(see calibrations and “friction correction” by Pec, 2014, and
Tarantola et al., 2012). As the samples are very fine-grained,
compaction occurs very early during the experiment (dur-
ing pressurization and very early in the slope section of the
loading curve), and a compaction correction is neglected, to
reach γ values similar to the ones measured in the thin sec-
tion by hand. A detailed description of the different calibra-
tions and corrections can be found in Holyoke and Kronen-
berg (2010), Pec (2014), and Tarantola et al. (2012). The un-
certainty resulting from the different corrections is displayed
in Fig. 2. The HK molten salt cell correction (Holyoke and
Kronenberg, 2010) was tested on the data set, and we found
the calculated parameters did not change significantly (see
Sect. S3). However, as we use a solid salt cell, this correction
would require subtraction of another 48 MPa, which would
lead to negative differential stress values at slow-strain-rate
steps of Type III experiments. This would imply extension
experiments, which were not performed;therefore we do not
implement the Holyoke and Kronenberg correction to our ex-
periments. As shown in Sect. S3, the range of possible n
values from different corrections is not very large. Hence,
stresses are shown as only friction-corrected without any fur-
ther corrections applied.

During shear experiments, the area on which the force acts
changes continuously, and the recorded load data must be
corrected for obtaining shear stress values. In the case of lo-
calized shear zones, in Type I and III experiments, there is
a decreasing overlap area, resulting in increasing stress val-
ues with progressive shear strain. We use the cos2 approxi-
mation for the decreasing overlap area for Type III experi-
ments (Heilbronner et al., 2020). In the case of Type I ex-
periments, the strain is beyond the applicability of this cor-
rection (should only be applied up to γ < 4; Holger Stünitz
and Renee Heilbronner, personal communication, 2021), and
the correction is therefore omitted. During coaxial shorten-
ing, barreling of the sample occurs and leads to an increased
cross-sectional area on which the force acts. We assume con-
stant volume to correct Type II experiments for the increas-
ing area with a Poisson ratio correction of 0.5, as described
by Pec (2014). This effect is not considered in the correction
of Type I experiments, where we use only the friction correc-
tions. A compilation of different corrections and their effect
on the mechanical data can be found in Fig. 2.

A major uncertainty of our Type I experiment samples is
their geometry. We assume that the defined zone deforms
homogeneously rather than as a composite of deformation
events and different rates, and we measure its width in a tran-
sect in the center of the sample perpendicular to the shear

Figure 2. Different corrections for recorded data. For more details
on each correction, see text. Abbreviations: as-is= only corrected
for the stiffness of the machine, etc., with no geometric correc-
tions; cos2= cosine-squared correction developed by Renee Heil-
bronner; friction= additionally, machine friction was corrected;
HK_msc=Holyoke and Kronenberg (2010) correction as for a
molten salt cell (modified slope, no modification of offset); pois-
sons= corrected for Poisson’s ratio.

zone. We measure an averaged shear zone width at several
points of the cross-section and use this value for calculations.
The calculated shear stress is not affected by this error. How-
ever, it does influence the shear strain rate significantly (see
Sect. S3, Table S1): a 10-fold increase in shear zone thick-
ness (e.g., from 10 to 100 µm) leads to a calculated strain
rate that is 1000-fold slower. This highlights the importance
of the Type III experiments having a reliable stress and strain
rate measure.

2.5 Extrapolation parameters

To be able to extract the parameters determining the strength
of our samples across all experimental conditions and ge-
ometries, we use the constitutive equation of a common
(GSS) diffusion creep flow law (Eq. 4):

ε̇eq = Aσ
nd−mexp(−Q/RT), (4)

where ε̇eq is the equivalent strain rate in s−1, σ is the differ-
ential stress in MPa (σ = σ1–σ3) with stress exponent n, d
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is the grain size in µm with stress exponent m, Q is the ac-
tivation energy in J mol−1, T is the temperature in K, R is
the universal gas constant, and A is a pre-exponential term in
MPa−n µmm s−1. We chose the general form of a grain-size-
sensitive (i.e., diffusion creep) flow law, as the inferred defor-
mation mechanism in Part 1 (Nevskaya et al., 2025) is grain-
size-sensitive dissolution–precipitation creep (DPC), and we
aim to correlate the microstructural observations with me-
chanical data.

To estimate the exponential factors n,m, andQ in Eq. (4),
linear regression fits are made in log10 plots for each modi-
fied parameter (see Sect. 3.2, 3.3, and 3.4). The stress expo-
nent is the most important parameter for inferring deforma-
tion mechanisms and for extrapolation to natural conditions
because it is the best-constrained parameter, as shown below.
The grain size exponent and subsequent parameters are only
to be taken as rough estimates and not precise measurements.
Nevertheless, they serve as a guideline for natural conditions
close to our experimental conditions and as a parameter for
comparison with data in the literature.

3 Results

3.1 Strain rates and grain sizes

We performed 14 relevant experiments in total, of which 6
were Type I, 5 were Type II, and 3 were Type III experi-
ments at shear strain rates of 10−3 to 10−5 s−1 and coaxial
strain rates of 10−6 s−1 (see Table 1). The shear strain rates
were calculated based on final shear zone thickness mea-
surements after deformation. Figure 3 summarizes the mi-
crostructures serving as a base for our interpretations (see
more details for microstructures in Part 1). Two samples were
loaded and unloaded without deformation to compare the
starting microstructures: one with a fracture created at 100 °C
and 1.5 kbar and one without a fracture and set to experimen-
tal P–T (650 °C, 1.2 GPa) overnight (630NN and 634NN, re-
spectively; see Table 1 and Fig. 3).

In Type III experiments, we performed strain rate step-
ping and the final shear zone width varied between 475 and
664 µm. Each of the experiments was deformed with four
strain rate steps – always 1 order of magnitude faster/slower
than the previous. We used a slower strain rate by 1 order of
magnitude for the coarser starting material experiment (un-
like in the fine-grained material), since a fast strain rate of
10−3 s−1 led to high differential stresses causing jacket rup-
ture (see all experimental parameters in Table 1 and all ex-
periments in Fig. 4). The first and last strain rate steps were
set to the same speed, to test for stable microstructures and
mechanical data over all strain rate steps. In Type III-fg ex-
periments, after reaching a peak shear stress, the samples di-
rectly deformed at steady-state stress; in Type III-cg, weak-
ening occurred at the first strain rate step before reaching a
steady-state flow stress (Fig. 4.). In Type III-fg, the whole

zone deforms homogeneously. Type III-cg is inhomogeneous
and shows strain partitioning and a bimodal grain size distri-
bution (see Results, Fig. 7).

In Type II experiments, we calculate the bulk strain as
a coaxial shortening strain. It is observed that typically
the lower third to two-thirds of the sample is deformed,
whereas the upper part remains weakly formed or unde-
formed (schematic in Fig. 1). These samples show a contin-
uous weakening (see Fig. 4) and do not reach steady-state
conditions.

In Type I experiments, the angle of the shear zone to
the shortening direction varied between 35 and ∼ 42°, and
the maximum thickness of the localized zone was 0.01 to
0.02 µm. In each case, the pre-existing mylonitic fabric is not
exploited as a deformation fabric despite its favorable ori-
entation for shear. The stress recording shows a peak stress,
then slight weakening, and reaches nearly steady-state condi-
tions after a shear strain of gamma≈ 70 (Fig. 4). One sample
(630NN) was pressurized to brittle failure, to obtain the start-
ing microstructures before reaching experimental P–T con-
ditions. A slow-strain-rate experiment (632NN) lasted only
until peak stress and is therefore not considered for the flow
law calculations.

In addition, in Type I experiments, the shear zone evo-
lution was considered, and (shear) strain rate calculations
were therefore carried out after microstructural observation
(Part 1, Nevskaya et al., 2025) and measurements of the shear
zone width. We use observations from the shear zone evolu-
tion in terms of shear stress and strain localization for shear
zone widths and corresponding grain sizes (see Fig. 5). As
described in Part 1 (and summarized in Fig. 5), the deforma-
tion starts with a wider shear zone (20 µm) and coarser grain
size (median ∼ 150 nm) at peak stress and subsequently lo-
calizes in narrower (2 µm–200 nm), extremely fine-grained
(median 53–13 nm), and slightly weaker zones at ∼ steady-
state stress. All grain size ranges are assumed to be preserved
in the final microstructures (Part 1, Nevskaya et al., 2025).
At the same time, the shear zone is localizing and further nar-
rowing (Fig. 5); hence, at constant vertical displacement rate,
the actual strain rate becomes incrementally faster. These val-
ues give the range for strain rates with corresponding stresses
and the grain size sensitivity.

The grain sizes in Type III-fg experiments and the peak
stress of Type I and high-strain regions of Type III-cg de-
velop towards similar median grain size values ranging from
∼ 145 to ∼250 nm. Type II experiments exhibit a bimodal
grain size distribution (similarly to Type III-cg), where newly
formed grains occur at phase boundaries of feldspars. There,
we observe median grain sizes of 270 nm in the boundaries
of starting feldspars, with a range of 58–808 nm.

We repeated experiments under the same conditions but
with different strains to show the reproducibility and under-
stand the geometric, mechanical, and microstructural evolu-
tion of the samples (see Fig. 4). In the following, we show
that the data are consistent despite the natural complexity of
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Figure 3. Summary of starting and steady-state key microstructures highlighting the different experimental geometries and the strain lo-
calization mechanisms of all three experimental types. For Type III, only final microstructures were investigated. All SEM images were
recorded using the backscatter electron detector: bright phases (bt+ ep), medium-gray phases (K-fsp), dark-gray phases (ab+ qtz). Note the
same scale in the first two columns. Type I TEM section is a vertical slice through the highest-strain zone with an unloading crack in the
middle. Type II TEM shows the phase boundaries between ab (a) and K-fsp (b). Type III highlights the homogeneous strain and grain size
distribution for a fine starting grain size and a bimodal grain size distribution for a coarse starting grain size, with a big quartz grain in the
center. Note the very similar grain size in the fine-grained area of the coarse experiment and the fine-grained experiment.

the starting material and the use of different experimental se-
tups.

3.2 Stress–strain rate dependence (stress exponent n)

To compile the dependence of stress on strain rate, we
used data from strain rate stepping (Type III) and localized
shear experiments (Type I), grouping them by grain size and
temperature. The log10 of the differential stress (friction-
corrected) is plotted against the log10 of equivalent strain rate
(calculated with the shear zone angle and shear zone width;
Fig. 6). A slope for each group was calculated by linear re-
gression. The given error is based on the misfit of the re-
gression line, and the R2 is given next to the corresponding
slope. As can be seen in Fig. 4, Type II experiments espe-
cially are very consistent with each other. The slopes defining
the stress–strain rate relationship are based on the stepping
experiments of Type III and can be fitted reasonably (Fig. 6).
The slope calculated from Type III stepping experiments was
used to construct the slopes for the single-value experiments
of Type I and II.

For fine-grained experiments, we obtain n= 1.47± 0.17
at 650 °C and n= 1.40± 0.17 at 725 °C (Fig. 6). In the case
of our polymineralic samples, Type I and Type III experi-
ments are very valuable to understand the deformation mech-
anisms in polymineralic rocks. However, the geometries and
boundary conditions induce a large error in the stress mea-
surements. On the other hand, the Type II experiments have
a well-constrained geometry and show more consistent me-
chanical data (Fig. 4). By combining data sets of all experi-
ments, we try to improve the interpretations of deformation
mechanisms based on observed microstructures and mechan-
ical data and improve corrections to build a better data set for
extrapolations.

For coarse-grained experiments of Type III at 650 °C, a
stress exponent of n= 1.81± 0.17 was calculated. This dif-
fers from the previously observed and consistently reported
value of n= 1.4 to 1.47. The discrepancy in the calculated
stress exponent is attributed to the microstructural variations
and the presence of bimodal grain size distributions, as de-
tailed in Part 1, Nevskaya et al. (2025). Consequently, this
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Figure 4. Experiments used in this study as stress–strain diagrams. Corresponding experimental parameters can be found in Table 1. Note
that, for Type I experiments (a), the initial slope appears not to match; however, this effect is caused by the different shear zone widths
leading to different strain calculations at the same vertical displacements. Type II experiments (b) were all performed in the same conditions
to different strains. Slight variations in peak stress may be due to compositional changes. Type III experiments (c) are performed with fine-
grained (fg) and coarse-grained (cg) material, with varying temperature, and with strain rates in steps. As a result, each increment in the
slopes is caused by a change in strain rate according to the rates in Table 1.

stress exponent is not incorporated into the flow law. The in-
fluence of grain sizes on the observed stresses and strain rates
is elaborated upon in Sect. 4.3.

3.3 Grain size dependence (grain size exponent m)

As previously described, the Type I experiments show a
grain size reduction and strain localization evolution (Fig. 5,
Sect. 3.1), which were used to calculate a grain size exponent
m (Fig. 6). At peak stress, the shear zone width and corre-
sponding grain sizes are well defined (Fig. 5a). These grain
sizes and strain rates also correlate well with the grain sizes
and strain rates measured in the Type III fine-grained experi-
ments. Subsequently, strain localization occurs accompanied
by weakening towards a more steady-state stress. In the mi-
crostructures, we differentiate two types of shear zones grad-
ually evolving and deforming at different strain rates: (1) a

2 µm wide zone with grain sizes of 50 nm (Fig. 5b) and (2) a
200 nm wide zone with grain sizes of 13 nm (Fig. 5c). It is not
clear whether both zones are active at the steady-state stress
or if only the second, very localized zone is active (see dis-
cussion in Part 1, Nevskaya et al., 2025). Hence, we evaluate
the range of the grain size exponent based on these two end-
members. The resulting exponent lies betweenm= 0.99 and
2.33, which is a large range indicating a huge uncertainty (see
Fig. 6). This uncertainty is not surprising given the crude data
set due to natural sample inhomogeneities. In the following,
we assume an average m= 1.66. Still, it is to be noted that
the values and range are lower than the m= 3 predicted for
grain boundary diffusion-controlled GSS creep.

https://doi.org/10.5194/se-16-1205-2025 Solid Earth, 16, 1205–1226, 2025
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Figure 5. Shear zone evolution in terms of strain localization and grain sizes for experiment 618NW as an example of Type I experiments.
Red areas in the schematic drawings show the distribution of the deforming zone. Note the varying scale for the grain size distribution,
which was chosen to display the dramatic grain size reduction from peak stress to high-strain/steady-state stress zones. Blue and pink lines
(for better resolution, see Fig. S2) in the SEM/TEM images are manually drawn for grain size measurements in Fiji ImageJ. The grain size
distributions compile measured grains not only from the displayed images, but also from similar comparable microstructural domains.

3.4 Temperature dependence (activation energy Q)

In order to approximate a flow law (Eq. 4), a temperature-
dependent activation energy also needs to be calculated.
We have only very limited data that are insufficient to di-
rectly calculate the slopes of the Q values from 1/T versus
log10(differential stress) diagrams. Therefore, we use the in-
terpolated lines from the n-value calculations for fine-grained
samples at 650 and 725 °C at an equivalent strain rate of
10−3 s−1 (see Fig. 6a, c). These are the most reliable data
of our data set, even though the temperature difference is
rather small (Fig. 6a). The fit we use connects only two data
points, so it can only be considered a rough and preliminary
estimate. However, as each point used for calculating Q at
each 1/T is based on calculations from regression through
several experiments, the two data points contain more con-
vincing data than just two points from two directly compared
experiments would have. Taking into account the large error
on the value, uncertainties regarding the temperature (as for
example in Tullis and Yund, 1977) are negligible.

The resulting Q∼ 167 kJ mol−1 is not consistent with
previous experimental results of Q= 16 kJ mol−1 (Sun and
Pec, 2021) for nanocrystalline granitoid material or exper-

iments on quartz (Fukuda et al., 2018; Ghosh et al., 2022,
2023, 2024) but lies more in the range of activation energies
for feldspar diffusion creep Q= 170 kJ mol−1 (Rybacki and
Dresen, 2000).

3.5 The rest (pre-exponential term A)

The A value is calculated from solving Eq. (4) for A and
averaging over all our input experiments. For such a proce-
dure, the flow law can be obtained for the experimental data
set (see verification in Sect. S5, Fig. S4). The largest uncer-
tainties lie in the m and Q values, which result in different
A values of Am0.99 = 124.81 MPa−n µmm s−1 and Am2.33 =

19.55 MPa−n µmm s−1 for the givenQ value of 167 kJ mol−1

(see Table 2). Thus, we have to consider an uncertainty in A
of at least 1 order of magnitude.

4 Discussion

We performed experiments on fine-grained granitic ultra-
mylonites in a temperature range of 650–725 °C and strain
rates γ̇ = 10−6–10−3 s−1 in three different experimental se-
tups and with varying grain sizes (see Table 2). We ob-
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Figure 6. Calculations of rate, grain size, and temperature dependencies for interpretations and extrapolations. (a) n-value calculations based
on mostly Type III experiments taken from steady-state/highest strain value. For assumptions and extrapolations, see text. The gray arrow
indicates that this Type II experiment has not reached steady-state stress yet and therefore might continue to weaken. Furthermore, its strain
rate is a minimum value; however, localization might mean strain rates to up to 10−4 s−1. (b) Minimum and maximum grain size dependency
taken at the points marked with a cross in panel (a). (c) Temperature dependence/activation energy calculations based on the pentagon points
in panel (a), taking into account several experiments and experimental data points. The calculated parameters are verified in Sect. S5 and
Fig. S4.

tained stress exponents (n≈ 1.5) and grain size exponents
(m= 0.99 to 2.33) indicating grain-size-sensitive deforma-
tion mechanisms in our experimental range and fitted Q and
A values to obtain a first-order guess of flow law parameters
for granitoid mylonites (Eq. 3). The purpose of this approach
is to compare our results with other studies and try to extrap-
olate the experimental observations to natural tectonic rates
and settings.

We have shown that granitic fine-grained rocks deform
through GSS creep at experimental conditions of relatively
low temperature (650 °C) and fast strain rates (γ̇ of up to
10−3 s−1).

4.1 Comparison with literature and extrapolation

Conventionally, quartz is assumed to be the weakest me-
chanical phase in the middle crust. Therefore, many numer-

ical studies on the rheology of the Earth’s crust use quartz
flow laws as a first-order approximation (Afonso and Ranalli,
2004; Burov and Watts, 2006; Fossen, 2016; Ranalli and
Murphy, 1987; Schmalholz and Duretz, 2015). However, di-
rect comparison between our experiments and previous ex-
periments shows that, at the chosen experimental T and γ̇
conditions, monomineralic quartz is considerably stronger
than samples of polymineralic granitoid or monomineralic
feldspar compositions, if flow law parameters are calculated
for our experimental conditions (Fig. 7).

For example, the presented quartz/novaculite experiments
are all stronger than our fine-grained granitoids, even at µm
grain sizes (Fig. 7). In all of these quartz experiments, a
brittle/frictional component is observed (because of the im-
posed strain rates at low temperatures). In addition, defor-
mation by GSI creep is inferred. Both aspects explain the
strong behavior of the quartz samples tested. (Wet) quartzite

https://doi.org/10.5194/se-16-1205-2025 Solid Earth, 16, 1205–1226, 2025
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Figure 7. Direct comparison of our experiments with different materials at similar experimental conditions. Since pure shear and simple shear
experiments are compared and our experiments reach much higher γ values, the x axis is not to scale, and we compare just the differential
stresses among the different studies. The corresponding grain sizes and strain rates are noted next to the stress–strain curves. (a) Comparison
with monomineralic quartz and feldspar, where our fine-grained granite experiments are much weaker than coarse quartz, while feldspar at
higher temperatures is comparably weak. (b) Comparison of different granite experiments with different grain sizes highlighting the grain
size effect on the strength.

Table 2. Calculated flow law parameters from our experiments. The
largest uncertainty comes from the grain size exponentm, also lead-
ing to different A parameters. We show a minimum, maximum, and
average m value.

A (MPa−n

n m Q (kJ mol−1) µmm s−1)

1.47 0.99 167.418 124.81
1.47 2.33 167.418 19.55

1.47 1.66 167.418 49.40

is deformed in a partially frictional manner at experimen-
tal temperatures below 700 °C at experimental strain rates of
∼ 10−5 to 10−6 s−1 (Richter et al., 2018). At > 800 °C, fine-
grained quartzite is fully viscous at strain rates of ∼ 10−5 to
10−6 s−1 and deforms by a combination of dislocation glide
and recovery by dissolution–precipitation processes includ-
ing grain boundary sliding processes (Fukuda et al., 2018;
Ghosh et al., 2023, 2024).

In contrast, the deformation mechanism in our polymin-
eralic granitoid samples at considerably lower temperatures
of 650 °C is completely viscous (see Part 1, Nevskaya et
al., 2025), and the active GSS creep mechanisms render our
samples considerably weaker than quartzites (Fig. 7). Fur-
thermore, the grain size sensitivity of polymineralic rocks is
highlighted by comparing experimental studies of granites
with different grain sizes to our ultramylonites (Fig. 7; Pec
et al., 2016; Sun and Pec, 2021). It is to be noted that our
experiments are faster than many other experimental studies,

underlining the strength difference between studies and the
strong relationship of grain size and strain rate for strength.

There are not many studies performed at lower tempera-
tures (< 750 °C) but high confining pressures (> 1 GPa) on
quartz/quartzite or feldspars because, below these tempera-
tures, at experimental strain rates, brittle behavior was ob-
served (Pec et al., 2016; Richter et al., 2018). Hence, the
fact that our deformed polymineralic granitoid samples al-
low dominantly viscous deformation at such low tempera-
tures indicates that their mechanically weak character orig-
inates from the very small grain sizes obtained during early
stages in the experiment. For any direct comparison with the
literature in terms of mechanical data, it is therefore impor-
tant to keep in mind the different experimental setups, correc-
tions applied on recorded data, and the resulting grain sizes
and strain rates in experiments.

To account for the experimental differences, we compare
experimental studies in more detail by extrapolating already
existing flow laws (see Table 3) to conditions of our experi-
ments (see Fig. 8). There are no studies showing GSS creep at
experimental strain rates and “low” temperatures of 650 °C in
quartz at differential stresses< 1000 MPa. The GSS and GSI
quartz flow laws of Rutter and Brodie (2004a, b) are widely
used, but their data overestimate crustal strength and do not
show viscous deformation at temperatures of 300 °C, where
it is observed in nature (e.g., as shown by Ghosh et al., 2022).
Therefore, we focus our comparisons with quartz (Figs. 8, 9)
on the most commonly used dislocation creep flow law of
Hirth et al. (2001) and the weakest quartz flow law to date,
which also includes a grain size sensitivity (Fukuda et al.,
2018) and a GSS flow law of feldspar in Figs. 8, 9.
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Figure 8. Comparison of quartz (a) and feldspar (b) flow laws with our experiments at 650 °C with variable strain rates. It is to be noted that
the flow law of Fukuda et al. (2018) (a) has a much lower grain size sensitivity, but there are intersection points where, at a larger grain size,
the same grain size in Fukuda et al. (2018) would be weaker than in this study. Still, this study is mostly weaker than Fukuda et al. (2018)
at fine grain sizes and at the same strain rates (a). The Rybacki and Dresen (2000) feldspar diffusion creep and the granitoid of this study,
however, are very similar (b). The granitoid of this study appears slightly weaker at the same grain sizes and strain rates, but this difference
may lie within the uncertainty of the flow law calculations. For more discussion, see the text.

In GSI quartz flow laws, an additional fugacity term
f rH2O exists, with r being the fugacity exponent, which
is also implemented in the plots below (see Table 3).
The flow law from Eq. (4) then changes to ε̇eq =

Aσ nd−mf rH2Oexp(−Q/RT), and, if there is no grain size sen-
sitivity, m= 0; therefore d−m = 1. Note that it has been
shown by Ghosh et al. (2024) that fine-grained novaculite is
weaker than coarse-grained quartzite, thereby proving that,
even though not directly implemented in the same form of
flow law, a grain size sensitivity exists.

For our fine-grained experiments, we use the best-
constrained n= 1.47. This value is consistent with neither
classical n= 1 for GSS creep nor n= 3 for GSI creep
(Coble, 1963; Herring, 1950; Nabarro, 1948; Rutter and
Brodie, 2004a; Rybacki and Dresen, 2000). However, similar
stress–strain rate sensitivities have been observed in micro-
crystalline quartz/novaculite (Fukuda et al., 2018; Ghosh et
al., 2022, 2023, 2024; Richter et al., 2018) or nanocrystalline
granites (Sun and Pec, 2021). Our grain size exponent has
a wide range of m= 0.99 to 2.33. The smallest value indi-
cates a linear grain size sensitivity, which is not expected for
GSS creep (Rutter and Brodie, 2004a; Rybacki and Dresen,
2000), but similar values have been obtained by Fukuda et
al. (2018) and Richter et al. (2018). In order to use an inter-
mediate value of ourm-value range, we usem= 1.66 and the
corresponding A value (see Table 2 for our extrapolations in
Figs. 8–10).

Extrapolation from quartz flow laws to 650 °C (Fig. 8)
highlights once more that the deformation through GSS creep
occurs in quartz at strain rates that are orders of magnitude

slower than observed in our granitoid samples. GSS creep in
feldspars (Rybacki and Dresen, 2000), however, appears to
occur at similar conditions to our granitoid fine-grained sam-
ples at the given temperatures.

When extrapolated to nature, these temperature and pres-
sure conditions (650–725 °C, ∼ 1 GPa) correspond to am-
phibolite facies metamorphic conditions. Amphibolite condi-
tions have been reported in many tectonic settings (e.g. Cec-
cato et al., 2022; Goncalves et al., 2016; Imon et al., 2002;
Pennacchioni and Mancktelow, 2007). We can confirm that
many field observations compare well with those of our
microstructures and observed deformation mechanisms (see
Part 1, Nevskaya et al., 2025). Hence, we can apply the
implications from the mechanical data to constrain stresses
and strain rates of fine-grained, polymineralic viscous shear
zones forming in amphibolite conditions, particularly for
fast-deformation conditions such as those carried out in our
experiments.

We can confirm through the mechanical data that shear
zones in polymineralic rocks at these conditions will lo-
calize in precursor structures that have reduced the grain
size initially (e.g., Fitz Gerald and Stünitz, 1993). Grani-
toid rocks deform viscously in the lower to middle crust;
after an uplift, brittle overprint at the surface might occur
and vice versa, and brittle fractures can serve as precursors
for viscous deformation. This cyclic deformational behav-
ior related to burial and uplift of the crust may be common,
leading to mesoscopic inhomogeneities in the rock that can
serve as weak zones to localize strain (Fitz Gerald et al.,
2006; Mancktelow and Pennacchioni, 2005; Pennacchioni
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Figure 9. Comparison of deformation mechanisms of qtz, fsp, and granite at common viscous strain rates of 10−12 s−1. Panel (a) shows
GSI creep, where quartz is the weakest rheology, and panels (b) and (c) show GSS creep with 15 and 2.5 µm, where fsp and granite become
weaker than quartz GSS with 15 µm and even weaker than qtz GSI creep at 2.5 µm. The 300 °C line across all plots points at the observed
onset of GSS creep in nature.

and Mancktelow, 2007). It has been shown that, even in a
freshly formed granite not undergoing any previous deforma-
tion cycle, there are microscopic local inhomogeneities/pre-
cursors that can localize strain and weaken the rock (Pennac-
chioni and Mancktelow, 2007). The operating process that
causes the initial weakening is the micro-scale comminution
of grains, which is most efficient in feldspars (Fitz Gerald and
Stünitz, 1993; Keulen et al., 2007; Tullis and Yund, 1985).

Although, in our experiments, a precursor fracture (Type I)
or existing shear zone (Type III) is necessary to localize the
strain, we can infer that a mylonite, such as our experimen-
tal starting material inside a coarse host rock, may be suffi-
cient to activate the same processes we observe in the exper-
iments and thereby localize strain within. A key to localizing
strain is therefore the rheological contrast between host rock
and shear zone. Overall, the grain size reduction is far less
efficient in Type II samples; therefore the GSS deformation
mechanisms initiate less efficiently. This information is im-
portant for understanding the evolution of natural shear zones
and the applicability of our experiments.

Once the grain size is reduced, polymineralic fine-grained
zones will deform through GSS creep and, as a result, will
be weaker than quartz and the surrounding coarse-grained
rocks. One likely micromechanical mechanism of the GSS
creep is dissolution–precipitation creep (DPC). The pro-
cesses of DPC in feldspars in granitoid systems are already
reported from nature (e.g., Menegon et al., 2008). Further-
more, we infer that, at very fine grain sizes, such polymin-
eralic shear zones can deform viscously by very fast strain
rates (up to 10−2 s−1 at 650 °C, as in our experiments). The
combination of weak zones localizing the strain and the very
fast deformation rates explains how the lower to middle gran-
itoid crust (∼ 10 km depth) can be deforming in very narrow

localized shear zones rather than distributed homogeneously
(e.g., Wehrens et al., 2016). By current geophysical monitor-
ing devices, detection of strain rates at sufficient spatial res-
olution at depths of amphibolite conditions is not possible.
However, the occurrence of slow slip events and seismicity
at these depths may indicate that our new mechanical data
might be highly relevant for such conditions and potentially
even contribute to an improved parameterization of the seis-
mic cycle.

Our experimental samples may not have reached steady-
state microstructures yet, especially as observed in Type II
and Type III coarse-grained samples. If grain comminution
continues, the shear zone is expected to become weaker with
progressive strain (increasing the strain rate at constant load).
This progression might lead to the acceleration of slip move-
ment of shear zones at mid-crustal conditions at comparable
P–T and strain rates to our experiments and might upscale to
shallower and colder levels, representing the brittle–viscous
transition. At the tips of the shear zones, stress concentrations
will develop, causing more grain comminution by potentially
brittle processes (Pec et al., 2016) and leading to seismic rup-
ture.

Furthermore, we extrapolate the flow laws to natural
strain rates of 10−12 s−1 and investigate the flow strengths
of various deformation mechanisms with temperature as a
proxy of depth (Fig. 9). For fugacity calculations in GSI
creep (Fig. 9a) (implementing code from Tony Withers Fu-
gacity Calculator, https://www.uwo.ca/earth/people/faculty/
withers.html, last access: July 2024), we assume a lithostatic
pressure increase (density of 2.7 g cm−3) together with a tem-
perature gradient of 25 °C km−1.

We extrapolate GSS creep to grain sizes of 15 µm
(Fig. 9b), just as observed in our starting material and other

Solid Earth, 16, 1205–1226, 2025 https://doi.org/10.5194/se-16-1205-2025
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Figure 10. Conceptual model for deformation in granitoid rocks.
We infer that, in granitoid rocks, not only the deformation mecha-
nism but also the deforming material will change. At strain rates of
10−12 s−1, the deformation will be dominated by qtz GSI creep
in grain sizes above 10 µm and transition into GSS creep in the
polymineralic mixture of fsp and bt (DPC).

common fault rocks/ultramylonites, and we also extrapolate
GSS creep to an even finer grain size of 2.5 µm (Fig. 9c),
as can be observed in other ultramylonitic shear zones (Hi-
raga et al., 1999; Kerrich et al., 1980) or in shear zones with
precursor pseudotachylites (Menegon et al., 2017) or cata-
clasites (Takagi et al., 2000). Furthermore, it cannot be ex-
cluded that deformation in nature occurs at finer grain sizes
than preserved today, due to post-deformational static recrys-
tallization or grain coarsening (Evans et al., 2001; Heilbron-
ner and Tullis, 2002). We assume strain rates and differential
stresses as reported from natural shortening rates/shear zones
(10−12 s−1, 300 MPa) for extrapolations. A key observation
is that, while quartz GSI creep is active at 300 °C (Fig. 9a),
feldspar and granitoid GSS creep with a significantly small
grain size becomes active as well and even weaker than the
quartz (Fig. 9b, c).

Still, at larger grain sizes than 15 µm, especially coarse,
undeformed granites with grain sizes of > 1 mm, will be
stronger than quartz. We therefore investigate the transition
from quartz GSI to feldspar/granitoid GSS creep in a concep-
tual, two-phase deformation mechanism map (Fig. 10). Usu-
ally, in these grain size vs. stress maps, different deformation
regimes for one material are plotted (e.g., as in Rybacki and
Dresen, 2004). We assume that, in a granitic rock, taken as
the deforming material, different deformation regimes that
are dependent on the grain size will be active and will also
switch the dominant mechanisms between minerals.

Based on this concept (Fig. 10), we propose two different
paths of shear zone formation and flow strength in polymin-
eralic rocks: (1) With large starting grain sizes, quartz GSI

https://doi.org/10.5194/se-16-1205-2025 Solid Earth, 16, 1205–1226, 2025



1220 N. Nevskaya et al.: Part 2: Rheological parameters

creep is the rheology dominating mechanism. GSI creep
will result in grain size reduction with continuous deforma-
tion. The fine-grained polymineralic mixture will reach the
transition grain size (e.g., 10 µm at strain rates 10−12 s−1)
and move into the GSS creep regime, where dissolution–
precipitation creep will be active and lead to very weak flow
stresses. The polymineralic mixture will lead to inhibited
grain growth through pinning. (2) A shear zone, which al-
ready has grain sizes that are in the grain-size-sensitive field
in the diagram (Fig. 10), will directly deform through GSS
(dissolution–precipitation) creep. Larger grains in this mix-
ture might still deform through GSI (e.g., dislocation creep-
/glide), but, also there, grain size reduction combined with
phase mixing will finally lead to a fine-grained, homoge-
neously deforming weak shear zone. The microstructural
evolution is described in more detail in Part 1 (Nevskaya et
al., 2025).

Most evidence in nature is found for concept (2), e.g.,
as in Goncalves et al. (2016), Imon et al. (2002), Kilian et
al. (2011), Menegon et al. (2017), and Stokes et al. (2012).
However, in our Type II experiments, we already observe that
the grain size reduction and phase mixing (as described in
Part 1, Nevskaya et al., 2025) lead to substantial weakening
in the mylonite (see Fig. 4). As in Tullis and Yund (1992,
1985), a high content of feldspar is expected to contribute to
weakening. Additionally, reactions of feldspars are forming
stable minerals in the conditions of deformation (Fitz Ger-
ald and Stünitz, 1993; Mansard et al., 2020a, b; Marti et al.,
2017, 2018; Stünitz and Fitz Gerald, 1993).

If only the reaction kinetics are the driving forces for the
low stresses and efficient grain size reduction, an important
question remains as to whether our experimental observa-
tions and flow law parameters could be transferred to shal-
lower depths and lower temperatures than the experimental
conditions. Here we assume that, at almost all P–T condi-
tions, whether lower or higher than the peak metamorphic
conditions of the rock, phases such as feldspars or biotites
will be in a disequilibrium. This chemical disequilibrium will
enhance the efficiency of the pressure solution (e.g., Stünitz
et al., 2020). Hence, the extrapolation of the observed mi-
crostructures and interpretation is possible beyond green-
schist facies and experimental conditions.

The consequences of the calculated flow law are very sim-
ilar to those of the GSS (diffusion) creep of wet anorthite in
Rybacki and Dresen (2000), even though the individual flow
law parameters, other than Q, differ (see Table 3, Fig. 8).
This leads to the impression that feldspar as the dominant
phase in our samples might be the material defining the rhe-
ology. There have been studies implying that reactions in
at least two types of feldspars would enhance reactivity in
rocks and thereby weaken the rock through activation of GSS
creep (Fitz Gerald and Stünitz, 1993; Mansard et al., 2020a,
b; Marti et al., 2017, 2018; Stünitz and Fitz Gerald, 1993;
Stünitz and Tullis, 2001; Tullis et al., 1990). This means that,
if feldspar is dominating the composition in the rock, at a

given grain size, feldspars would become the weakest phases
and define the rheology. We cannot exclude this important
contribution of the feldspar minerals in the rheology of our
samples.

However, based on the microstructural observations in
our samples (see Part 1, Nevskaya et al., 2025), we still
infer that, although the feldspar flow law appears to be a
good approximation for the rheology in polymineralic fine-
grained granitoids, a feldspar GSS creep flow law would be
an oversimplification. The polymineralic mixture allows the
(feldspar) grain size to remain small and active at or even
below the boundary between GSI and GSS creep through
phase mixing, chemical driving forces, and pinning. The
microstructures indicate that the deformation through re-
actions is weakening the rock even further, (1) allowing
the activation of pinning-assisted dissolution–precipitation
creep (DPC) (Part 1, Nevskaya et al., 2025) and (2) possi-
bly enhancing the deformation. Therefore, the presented flow
law parameters might overestimate the strength in granitoid
(fault) rocks.

The uncertainty of parameters estimated in this study is
high, due to a limited number of experiments at different
steady-state flow stresses, different corrections applied be-
tween each experiment, and inhomogeneities in the natural
starting material. However, the complexity of observations
from our experiments is important, as monomineralic mi-
crostructures are different to polymineralic microstructures.
This is why further experiments with complex systems such
as these are necessary to understand the rheology of polymin-
eralic mylonites. It is important to investigate the influence
of water content on the pinning-assisted DPC processes.
Furthermore, the influence of the volumetric proportion of
feldspars and biotite versus quartz on the dominant deforma-
tion mechanism is still not understood and could be modified
in future experiments.

4.2 Pure shear samples – Type II experiments and flow
law

For the flow law calculations, we did not use any of the Type
II experiments. However, the minimum strain rate and min-
imum stress of experiment 670NN are plotted in the same
stress–strain rate diagram as the experiments used for the
calculations above (Fig. 6). Although it does not appear to
fit with our other experimental data sets, it is to be consid-
ered that the grain sizes in this experiment have a large range
and that local strain rates (of material with different sizes)
may be orders of magnitude faster, if we assume only phase
boundaries deform (by grain boundary sliding) (see defor-
mation mechanisms in Part 1, Nevskaya et al., 2025). The
arrow also indicates that weakening is still continuing (see
mechanical data Fig. 4), assuming that the grain size reduc-
tion in these experiments is still ongoing. In this sense, the
microstructural and mechanical evolution are in line with the
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observations made by Type I and III experiments and support
those results.

4.3 Bimodal grain size distributions and “bimodal”
strain rates

It is to be noted that a change in the n slope from 1.40
or 1.47 (≈ 1.5) in fine-grained Type III samples to n=

1.81± 0.17 for the Type III coarse-grained sample (Fig. 6)
occurs. This change in slope indicates a combination and
contribution of different deformation mechanisms and must
be explained by the microstructures. Initially, coarse-grained
Type III samples (< 125 µm) exhibit a complex microstruc-
ture with at least bimodal grain size distribution (medians
of coarse grains 4.5 µm and finer grains with complex dis-
tribution ranging ≈ 30–800 nm; see Part 1, Nevskaya et al.,
2025), foliation development, and strain localization in shear
bands. We mapped out the different deformation domains
in the sample 675NN (see Fig. 11), where we distinguish
five different zones. (1) and (4) are low- to medium-strain
features, and (5) shows high-strain zones with extremely re-
duced grain size, where flow textures are similar to those in
Type III fine-grained experiments. The bimodal grain size
distribution may indicate two different deformation mecha-
nisms that are active at the same time in the coarse- and fine-
grained regions, which is in accordance with the two different
n values.

Commonly, for determining a bulk rheology, limiting as-
sumptions are made that either the stress or the strain rate
is rate-limiting within an aggregate (Voigt, 1910). It has al-
ready been shown by Handy (1994) (and references therein)
that such an approach is an oversimplification of the com-
plexity of bulk rock deformation, as the stress and strain par-
titions differently between stronger and weaker phases. Sim-
ilar composite flow law approaches were made by Herwegh
et al. (2005) and Ter Heege et al. (2002), where, at constant
stress, the bulk strain rate is a sum of each discrete group
weighted by its volume:

ε̇σ = ε̇1v1+ ε̇2v2+ . . .+ ε̇jvj =
∑i=j

i=1
ε̇ivi, (5)

and, analogously, at constant strain rate, the bulk stress be-
comes a composite of all stresses in the system:

σε̇ = σ1v1+ σ2v2+ . . .+ σjvj =
∑i=j

i=1
σivi . (6)

A further complication in such a system is the progres-
sive evolution of parameters with increasing strain leading
to a change in rheology. This complication is neglected in
this approach. To obtain the contribution of each grain size
group/deformation mechanism in Type III coarse-grained ex-
periments affecting the strain rate/stress, we use Eq. (5). Un-
der the assumption that a fine-grained zone (5) in sample
Type III-cg, as in Fig. 11, can be described by Type III fine-
grained experiments and that the stress is at steady state in the
sample, we calculate the strain rate of the coarse portion of

Figure 11. Schematic overlay of strain localization in Type III-cg
experiment 675NN. An SEM-BSE image of large clast from the
bottom surrounded by high-strain grains is displayed in Fig. 3.
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1222 N. Nevskaya et al.: Part 2: Rheological parameters

Table 4. Calculations of contributions of strain rates in fine- and coarse-grained zones at a constant stress.

Exp. no. Bulk ε̇eq (s−1) σDiff (MPa) Area fg (%) Area cg (%) Fine ε̇eq (s−1) Coarse ε̇eq (s−1)

675NN 6.99× 10−4 650 7.50 % 92.50 % 1.38× 10−3 6.43× 10−4

675NN 6.73× 10−5 264 7.50 % 92.50 % 3.79× 10−4 4.20× 10−5

675NN 1.31× 10−5 83 7.50 % 92.50 % 6.91× 10−5 8.56× 10−6

675NN 5.86× 10−4 811 7.50 % 92.50 % 1.96× 10−3 4.75× 10−4

the coarse grains. In our case, we use the area fraction instead
of the volume fraction for the calculations. We use the strain
rates of a regression line (see n-value slope in Fig. 6) through
Type III fine-grained experiments and Type I experiments at
the corresponding stress.

The results of these calculations (Table 4) show that the
fine grain sizes that have formed only account for ∼ 10 % of
the sample. Therefore, the bulk strength and the coarse grains
are still dominating the microstructure of the sample and thus
the rheology. However, the microstructures also indicate that
the sample is not yet at steady-state conditions and that the
grain size reduction (and weakening) will continue at higher
strains.

From n calculations on the coarse-grained portion of our
samples, we can use the microstructural observations of the
different deformation mechanisms that appear to be active at
the same time: most importantly, we observe that the coarse-
grained portion of the sample 675NN has a stress exponent of
n= 1.94± 0.17 (Fig. 6), supporting the idea that the defor-
mation mechanism in this part of the sample is possibly more
affected by GSI creep components (e.g., dislocation glide).
This value is also comparable to the flow law parameters of
Hansen and Carter (1983) for (coarse) wet Westerly granite.

Overall, in terms of strain localization and bulk rheology,
these coarse experiments therefore point to the fact that, in
coarser starting materials, it becomes necessary to view a
combination of deformation mechanisms. In this sense, these
Type III-cg experiments are a good analog for deformation to
higher strains of Type II experiments.

5 Summary and conclusions

To understand the rheology of fine-grained polymineralic
(fault) rocks, three different types of experiments on a
granitic ultramylonite at T = 650–725 °C, Pconf = 1.2 GPa,
and strain rates of γ̇ = 10−6–10−3 s−1 were performed.
They were used to approximate parameters in a grain-size-
sensitive (GSS) flow law to be able to compare our re-
sults to other flow parameters and in order to extrapo-
late to natural conditions. For fine-grained rocks, we ob-
tained n≈ 1.5, m≈−1 to −2.3, Q≈ 170 kJ mol−1, and
A≈ 20(125)MPa−n µmm s−1 with large uncertainties. In
coarse samples, a mixed flow law in terms of deformation
mechanisms describes the stress sensitivity depending on

two grain size ranges well: grains larger than ∼ 10 µm de-
form with a grain-size-insensitive (GSI) creep component
(n ≈ 2), while a fine-grained fraction deforms with grain-
size-sensitive creep (n≈ 1.5) simultaneously. The flow law
parameters have a large error and are not intended to be ap-
plied to granitoid rocks ubiquitously but only to serve as an
aid in understanding and comparing the rheology of polymin-
eralic shear zones with other data in the literature.

In connection with microstructural observations from
Part 1 (Nevskaya et al., 2025), we confirm field observa-
tions that polymineralic fine-grained rocks deform through
GSS creep (dissolution, nucleation, and growth, coupled with
pinning – DPC). At amphibolite conditions, fine-grained
polymineralic rocks are deforming up to 6 orders of mag-
nitude faster than quartz at the same differential stress.
While feldspar GSS flow laws seem to result in comparable
strengths to fine-grained granitoids in this study, it is implied
that pinning and chemical driving forces will aid initiating
GSS creep in granitoids, showing that our estimated flow law
parameters might still overestimate the flow strength in fine-
grained polymineralic rocks.

Further extrapolations to lower temperatures of 300 °C
show that grain size is key for weakening granitoid fault
rocks by activating GSS creep. Until the rock reaches a fine
grain size, quartz with GSI creep is still the rheology-defining
weakest phase (e.g., >∼ 10 µm, coarse intact granite, at ε̇ =
10−12 s−1). At a reduced grain size through progressive grain
size reduction during deformation, the polymineralic mix-
ture deforms by GSS creep (pinning-assisted DPC), weak-
ening the polymineralic shear zones dramatically. The onset
of viscous deformation at lower temperatures implies that the
brittle–viscous transition of granitoid shear zones can occur
at a shallower crustal level than estimated from quartz. Fur-
thermore, the strain rate in localized shear zones will be un-
derestimated, possibly explaining stress buildups and stress
concentrations in the middle crust leading to earthquakes.
The latter process would represent a change from viscous
deformation to brittle at stress concentrations and may thus
present a potential earthquake mechanism that is a runaway
process induced by viscous deformation.

Code and data availability. All images and data are included in the
article and Supplement or referenced in the text.
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