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Abstract. The transition from strong to weak mechanical behaviour in the Earth's continental middle crust is always caused
by an initiation of viscous deformation. Microstructural 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 companion paper 1) demonstrate that the observed weak behaviour 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 rheological parameters for fine-
grained polymineralic rocks deforming by DPC are insufficient. A series of three types of experiments was conducted on a
granitoid fine-grained ultramylonite to different strains at 650°C-725°C, 1.2 GPa with strain rates varying from 103 to 10-
bs-1, Type I and Il experiments are solid natural samples, providing key microstructural evidence for DPC. Type IlI are general
shear experiments performed on coarse- and fine-grained ultramylonite powder. All experiments were combined to estimate
rheological parameters for such polymineralic shear zones. A stress exponent n=1.5 and grain size exponent m=-1.66, with
uncertainties, were estimated and coupled with microstructural observations. Extrapolations indicate that at slow natural strain
rates, DPC in polymineralic granitoid fault rocks can occur at lower temperatures than monomineralic quartz. A deformation
mechanism map is proposed, indicating a transition in the deformation mechanism from dislocation creep in monomineralic
quartz to DPC in weaker polymineralic fine-grained granitoid, based on strain rate and grain size. Most importantly, the
polymineralic 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 potentials and phase mixing, both of which are absent in

monomineralic systems.
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1 Introduction

In the Earth’s middle and lower crust, the switch from frictional to viscous deformation is often accompanied by a transition
from seismic to aseismic deformation. Consequently, the study of the onset of viscous deformation in nature is crucial for
é advancing our understanding of earthquake mechanics. An understanding of viscous deformation in the middle continental
crust is of great importance for the amplification of local stresses and the localisation of deep earthquakes, as evidenced by the
findings of Campbell et al. (2020).
The rheological behaviour of rocks is commonly estimated from experiments on monomineralic or synthetic simplified rocks.
35 In these experiments, rheology is constrained by intrinsic parameters such as the rock’s composition, grain sizes, anisotropies
as well as by extrinsic parameters such as temperature, confining pressure, pore fluid pressure and strain rate. Particularly in
monomineralic polycrystalline aggregates, two general viscous end member deformation mechanisms are distinguished:
Diffusion and dislocation creep, where the er is grain size sensitive (GSS) and latter grain size insensitive (GSI) creep.
Hﬁpar-dominated lithologies, which usually are modelled or represented by

ars, and micas — among which each mineral has a different temperature

The Earth’s continental crust consists most

aranitoid rocks. These are a mixture of quartz,

= he onset of viscous deformation athen deformed-in-monomineralic-aggregates. The initial grain size of granitoids is quite
= 2, ranging from mm- to cm-scalEall granitoid mineral phases quartz is considered to be the weakest in monomineralic
seriments and typically deforms through creep at grain sizes of the starting granitoid at mid-crustal extrinsic conditions
(i.e., greenschist to amphibolite facies P,T—%
45  GSS rheology of quartz (e.g. 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 exist
E%Iorfeldspars (e.g Rybacki et al., 2006, 2008; Rybacki and Dresen, 2000, 2004). Extrapolation to nature indicate that quartz

itions). is reason, there have been numerous studies to explore GSI and

chanically weaker than GSI creep of feldspars in the Earth’s middle crust. Note that such a generalized statement might
Iways be true, particularly if GSS creep is the dominating deformation mechanism as is the case for many fine-grained
E ﬁnites. Due to observations of GSI in natural monomineralic or coarse-grained rocks eakest quartz GSI creep is mostly

used for modelling crustal strength (Arnold et al., 2001; Brace and Kohlstedt, 1980; Burﬁoa 2011; Kohlstedt et al., 1995).

However, there are many studies of natural rocks indicating that the strength of polymineralic fault rocks may be weaker than

predicted by pure quartz GSI creep laws, due to activation of GSS creep mechanisms through continuous grain size reduction

(e.g. Fitz Gerald and Stiinitz, 1993; Gratier et al., 2013; Stiinitz et al., 2020; Stiinitz and Fitz Gerald, 1993; Stunitz and Tullis,
55 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 ’s middle crust.

Few experimental studies exist that attempt to confirm the field observations of polymﬁ‘lic rocks by investigating the
viscous behaviour 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 synthetic, initially fine-grained, material as an analogue for fault rocks or
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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 experiments investigating the
viscous processes are conducted at higher temperatures and/or lower pressures to scale natural 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 confining pressure
and shear strain rates of 10 to 105s7, ral strain rates of 10° s, To capture the complexity of natural samples, we use
ﬁ this Hnite. Our setup allows to reach fairly high strains at experimental

conditions and activate viscous deformation in po

three different experimental geometrie
neralic fine-grained zones even at faster strain rates than observed in
other coarse granitic or monomineralic studies (see companion paper 1). We investigate the importance of grain size reduction
leading to substantial weakening of polymineralic rocks. In this present study, we estimate the parameters describing stress
and grain size sensitivity for a flow law to finally compare to literature data and to extrapolate the experimental findings and
observations to shallower crustal levels. Our results have direct implications for the onset of viscous deformation and rheology

of polymineralic shear zones.

2 Materials and methods
2.1 Starting material characterization and preparation

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

The granitoid ultramylonite consists of quartz, feldspars, biotite, and epidote. It is strongly foliated through mylonitic bands
(qtz:ab:K-fsp:bt:ep = 37:38:11:8:6 wt%). Mylonitic bands were carefully investigated and characterized. Bands are ~100-
400 pm wide and have varying mineralogical composition and grain size (see companion paper 1). Microstructural analysis of
the starting material has been performed on thin sections in a petrographic microscope as well as SEM. The mylonitic bands
have a grain size range of <10 um (even down to 2 pm) to >600 pm in proto-mylonitic zones. The most fine-grained and
homogeneous zones with a median ~15 pm 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 apparatus at the University of Orleans at confining pressures of

1.2 GPa and temperatures between 650°C and 725°C. We used three different experimental setups, in which the samples were
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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):

e Type I: Shear experiments using natural Type | Type ll Type lll
les, where strain localization in fractures
aots in dominant simple shear deformation. %
e Type Il: Coaxial shortening experiments using :5:
natural samples where deformation is more g
homogeneously distributed. E
e Type Ill: General shear experiments using S
coarse-grained (cg) and fine-grained (fg)
powders obtained from a natural sample
between alumina pistons.
All three experiments were performed on the same %
starting material, only the sample preparation was %
different. For Type | and 1l the ultramylonite was cored g
ith a 6.3 mm diameter diamond drill, such that the S
ﬁtion is inclined 45° with respect to the piston axis.

These cylindrical samples were carefully investigated Figure 1: Schematic of the three experimental Types in this
macroscopically and with a micro-CT Scan (Skyscan) study. Details see text.

prior to experimental deformation to ensure that a most homogeneous and fine-grained zone is targeted, as well as no drilling-
induced fractures exist. For Type Il1, one portion of the ultramylonite has been disintegrated using the inhouse SELFRAG Lab
(high voltage pulse machine, https://www.selfrag.com/; (Edwin et al., 2006; Regis et al., 2014)) and further milled by hand
and in a ball mill (McCrone corundum ball mill). Material from each step was sieved several times to obtain grain sizes below
125 um, maximizing disintegrated grains and minimizing damage of grains from the milling process. This material was used
directly for Type Ill-cg (cg: coarse grained) experiments. From this milled sample batch, a small part has been used to perform
XRD measurements to obtain a chemical composition of the bulk rock material. For Type I11-fg experiments (fg: fine grained),
a second batch of powder was prepared by milling the <125 um samples with the McCrone mill and further by hand. After
several milling cycles, Atterberg cylinder sedimentation was performed to rate a fraction < 2.8 um. For sedimentation
times, Trom=19.9°C (climatized), column height = 28 cm, particle densityﬁ g/cm® and suspension medium HxO was
considered. The grain size distribution of the gouge samples was measured by laser diffraction in a Mastersizer 3000 (see
distribution in supplementary). 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.
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ittle fractures in sample Type | experiments typically ormed before reaching experimental P, T-conditions. We term
a cataclastic shear zones in a coherent sample as prﬁtured microstructures. The grain sizes are reduced in a brittle
manner down to <0.5 ym from initially ~15 pm. One benefit of the Type I experiments are the large shear strains that can be
obtained in the thin zones (up to y = 200), resulting in microstructures that are close to steady state conditions (see also
microstructures in companion paper 1). Furthermore, these zones simulate the evolution of natural faults from brittle to viscous
behaviour. In literature, this type of experiments has rarely been used for mechanical tests so far because of its difficult
corrections of the stress measurements. Exceptions are the experiments of Stesky et al. (1974) and Tullis et al. (1990) but some
experimental conditions were different (mostly frictional properties in case of Stesky et al. (1974)). Most importantly, their
r stress and shear strain rate were calculated in a different manner compared to our approach (see Section 2.3.4, Correction
ﬁw data). Type Il samples represent a more common setup of coaxial shortening experiments and can be used reliably to
understand strain evolution and deformation mechanisms (Dell’ Angelo and Tullis, 1988; Ghosh et al., 2022 Stipp and Tullis,
2003). Type III experiments represent a commonly used Grigg’s rig simple shear set up (Fukuda et aﬁl& Okazaki and
Hirth, 2016; Stiinitz and Tullis, 2001). These experiments are affected by boundary conditions such as friction of the forcing
blocks againﬁ actuator, compaction of initial porosity, and maximum possible shear strain/ gamma values of 3-4. Type IlI
experiments, however, allow to compare the influence of different starting grain sizes (<2.8 um and <125 pm in our case), as
well as to perform strain rate and temperature stepping with a controlled sample geometry and grain size. As will be shown
below, the extraction of microstructural and mechanical information benefits from the use of all three approaches.
2.3 Grain size analysis
Coarser grained microstructural domains (>~1 um) were mapped with a small (500-1000x) 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 (5000-30 000x) magnification FEG-SEM backscatter electron detector images by
drawing the grain boundaries manually. Automated image analysis techniques would have required larger datasets to be trained
on, as well as better defined grain boundaries. However, in our samples, these conditions were not met and for each grain it
decided manually whether it is a grain or not. This method was limited to areas, where phases were mixed, because many
ﬁ boundaries were not visible in monophase regions. More reliable 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 by calculating the diameter d of the area A of ﬁvalent circles:

d=2-"|A/z; Med(d), (1)
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This workflow allows capturing the broad range of grain size distributions from nm to pm scale in our experimentally deformed
samples, where grain size reduction at grain boundaries and initial grain size influence the strength equally, as will be 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 caution. 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 robust grain size data making it possible to draw
conclusions about the shear zone evolution. ﬁ

2.4 Corrections of raw data

In terms of mechanical data, each type of experiment requires different corrections for different sample geometries. In Type |
experiments, the shear strain rate is calculated from the thickness of the zone and the vertical displacement of the piston
depending on the angle of the shear zone with the shortening direction. It is a standard procedure resulting in shear strain rates
y. Conversion of shear strain rates of the Type | and Type Il experiments to equivalent strain rates £, is done by following
Eqg. 2 (as in e.g. Kohlstedt and Hansen, 2015; Sun and Pec, 2021):

. . 2+/3
Eeq = VT ) (2)
Note that this as considered directly comparable with the calculated € of Type Il experiments.

In Type | and e Il experiments ﬁrential and shear stress are calculated, in Type Il experiments differential stress is

calculated. While in shear zones for at 45° a conversion from shear stress to differential stress is simple by a factor of

two, the shear stress for other angles a of the shear zone is calculated as in Eq. 3:

=3 D i = . 3
Zein(a) or equivalently o, = 7, - 2 - sin(2a) , 3

Q.capture the complexity of our experiments, we used equivalent strain rate €z paired with angle-dependent shear stress 7
U™our stress exponent calculations: Comparison with differential stress calculations shows that the calculated values for stress
and grain size dependence do not ge significantly for the observed range of values. For comparison with literature data,
herefore use differential stresg stress dependence, as the equivalent shear strain rate already contains the shear zone
=
itionally, corrections of the Grigg’s type apparatus internal friction were performed and furthermore a friction increase of
ﬁN/mm 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 (during pressurization and very

early in the slope section of the loading curve), and a compaction correction is neglected, to reach y values similar to the ones

measured in the thin section by hand. A detailed description of the different calibrations and corrections can be found in

6
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Holyoke and Kronenberg (2010), Pec, (2014), Tarantola et al. (2012). The uncertainty resulting from the different corrections
is displayed in Fig. 2. The HK molten salt cell correction (Holyoke and Kronenberg, 2010) was tested on the dataset, and we
found the calculated parameters did not change significantly (see supplementary). 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 Il experiments. This would imply extension experiments, which were not performed, and therefore we do
implement the Holyoke and Kronenberg correction to our experiments. Stresses are shown as only friction corrected
%out any further 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 localized shear zones, in Type | and Ill experiments, there is a decreasing
overlap area resulting in increasing stress values with progressive shear strain. We use the cos?-approximation for the
decreasing overlap area for Type 11l experiments (Heilbronner et al., 2020). In the case of Type | experiments, the strain is
beyond the applicability of this correction (should only be applied up to y<4, Stiinitz & Heilbronner, personal communication)
and the correction is therefore omitted. During coaxial shortening, barrelling of the sample occurs and leads to an increased
cross-sectional area on which the force acts. We assume constant volume to correct Type Il experiments for the increasing
area with a Poisson ratio correction of 0.5, as described by Pec (2014). This effect is not considered in the correction of in
Type | experiments, where we use only the friction corrections. A compilation of different corrections and their effect on the
mechanical data can be found in Fig. 2.
A major uncertainty of our Type | 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 measure its width in a transect in the
centre of the sample perpendicular to the shear 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. However, it does influence
the shear strain rate significantly (see Supplementary): A 10-fold increase of shear zone thickness (e.g. from 10 to 100 pm)
leads to a 1000-fold slower calculated strain rate. This highlights the importance of the Type 111 experiments to have a reliable

stress and strain rate measure.
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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, no geometric corrections;
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2.5 Extrapolation parameters

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

Eeq = A a”d‘mexp(_Q/RT) , 4)
Wherepgais the equivalent strain rate in s, o the differential stress in MPa with stress exponent n, d the grain size in pm
with st@ exponent m, Q the activation energy in J/mol, T the temperature in K, R the universal gas constant and A a pre-
exponential term in MPa™ um™ s, We chose the general form of a grain size sensitive (i.e. diffusion creep) flow law, as the
inferred deformation mechanism in companion paper 1 is grain-size sensitive gissolution-precipitation creep and aim to
correlate the microstructural observations with mechanical data. ﬁo

To estimate the exponential factors n,m and Q in this Eq. 4, linear regression fits are made in logi plots for each modified
parameter (see sections 3.2,3.3 and 3.4). The stress exponent is the most important parameter for inferring deformation
mechanisms and for extrapolation to natural conditions, because it is the best constrained parameter, as will be shown below.
The grain size exponent and subsequent parameters are only to be taken as rough estimates rather than precise measurements.
Nevertheless, they serve as a guideline for natural conditions close to our experimental conditions and as a parameter for
comparison with literature data.
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3 Results

Start microstructures (SEM) Final microstructures (SEM) Final microstructures (TEM)

R B m

b+ s strain localization mechanisms of all three experimental types. For Type I, only final microstructures were
igated. All SEM images were recorded using the backscatter electron detector: Bright phases: bt&ep, medium grey
phases: K-fsp, dark grey phases: ab+qtz. Note the same scale in the first two columns. Type | TEM section is a vertical slice
through the highest strain zone with an unloading crack in the middle. Type 11 TEM shows the phase boundaries between ab
(top) and K-fsp (bottom). Type I11 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.

225 3.1 Strain rates and grain sizes

3: Summary of starting and steady-state key microstructures highlighting the different experimental geometries as
inve

We performed 14 relevant experiments in total, of which 6 Type I, 5 Type II, and 3 Type Il experiments at shear strain rates
of 10 to 10 s, coaxial strain rates of 10 s (see Table 1). The shear strain rates were calculated based on final shear zone

thickness measurements after deformation. Figure 3 summarizes the microstructures serving as a base for our interpretations
11
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(see more details for microstructures in companion paper 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, one without a fracture and set to
experimental P/T (650°C, 1.2 GPa) over-night (630NN and 634NN respectively, see Table 1 and Fig. 3).
In Type 111 experiments, we performed strain rate stepping and the final shear zone width varied between 475 and 664 pm.
Each of the experiments were deformed with 4 strain rate steps — always one order of magnitude faster/slower than the previous.
We used a one magnitude slower strain rate for the coarser starting material experiment (unlike in the fine-grained material)
since a fast strain rate of 103 led to high differential stresses causing jacket rupture (see all experimental parameters in
Table 1, all experiments in Fig. 4).The first and last strain rate steps were set to the same speed, to test for stable microstructures
echanical data over all strain rate steps. In Type I11-fg experiments, after reaching a peak shear stress the samples directly
ﬁrrnmed at steady state stress; in Type Il1-cg, weakening occurred at the first strain rate step before ing a steady state
flow stress (Fig. 4.). In Type ll1-fg, the whole zone deforms homogeneously. Type Ill-cg is inhomﬁous, shows strain
partitioning and a bimodal grain size distribution (see Results, Fig. 7).
In Type Il experiments, we calculate the bulk strain as a coaxial shortening strain. It is observed that typically the lower 1/3 to
2/3 of the sample are deformed, whereas the upper part remains weakly or undeformed (schematic in Fig. 1). These samples
show a continuous weakening (see Fig. 4) and do not reach steady-state conditions.
In Type | experiments, the angle of the shear zone to the shortening direction varied between 35° and ~42°, the maximum
thickness of the localized zone was 0.01 to 0.02 um. In each case, the preexisting mylonitic fabric is not exploited as a
deformation fabric despite its favourable orientation for shear. The stress recording shows a peak stress, then slight weakening
and reaching nearly steady-state conditions after a shear strain of gamma =70 (Fig. 4). One sample (630NN) was pressurized
to brittle failure, to obtain the starting microstructures before reaching experimental P,T-conditions. 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 | experiments the shear zone evolution was considered and (shear) strain rate calculations therefore were
carried out after microstructural observation (companion paper 1) and measurements of the shear zone width. We use
observations from the shear zone evolution in terms of shear stress and strain localization for shear zone widths and
corresponding grain sizes (see Fig. 5). As described in companion paper 1 (and summarized in Fig. 5), the deformation starts
with a wider shear zone (20 um) and coarser grain size (median ~150 nm) at peak stress, and subsequently localizes in narrower
(2 pm-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 (companion paper 1). At the same time, the shear zone is
localizing and further narrowing (Fig. 5), hence at constant vertical displacement rate, the actual strain rate becomes
incrementally faster. These values give the range for strain rates with corresponding stresses and the grain size sensitivity.
The grain sizes in Type Il1I-fg experiments as well as peak stress of Type | and high strain regions of Type Ill-cg develop

towards ﬁlar grain-size median values ranging from ~145 to ~250 nm. Type |l experiments exhibit a bimodal grain size
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distribution (similar to Type Il1-cg), where y formed grains occur at phase boundaries of feldspars. There, we observe
median grain sizes of 270 nm in the boundaHf starting feldspars, with a range of 58-808 nm.

We repeated experiments at the same conditions but to different strains to show the reproducibility and understand the
geometric, mechanical, and microstructural evolution of the samples (see Fig. 4). In the following, we show that the data is

265 consistent despite the natural complexity of the starting material and the use of different experimental setups.
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Figure 4: Experiments, which are used in this study, as stress-strain diagrams. Corresponding experimental parameters can
be found in Table 1. Note that for Type | 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 same vertical displacements. Type Il experiments
(b) were all performed at the same conditions to different strains. Slight variations in peak stress may be due to compositional
changes. Type 111 experiments (c) are performed with fg = fine grained; cg = coarse grained material, varying temperature
and with strain rates in steps. As a result, each increment in the slopes is caused by a change of strain rate according to the
rates in Table 1.
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experiments. Red in the schematic is the distribution of 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
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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 I11) and localized shear
experiments (Type 1), grouping them by grain size and temperature. The logio of the differential stress (friction corrected) is
plotted against the logio of equivalent strain rate (calculated with the shear zone anglﬁ shear zone width; Fig. 6). A slope
for each group was calculated by linear regression. The given error is based on the misfit of the regression line. As can be seen
from Fig. 4, especially Type Il experiments are very consistent with each other. The slopes defining the stress-strain rate
relationship are based on the stepping experiments of Type 111 and can be fitted reasonably (Fig. 6). The slope calculated from
Type 11 stepping experiments was used to construct the slopes for the siﬁ

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

value experiments of Type | and II.

polymineralic samples, Type | and Type Ill experiments are very valuable to understand the deformation mechanisms in
polymineralic rocks. However, the geometries and boundary conditions induce a large error in the stress measurements. On
the other hand, the Type Il experiments have a well constrained geometry and show more consistent mechanical data (Fig. 4).
By combining data sets of all experiments, we try to improve the interpretations of deformation mechanisms based on observed
microstructures and mechanical data and improve corrections to build a better dataset for extrapolations.

For coarse-grained experiments of Type 11l at 650°C, a stress exponent of p=1 81+0.17 has been calculated. This differs from
the previously observed and consistently reported value of n=1.4 to 1.47. Hiscrepancy in the calculated stress exponent is
attributed to the microstructural variations and the presence of bimodal grain size distributions, as detailed in the companion
paper 1. Consequently, this stress exponent is not incorporated into the flow law. The influence of grain sizes on the observed

stresses and strain rates will be elaborated upon in section 4.3.

3.3 Grain size dependence (grain size exponent m)

As previously described, experiment Type | shows a grain size reduction and strain localization evolution (Fig. 5, section 3.1),
which was used to calculate a grain size exponent m (Fig. 6). At peak stress, the shear zone width and corresponding 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 experiment Type Il fine-grained. Subsequently, strain localization occurred accompanied by weakening towards
a more steady state stress. In the microstructures, we differentiate two types of shear zones gradually evolving and deforming
at different strain rates: (1) a 2 um wide zone with grain sizes of 50 nm (Fig. 5b) as well as (2) a 200 nm wide zone with grain
sizes of 13 nm (Fig. 5¢). Itis not clear, whether both zones are active at the steady state stress or only the second, very localized
zone (see discussion in companion paper 1). Hence, we evaluate the range of the grain size exponent based on these two
endmembers. resulting exponent lies between m = 0.99 and 2.33, which is a large range indicating a huge uncertainty (see
Fig. 6). This ﬁtainty is not surprising given the crude data set due to natural sample inhomogeneities. In the following we
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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 grain size sensitive (=GSS) creep.

3.4 Temperature dependence (activation energy Q)

In order to approximate a flow law (Eq. 4), also a temperature-dependent activation energy needs to be calculated. We have
only limited data that is insufficient to directly calculate the slopes of the Q values from 1/T versus logiofdifferential
ﬁgrams. Therefore, we use the interpolated lines for fine-grained samples at 650 and 725°C at an equiﬁt strain
ﬁof 103s* (see Fig. 6a,c). These are the most reliable data of our data set, even though the temperature difference is rather
small (Fig. 6). used fit connects only two data points, so that it can only be considered as a rough and preliminary estimate.
However, as i regression through several experiments, the two data points contain more convincing data than just two
ints from two directly compared experiments would have. Taking into account the large error on the value, uncertainties of
ﬁemperature (as for example in Tullis and Yund (1977)) are negligible.
The resulting Q~167 kJ/mol is not consistent with previous experimental results of Q=16 kJ/mol (Sun and Pec, 2021) for
nanocrystalline granitoid material, but lies more in the range of activation energies for feldspar diffusion creep Q = 170kJ/mol

(Rybacki and Dresen, 2000).

3.5 The rest (pre-exponential term A)

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

n m Q (kJ/mol) A (MPa™ pm™ s?)
1.47 0.99 167.418 124.81
1.47 2.33 167.418 19.55
1.47 1.66 167.418 49.40

The A value is calculated from solving Eq. 4 for A and averaging over all our input experiments. For such a procedure, the
flow law can be obtained for the experimental data set (see verification in supplementary). The largest uncertainties lie in the
m- and Q-values, which result in different A-values of Amog=124.81 MPa™ um™ s and Amz.33=19.55 MPa™ um™ s for the

given Q-value of 167 kJ/mol (see Table 2). Thus, we have to consider an uncertainty in A of at least one order of magnitude.
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4 Discussion

We performed experiments on fine-grained granitic ultramylonites in a temperature range of 650-725°C and strain rates y =

106-10 st in three different experimental set-ups and with varying grain sizes (see Table 2). We obtained stress exponents
~15) and grain size exponents (m=0.99 to 2.33) indicating grain size sensitive deformation mechanisms in our

Erimental range and fitted Q and A values to obtain a first-order guess of flow law parameters for granitoid mylonites

(equation 3). The purpose of this approach is to compare our results with other studies and try to extrapolate the experimental

observations to natural tectonic rates and -settings.

We have shown that gitic fine-grained rocks deform through grain size sensitive creep (GSS) at experimental conditions of

relatively low tempe e (650°C) and fast strain rates ( y of up to 103 s2).

4.1 Comparison with literature and extrapolation

Conventionally, quartz is assumed to be the weakest mechanical phase in the middle crust. Therefore, many numerical 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, direct comparison with our
and previous experiments shows that at the chosen experimental T and y conditions, monomineralic quartz is considerably
stronger than samples of polymineralic granitoid or omineralic feldspar compositions, if flow law parameters are
calculated for our experimental conditions (Fig. 7). E

aor example, the presented quartz/novaculite experiments are all stronger than our fine-grained granitoids, even at pm-grain
= 5 (Fig. 7). In all of these quartz experiments, a brittle/frictional component is observed (because of the imposed strain rates
= temperatures). In addition, deformation by grain size insensitive (GSI) creep is inferred. Both aspects explain the strong
behaviour of the tested quartz samples. t) quartzite is deformed in a partially frictional manner at experimental
temperatures below 700°C at experimentalﬁin rates of ~ 10°to 10° s (Richter et al., 2018). At >800°C, fine-grained
quartzite is fully viscous at strain rates of ~ 105to 10 s and deforms by a combination of dislocation glide and recovery by

dissolution-precipitation processes including grain boundary sliding processes (Fukuda et al., 2018; Ghosh et al., 2023, 2024).
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0
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.
In contrast, the deformation mechanism in our polymineralic granitoid samples at considerably lower temperatures of 650°C
is completely viscous (see companion paper 1), and the active GSS creep mechanisms render our samples considerably weaker
than quartzites (Fig. 7). Furthermore, 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.
355 There are not many studies performed at lower temperatures (<750°C) but high confining pressures (>1 GPa) on
quartz/quartzite or feldspars because below these temperatures, at experimental strain rates, brittle behaviour was observed

(Pec et al., 2016; Richter et al., 2018). Hence, the fact that our deformed polymineralic granitoid samples allow for dominantly

viscous deformation at such low temperatures indicates that their mechanically weak character originates from the very small
grain sizes obtained during early stages in the experiment. For any direct comparison with literature in terms of mechanical

360 data it is therefore important to keep in mind the different experimental setups, corrections applied on recorded data, and the

resulting grain sizes and strain rates in experiments.
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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 experiments (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 overestimates crustal strength and does not show viscous
deformation at temperatures of 300°C, where it is observed in nature (as shown by e.g. 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 up to this date weakest quartz flow law, which also includes a grain size sensitivity (Fukuda et al., 2018), as well as a GSS
flow law of feldspar in Fig. 8, 9.

Table 3: Flow law parameters of studies we used to compare rheological behaviour. n = stress exponent, -m = grain size exponent,
r = fugacity exponent (for water) (see equation 4).

) Water Deformation Q log A
Material ) n -m r Reference
(Wt%)  mechanism (kJ/mol) (MPa™ pm™ s?1)
impson Dislocation )
. ? 4 0 135+/-15 11.2+/-0.6 1 Hirth et al., 2001
tzite creep
Tana ) Dislocation
. as-is/ 0.1 2 0 110 log(1.56:10°) 1 Ghosh et al., 2022
quartZIte creep
. Dislocation & Fukuda et al.,
culite 0102 1.74/-0.2  0.51+/-0.13 183+/-25 log(10297+023) 1.0 +/-0.2
Diffusion creep 2018
Anorthite o Rybacki and
0.07  Diffusion creep 1.0+/-0.1 3 170+/-6 1.74/-0.2 —
(an100) Dresen, 2000
Anorthite Dislocation Rybacki and
0.07 3.0+/-0.2 0 356+/-9 2.6+/-0.3 —
(an100) creep Dresen, 2000
Granitic

ultramylonite 0.1-02 P-DPC 147 1.66 167 log(49.40) — This study
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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, but same grain size Fukuda et al. (2018) would be weaker than this study. Still, this study is mostly
weaker than Fukuda et al. (2018) at fine grain sizes and same strain rates (a). The Rybacki and Dresen (2000) feldspar diffusion
creep, however, and this studies granitoid are very similar (b). This studies granitoid 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
text.

In' GSI quartz flow laws, an additional fugacity term f;, , gXists, with r being the fugacity exponent, which is also implemented

-Q
in the plots below (see Table 3). The flow law from equation 4 changes then to £,, = A a”d‘mfgzoexp( /RT), and if there

is no grain size sensitivity: m = 0 and therefore d=™ = 1. It is to be noted, that it has been shown by Ghosh et al. that
ine-grained novaculite is weaker than coarse grained quartzite, thereby proving that, even though not directly impleged in
ﬁame 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 neither consistent with classical n = 1 for
GSS creep nor with 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 microcrystalline quartz/novaculite
(Fukuda et al., 2018; Ghosh et al., 2022, 2023, 2024; Richter et al., 2018) or nanocrystalline granites (Sun and Pec, 2021). Our
in size exponent has a wide range of m = 0.99 to 2.33. The smallest value indicates a linear grain-size sensitivity, that is not
a‘cted 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 intermediate value of our m-value range, we use m = 1.66 and

the corresponding A value (see Table 2 for our extrapolations in Figs. 8-10).
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Extrapolation from quartz flow laws to 650°C (Fig. 8) highlights once more that the deformation through GSS creep occurs in
quartz at order of magnitudes slower strain rates 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 samples at the given temperatures.
When extrapolated to nature, these temperature and pressure conditions (650-725°C, ~1GPa) correspond to amphibolite facies
metamorphic conditions. Amphibolite conditions have been reported in many tectonic settings (e.g. Ceccato 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 companion paper 1). 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 carried out in our
experiments.

We can confirm through the mechanical data that shear zones in polymineralic rocks at these conditions will localize in
precursor structures that have reduced the grain size initially (e.g. Fitz Gerald and Stiinitz, 1993). Granitoid 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 behaviour 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 and Mancktelow, 2007). It has been shown that
even in a freshly formed granite not undergoing any previous deformation cycle there are mesoscopic local
inhomogeneities/precursors that can localize strain and weaken the rock (Pennacchioni 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 Stunitz, 1993; Keulen et al., 2007; Tullis and Yund, 1985).

Although in our experiments a precursor fracture (Type 1) or existing shear zone (Type I11) is necessary to localize the strain,
we can infer that a mylonite such as our experimental starting material inside a coarse host rock may be sufficient to activate
the same processes we observe in the experiments and thereby localize strain within. A key to localize strain is therefore the
rheological contrast between host rock and shear zone. Overall, the grain size reduction is far less efficient in Type Il samples
and therefore the GSS deformation mechanisms initiate less efficiently. This information is important to understand the
evolution of natural shear zones and 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 processes of DPC in feldspars in granitoid systems are already reported from nature (e.g.
Menegon et al., 2008). Further, we infer that at very fine grain sizes such polymineralic shear zones can deform viscously by
very fast strain rates (up to 10-%s 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 granitoid crust (~10 km depth) can be deforming in very
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narrow localized shear zones rather than distributed homogeneously (e.g. Wehrens et al., 2016). By current geophysical
monitoring devices, detection of strain rates at sufficient spatial resolution 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 seismic cycle.
Our experimental samples may not have reached steady state microstructures yet, especially as observed in Type Il and Type
[11-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 acceleration of slin. movement of shear zones
at mid-crustal conditions at comparable P/T and strain rates to our experiments, as well as upﬁo shallower and colder
levels, representing the brittle to 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 rupture.

Further, we extrapolate the flow laws to natural strain rates of 10'%s" 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 Fugacity Calculator, https://publish.uwo.ca/~awither5/fugacity/index.htm) we assume a lithostatic pressure

increase (density of 2.7g/cm?) together with a temperature gradient of 25°C/km.
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Figure 9: Comparison of deformation mechanisms of qtz, fsp and granite at common viscous strain rates of 10*%s%, (a) is GSI
creep, where quartz is the weakest rheology, (b and c¢) show GSS creep with 15 and 2.5 pm, where fsp and granite become
weaker than quartz GSS with 15 pm and even weaker than qtz GSI creep at 2.5 pm. The 300°C line across all plots points at

the observed onset of GSS creep in nature. References as in Fig. 9.

We extrapolate GSS creep to grain sizes of 15 um (Fig. 9b), just as observed in our starting material and other common fault
rocks/ultramylonites. Further we extrapolate GSS creep also to an even finer grain size of 2.5 pm (Fig. 9c), as can be observed

in other ultramylonitic shear zones (Hiraga et al., 1999; Kerrich et al., 1980) or shear zones with precursor pseudotachylites
24
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(Menegon et al., 2017) or cataclasites (Takagi et al., 2000). Furthermore, it cannot be excluded that deformation in nature

occurs at finer grain sizes than preserved today, due to post-deformational static recrystallization or grain coarsening (Evans

etal., 200&

rates/shear zones (101?s, MPa) for extrapolations. Key observation is that while quartz GSI creep is active at 300°C
ig. 9a) — feldspar and graﬁ

auartz (Fig. 9b,c).

Still, at larger grain sizes than 15 pum, especially coarse undeformed granites with grain sizes of >1 mm, will be stronger than

eilbronner and Tullis, 2002). We assume strain rates and differential stresses as reported from natural shortening

GSS creep with a significantly small grain size becomes active as well and even weaker than

quartz. We therefore investigate the transition from quartz GSI to feldspar/granitoid GSS creep in a conceptual, two-phase
deformation mechanism map (Fig. 10). Usually, in these grain size vs. stress maps, different deformation regimes for one
material are plotted (as in e.g. Rybacki and Dresen, 2004). We assume that in a granitic rock, taken as the deforming material,
different deformation regimes will be active, that are dependent on the grain size and switch the dominant mechanisms also
between minerals.

Based on this concept (Fig. 10), we propose two different paths of shear zone formation and flow strength in polymineralic
rocks: (1) With large starting grain sizes, quartz GSI creep is the rheology dominating mechanism. GSI creep will result in
grain size reduction with continuous deformation. The fine-grained polymineralic mixture will reach the transition grain size
(e.g. 10 pm at strain rates 1012s™%) and move into the GSS creep regime, where dissolution and 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 has already grain sizes which are in the grain size sensitive field in the diagram (Fig. 10) will directly
deform through GSS (dissolution and precipitation) creep. Larger grains in this mixture 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,

homogeneously deforming, weak shear zone. The microstructural evolution is described in more detail in companion paper 1.
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Figure 10: Conceptual model for deformation in granitoid rocks. We
infer that in granitoid rocks, not only the deformation mechanism but
also the deforming material will change. At strain rates of 10*%s! the
deformation will be dominated by quartz GSI creep in grain sizes
above 10 pm, and transition into GSS creep in the polymineralic
mixture of feldspars and biotite (DPC).

Most evidence in nature is found for concept (2), as in e.g. Goncalves et al. (2016); Imon et al. (2002); Kilian et al. (2011);
Menegon et al. (2017); Stokes et al. (2012). However, in our Type Il experiments, we already observe that the grain size
reduction and phase mixing (as described in companion paper 1) leads 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, but in addition also
reactions of feldspars, forming stable minerals at the conditions of deformation (Fitz Gerald and Stuinitz, 1993; Mansard et al.,
2020a, b; Marti et al., 2017, 2018; Stiinitz 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, whether our experimental observations and flow law parameters could be transferred to shallower depths and lower
temperatures than the experimental conditions. Here we assume that at almost all P, T-conditions, be it 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 pressure solution (e.g. Stunitz et al., 2020). Hence, the extrapolation of the

observed microstructures and interpretation is possible beyond greenschist facies and experimental conditions.

26


Highlight
This line can be written better.

Natalia Nevskaya
Sticky Note
Improved


470

475

480

490

https://doi.org/10.5194/egusphere-2024-3970
Preprint. Discussion started: 8 January 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

The consequences of the calculated flow law is very similar to that of Rybacki and Dresen (2000) GSS (diffusion) creep of
wet anorthite, 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 rheology. 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 Stiinitz, 1993; Mansard et al., 20203, b; Marti et al., 2017, 2018; Stinitz and
Fitz Gerald, 1993; Stuinitz 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 and rheology defining phases. We cannot exclude this
important contribution of the feldspar minerals on the rheology of our samples.

However, based on the microstructural observations in our samples (see companion paper 1), we still infer that, although the
feldspar flow law appears 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 reactions is weakening the rock even further, (1) allowing for the
activation of pinning-assisted dissolution and precipitation creep (DPC) (companion paper 1), and (2) possibly 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 between each experiment, and inhomogeneities in the natural starting material.
However, the complexity of observations from our experiments is important, as monomineralic microstructures are different
to polymineralic. This is why further experiments with complex systems as these are necessary to understand the rheology of
polymineralic mylonites. It is important to investigate the influence of water content on the pinning-assisted DPC processes.
Furthermore, the influence of volumetric proportion of feldspars and biotite versus quartz on the dominant deformation

mechanism is still not understood and could be modified in future experiments.
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4.2 Pure shear samples — Type Il experiments and flow law

For the flow law calculations, we did not use any of the Type Il experiments. However, the minimum strain rate and minimum
stress of experiment 670NN is 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 datasets, it is to be considered 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 magnitudes
faster, i assume only phase boundaries to deform (by grain boundary sliding). The arrow is also indicating that weakening
is still ﬁnuing (see mechanical data Fig. 4), assuming that the grain size reduction in these experiments is still on-going. In

this sense, the microstructural and mechanical evolution is in line with the observations made by Type | and Il experiments

and ﬁorts those results.
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4.3 Bimodal grain size distributions and “bimodal” strain rates

1) Remnant grains
Symplectites
3) Low/strain

~< i14) Mediim strain
20, ) High strain

It is to be noted that a change in the n-slope from or 1.47 in fine grained Type Il samples
to n = 1.81+0.17 for the Type Ill-coarse grained ﬁle (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 samples of Type IlI - coarse grained
les (<125 pum) exhibit a complex microstructure with at least bimodal grain size
ﬁbution, 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) to (4) are low to medium strain features, and (5) are high strain zones with
extremely reduced grain size where flow textures are similar to Type Ill-fine grained
experiments. The bimodal grain size distribution may indicate two different deformation
mechanisms that are active at the same time in the coarse- and fine-grained regions, which is
in accordance with the different n-values.
Commonly, for deterﬁg of a bulk rheology, limiting assumptions are made that either
stress or strain rate are rafe-limiting within an aggregate (\Voigt, 1910). It has already been
shown by Handy (19 (and references therein), that such an approach is an
oversimplification of the complexity of bulk rock deformation, as the stress and strain
partitions differently between stronger and weaker phases. Similar composite flow law
approaches were made by Herwegh et al. (2005), Ter Heege et al. (2002), where at constant
stress, the bulk strain rate is a sum of each discrete group weighted by its volume:
g = &y + Uy + o+ &V, = D) £V (5)
And analogously, at constant strain rate the bulk stress becomes a composite of all stresses in

. . the system:
Figure 11: Schematic overlay Y

of strain localization in Type 4. = g. v, + G0, + - + gv: = Y v, 6
Ill-cg  experiment 675NN. © e Vi = Zim OV ©

SEM-BSE image of large clast A further complication in such a system is the progressive evolution of parameters with

from the bottom surrounded . . ) . . . L . .
by high strain grains is increasing strain leading to a change in rheology. This complication is neglected in this

displayed in Fig. 3. approach. To obtain the contribution of each grain size group/deformation mechanism in Type
530 Ill-coarse grained experiments affecting the strain rate/stress we use equation 5. Under the assumption that a fine-grained zone
(5) in sample Type lll-cg, as in Fig. 11, can be described by Type IlI-fine grained experiments, and the stress is steady state in

the sample, we calculate the strain rate of the coarse portion of the coarse grains. In our case we use the area-fraction instead
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of volume fraction for the calculations. We use the strain rates of a regression line (see n-value slope in Fig. 6) through Type

I11-fine grained and Type | experiments at the corresponding stress.

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

Exp. No. Bulk &.4(s?)  opiyr (MPa)  Areafg (%) Areacg (%) Fineé.,(s') Coarse &, (s

675NN 6.99-10* 650 7.50% 92.50% 1.38:10°3 6.43-10*
675NN 6.73-10° 264 7.50% 92.50% 3.79-10* 4.20-10°
675NN 1.31-10° 83 7.50% 92.50% 6.91-10° 8.56:10®
675NN 5.86-10% 811 7.50% 92.50% 1.96-10°3 4.75-10*

The results of these calculations (Table 4) show that the fine grain sizes that have formed only account for ~10% of the sample
thus the bulk strength and the coarse grains are still dominating the microstructure of the sample and thus the rheology.

ﬁever, the microstructures also indicate that the sample is not yet at steady-state conditions and 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
rmation mechanisms that appear to be active at the same time: Most importantly, we observe that the coarse-grained

ﬁon of the sample 675NN has a stress exponent of n = 1.94 +/-0.17 (Fig. 6), supporting that the deformation mechanism in

this part of the sample is possibly more affected by grain size insensitive 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 at the fact that in coarser

starting materials it becomes necessary to view at a combination of deformation mechanisms. In this sense, these Type Il1-cg

experiments are a good analogue for deformation to higher strains of Type Il experiments.

5 Summary and Conclusions

nderstand the rheology of fine-grained polymineralic (fault) rocks, three different types of experiments on a granitic
ﬁmylonite at T = 650-725°C, Peone= 1.2 GPa, and strain rates of y = 10-10 s were used approximate parameters in a
grain size sensitive (GSS) flow law in order to be able to compare our results to other flow parameters and in order to
extrapolate to natural conditions. For fine-grained rocks we obtained n= 1.5 m=-1 to -2.3, Q = 167 ol, and A =
19.55(124.81) MPa™ um™ s, In coarse samples, a mixed flow law in terms of deformation mechanisms dH}es the stress
sensitivity in coarse polymineralic material well: grains larger than ~10 um deform 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
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law parameters have a large error and are not intended to be applied to granitoid rocks ubiquitously, but only to serve as an aid
in understanding and comparing the rheology of polymineralic shear zones with other literature data.
In connection with microstructural observations from companion paper 1, we confirm field observations that polymineralic
fine-grained rocks deform through GSS creep, (dissolution, nucleation, and growth, coupled with pinning - DPC). At
hibolite conditions, fine-grained polymineralic rocks are deforming up to six orders of magnitude faster than quartz at the
ﬁ 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 um, coarse intact granite, at £ = 10"%s). At a reduced grain size through progressive grain size reduction
during deformation, the polymineralic mixture deforms by GSS creep (pinning-assisted DPC), weakening the polymineralic
shear zones dramatically. Onset of viscous deformation at lower temperatures implies that the brittle to viscous transition of
granitoid shear zones can occur at a shallower crustal level than estimated from quartz. Further, the strain rate in localized
shear zones will be underestimated, possibly explaining stress build-ups 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

thus may present a potential earthquake mechanism that is a run-away process induced by viscous deformation.
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Point by point response to reviewer Andreas Kronenberg:

This manuscript presents mechanical results for fine-grained, polymineralic (and wet, 0.2
wt H20) granitic ultramylonite samples that are deformed at high pressure (1.2 GPa),
temperatures of 650 to 725C, and a wide range of strain rates (expressed as equivalent
strain rates) in a mixture of shear and pure shear (or shortening) experiments. Three types
of experiments have been done, including: I) highly localized slip/shear experiments where
displacements at the experimental conditions occur on initial fractures (Type |), Il) more
nearly pure shear experiments, in which foliation is inclined to the compression direction
but samples are shortened axially (Type Il), showing non-coaxial strain only due to the
anisotropy of the ultramylonite samples, and lll) general shear experiments, in which
samples are sheared (almost by simple shear — often characterized as general shear
because of the mixed character of strain) between “alumina forcing blocks” (Type

Ill). These experiments capture a pronounced reduction in strength for conditions when
grain size-sensitive deformation mechanisms are favored by fine grain size and the
polymineralic nature of the samples.

The arguments for dissolution-reprecipitation mechanismes for this grain size-sensitive
creep behavior are convincing, particularly since the samples are very fine-grained and
deformation occurs with significant fluids present. However, | question the quantitative
nature of stresses reported for these experiments; | do not think the experimental methods
are characterized sufficiently or stresses determined well enough to report flow law
parameters such as stress exponents (n) or grain size exponents (m).

The flow law parameters are intended to be first order estimates to allow comparisons and
order-of-magnitude boundary conditions rather than exact new flow law parameters ready
to be used for modelling. We clarified this in the text. In addition, despite the three different
experimental set ups used in this study, the mechanical data among the configuration are
quite concise demonstrating impressively the reproducibility not only of the
microstructural but also mechanical data.

My first concern is that the present manuscript does not describe methods well enough for
the reader to understand such figures as Fig 2 and 4, particularly when the experiments
involve single-condition vs multiple-condition stepping experiments. The description of
how equivalent strains are determined and used to compare results in general shear and
pure shear is well done. Measurements of grain size are also well done. However, the
underpinning of differential stress measurements is not described sufficiently; thatis, how
“hit points” (or forces at initiation of deformation) are determined, for single- vs multiple-
condition steps, and why stress corrections for the solid salt sample assembly are made in
such strange ways. None of these experiments were done using a molten salt assembly, so



why use a calibration for molten salt assemblies? Unfortunately, this leads me to the
conclusion that one cannot trust the stress determinations as quantitative measurements,
and yet these are necessary to obtain accurate values of nin Figure 6 (this also goes for
shear stresses determined from differential stresses). m values may be more reliable
assuming that the stresses are constant, but this is unclear if force measurements are not
made correctly. In addition, precise measurement of m values is intrinsically difficult, as
discussed later in the manuscript.

We added a discussion for the application of the molten salt cell and solid salt cell
corrections to stresses as a response to this review in the online discussion. The
uncertainty resulting from the different stress corrections is negligible. (Note that during a
sabbatical leave, MH had discussions with Greg Hirth on this correction subject. GH and
the Brown Lab follow very similar procedures as ours.) The stresses are calculated from
one initial hit-point, as has also been shown by e.g. Pec et al. 2016 to be quite
representative for the measured stresses.

There are interesting and important results here, but the authors owe it to themselves to
make the case for their conclusions, based either on 1) accurate microstructural
observations, 2) accurate mechanical measurements, or 3) robust, if qualitative,
mechanical results. The first of these approaches is probably the most trustworthy
approaches, given that microstructural observations can lead to interpretations of
deformation processes without accurate measurements of mechanical properties. This
worked in the early days of high-pressure, solid-medium deformation experiments using
talc assemblies., and one remedy to revise this manuscript it to focus on this line of
evidence. At present, though, microstructural observations serve a secondary role to the
mechanical results. Alternatively, | would argue that the third approach is also viable. But,
the second approach, which is emphasized in the present manuscript is problematic. This
is frustrating, since | basically believe that the conclusions regarding grain size-sensitive
deformation are probably correct. But there are flaws in the corrections for stress
determinations using external measurements of force for solid-medium sample
assemblies that are confusing and misleading.

This manuscript is the second part of two companion papers. The first (already accepted)
manuscript deals primarily with microstructures, where deformation mechanisms are
inferred on the basis of detailed microstructural analyses. We refer to the companion
microstructure paper in the current manuscript and cross-reference it extensively. Full
transparency and access was granted the entire time, since the manuscript was available
for all readers/reviewers at EGU geosphere Solid Earth. We totally agree with the reviewer
that the first manuscript is an important basis for the interpretations made here in the



follow-up manuscript. We rely on the microstructural observations of paper 1 to make the
assumptions in paper 2. The presented microstructural evidence of paper 2 corroborates
very well dissolution-precipitation creep as main deformation mechanism, which are
consistent with stress values and grain size exponents derived in the current manuscript.

If the conclusion that dissolution-precipitation creep of these polymineralic ultramylonites
is to be supported by mechanical data, then it would be better to present the pronounced
weakening (which doesn’t require quantitative measurement, but rather the substantial
reductions in raw force/uncorrected differential or shear stresses that are obvious) rather
than the attempt to compare apparent values of stress exponents (n) and grain size
exponents (m) based on accurate strain rate determinations and uncertain stresses. This
third approach (indicated above) could use the current mechanical results as qualitative
measures of change in mechanism. Afterall, comparing a strong vs a weak sample
(applying the same “correction” for the experimental method) can still be done to come to
a conclusion that strength is different. But numerical values reported for n and m require
quantitative measurements of stress, strain rate, and grain size.

We emphasize that the striking microstructural evidence for the deformation mechanisms
are consistent with the mechanical data (see previous point). Although the flow law
parameters definitely need to be refined in future studies to obtain a robust flow law, the
strain rate and grain size dependence can clearly be presented with the current data set.
Given the fact that so far not a single estimate on the flow behavior of polymineralic
granitoid ultramylonites exist — notably one of the volumetrically most important fault rocks
for the deformation of the continental crust — justifies that we also compare the flow
behavior of the much more investigated cases on deformation of monomineralic mylonitic
aggregates of the granitoid system, namely quartz and feldspar. In the light of this data
base, the strain rate dependence and grain size dependence are important for the relation
of the different experimental geometries to each other and to give insights into
comparisons to the monomineralic rock deformation experiments studies, because there
are no studies performed at exactly the same conditions. Therefore, we prefer to keep this
parameterization and the correlation in the revised version of the manuscript.

Most quantitative mechanical datasets for diffusion creep, grain boundary sliding or Coble-
creep-like dissolution-precipitation creep at pressure come from gas apparatus, capable of
measuring very small differential stresses accurately. Itis difficult to measure grain size-
sensitive creep stresses (and thus flow laws for diffusion creep or dissolution/precipitation
creep) by high-pressure solid-medium techniques (Griggs rig with solid confining media)
because the differential stresses are generally so small that stress resolution and accuracy



are not sufficient. This difficulty makes stress corrections very important, and the attempts
at correcting differential stress in this manuscript are questionable.

We totally agree with the reviewer that gas deformation apparatus are much more sensitive
for the accurate determination of stress and grain size exponents. The use of solid-medium
rigs for this study was, however, excluded already at the project proposal stage given the
high confining pressures (1.2 GPa) required to successfully conduct granitoid deformation
experiments. At the current stage, there exist no possibility other than Griggs-type
deformation rigs to be used, with all their advantages and disadvantages. As we showed in
the response uploaded in the online discussion, the error on the measured values is very
small and the data can be used on the base of arguments presented above. Furthermore,
the data we present here is supposed to be a first step on the estimate to encourage further
research. We calculated the stresses and flow law parameters to be able to draw
conclusions in nature and highlight the possible implications.

A final alternative that would help remedy this manuscript’s revision might be to apply
corrections for stress, which | now feel | have argued about for more than a decade. Orto
do the backup technical work to develop a better stress correction. I’m sure that my
digression on calibration of the Griggs solid medium apparatus will not be welcomed by
everyone, but the H-K calibration for the solid-salt sample assembly, is based simply on a
comparison of Griggs solid medium results and Argon gas apparatus results for the very
same metals. This is a time-honored means of calibrating solid-medium results in high-
pressure petrology (piston-cylinder) and mineral physics (multi-anvil or other

apparatus). Most researchers view high temperature gas apparatus as a gold standard in
achieving truly isostatic stress conditions prior to deformation, and then determining
differential stresses by simply measuring departures from the initial isostatic stress state.
External force measurements require only a simple (constant) packing pressure correction
and internal force measurements do not require correction.

If the authors feel that quantitative measurements of stress and determinations of nand m
are required to support the manuscript’s conclusions, then differential stresses simply
must be corrected. If the H-K calibration for the solid salt assembly is not trusted, then a
new calibration is required to convince readers of the quantitative nature of the mechanical
results. Some of the text suggests to me that the H-K calibration has not been applied as
intended; | will address hit point determinations, and initial transients and strains where
the calibration applies a little later in this review. As for the claim that the H-K correction
overcorrects (reduces differential stresses too much), why not improve on prior
calibrations? Experimentalists in some fields might view a repeat (or improvement) of
important calibrations to be a once-every-decade necessity to obtain quantitative



results. The metals deformed in a Heard apparatus in the H-K calibration paper were
reported digitally, so repeat or improved experiments in any solid-medium apparatus
capable of triaxial compression can be executed.

We highly appreciate the great effort made by the reviewer for comparative studies
between gas and solid-medium apparatus to improve the calibrations. With respect to the
current study, we kindly refer here to the detailed response uploaded during the
discussion.

This manuscript could readily be improved by a more detailed description of methods and
revision of corrections (Sections 2.2 and 2.4). Section 2.2 should describe procedures
used in “single-condition” experiments and “multiple-condition” (or stepping)
experiments. Figure 2 and 4 show that some experiments were done at one condition,
which simplifies description of methods, but others appear to have had stepsin
conditions, and even include what look like “stress-relaxation” intervals (the shear stresses
appear to decrease with time and strain). The nature of the experiments and methods
must be described in Section 2.2. In addition, it does not appear that new “hit point”
determinations were made after a time of different conditions or load relaxation. Thisis a
problem since solid medium assemblies show transient viscous effects (as the solids have
their own nonlinear viscous responses to changes in stress, strain rate, temperature, and
other conditions). Force-displacement measurements in a triaxial gas apparatus only
involve simple corrections for linear elastic response, and thus, force-displacement data
can be used to study nonlinear responses of the sample during changes in displacement
rate or load relaxation. However, this is not so simple if the sample assembly changes and
the externally measured force changes for multiple reasons.

This is why we differentiate between the three experiment Types. Again, we are also aware
that the values are not a ready to use flow law either and we highlighted this in the text
more prominently. Furthermore, we included a more detailed explanation of the correction
procedures in the supplementary data set.

In Section 2.4, the means of determining equivalent strains and the conversion of
differential stress to shear stress (the cos2 correction) are well described. However, | have
a problem with the corrections applied to force records, if differential or shear stress
determinations are to be made without correction or incomplete correction. The so-called
“friction” correction, | believe, is the one that was developed at Brown University, based on
force measurements while shortening salt samples within salt sample assemblies (a
citation to this correction is appropriate). In those calibration experiments, an increase in
force was observed with the advancement of the load piston. It may be a minor point, but |
prefer to think of this as a “frictional slope” correction. What is sometimes called “friction”



or “packing friction” is already subtracted for external force measurements, with the usual
hit point force determination, so the “friction” (or really a mix of frictional resistance at the
packing and at load/confining piston surfaces, and viscous resistance to deformation of
the sample assembly) has already been subtracted from the rest of the force record by a
constant force (determined when the piston-sample load column is all in contact). The
“frictional slope” then corrects for the increased sample assembly resistance to piston
advancement, and this is apparent in the increasing correction with shear strain in Fig.

2. This correction is generally valid for simple single-condition experiments, but | am not
certain that the monotonic increase of “friction” with piston displacement (increasing
stress correction with shear strain, Figure 2) depends on piston displacement alone, or
whether it might show viscous relaxations during periods of low strain rate such as during
load relaxation steps (again, | am inferring that No 673NN of Fig 2 has two times of stress
relaxation).

The stress relaxation is observed only when a slow strain rate is applied to the sample. We
refer to the Friction correction as is following the calibrations and nomenclature of Pec et
al. (2014).

The bigger problem, though, is the use of the H-K molten salt correction applied to
experiments using solid salt assemblies. This doesn’t look correct on the face of it. The
statement that the solid salt correction was not applied because it involves a further offset
of 48 MPa, which is a constant subtracted from the entire (stress-strain) record, doesn’t
make the solid salt assembly behave as a molten salt assembly. This offset is most likely
due to the non-zero viscous strength of the solids used in the solid salt assembly, and the
lack of this offset for molten salt assemblies implies that the solid contributing to the 48
MPa offset is the inner salt cylinder of the assembly, rather than lead, pyrophyllite or other
solid components. The fact that stresses determined in Griggs apparatus/solid-salt
assembly methods are greater than stresses measured for the same samples at the same
conditions in gas apparatus was already reported in Kirby and Kronenberg (1984). The
offset of the H-K calibration of solid salt cells is not the first report of such an effect. The
authors claim that the offset in stress must somehow be incorrect because it leads to
negative compressional stresses when the sample continues to be compressed.

| cannot be sure how the H-K correction has been applied, but some criteria for its
application are worth reviewing: typical issues are the following: 1) the correction applies
to the original design, dimensions, and materials of a Griggs apparatus, particularly the
load and confining pressure pistons and pressure vessel, as described in the H-K
calibration paper, 2) the correction applies to solid salt assemblies and load piston
packings that are the same (or similar) to those used in the H-K calibration, 3) the



correction applies only to larger displacements in a constant strain rate experiment (at
shortening strains of 5% or greater), and 4) the correction is applied to force records that
have already been corrected for the “hit point” force. One of the improvements that might
be made to a stress correction for solid-medium apparatus would be to determine the
transient viscous correction at low finite strains. At strains less than 5%, the steady-state
stress correction indeed overcorrects force measurements. Thatis, not only can samples
deforming by dislocation processes show transient increases in flow strength (before a
steady-state is reached), but solid salt assemblies may show viscous resistance that
increases with strain as well (such as transient dislocation creep of solid NaCl). This may
also apply to transient creep during stepping experiments where internal defects and creep
strengths change with strain rate, temperature, and stress relaxation steps (during the
stress drops of Figs 2 and 47). The H-K correction also cannot work if an accurate “hit
point” force has not been determined. Thus, when hit points have not determined in
multiple-step experiments, the conditions needed to apply the correction have not been
met. Corrected stresses may appear to be negative because the “hit point” force wasn’t
remeasured for the current experimental step.

Finally, it is worth noting that the accuracy of results obtained with the solid salt assembly
is +/-30 MPa, so if a sample deforms by diffusion creep at a differential stress of just 4 MPa,
for example (not an uncommon value at low strain rate for a near-linear Newtonian flow
law), a corrected stress value can easily appear to be negative (as much as -26 MPa in this
example). This does not imply that the sample is extending or that the corrected stress is
incorrect. It simply indicates that the sample flow stress is less than 30 MPa. This means
the sample is too weak to measure with the solid salt assembly.

Please refer to the response we submitted during the online discussion for our detailed
reasoning behind the choices of corrections applied and their minimal effect on our
calculations.

As suggested above, a simple observation that fine-grained samples deforming by
dissolution-precipitation creep are weaker as this mechanism becomes predominant can
be made qualitatively comparing uncorrected external force measurements (if all other
factors are the same). However, quantitative determinations of n values depend on
accuracy in both strain rate and stress determinations. While the strain rates are well
known, | have reservations about the accuracy of uncorrected stresses (as discussed
above), and thus the quantitative nature of n determinations (Fig. 6). To be sure, m values
don’t look as well determined as n values. However, this is not uncommon for many
datasets for grain size-sensitive creep laws. The authors make some credible arguments
for why m is so difficult to measure. Much of this might indeed be related to the size



distribution of grains and variations in predominant grain boundary processes for different
grain sizes. If grain size of a starting material were truly uniform, then one might expect that
values of m match theoretical model predictions. However, it is more likely that, in natural
fine-grained shear zones and ultramylonites, grain sizes will show a broad distribution (as
measured in this study) and spatial variations in grain size could lead to spatial variations in
predominant grain boundary deformation mechanisms.

Again here, itis a combination of more detailed microstructural observations in companion
paper 1 and the stress and strain measurements presented here that lead to our
conclusions. We also agree that these grain size estimates have a large error and thus have
to be taken as a starting point for further investigations. Based on the exploratory nature
and the fact that our study is new in the field of granitoid ultramylonites, we find the
presentation of the present data more than justified.

| have a few additional comments and questions that are not as important as those above
(ie., they don’t bear on acceptability for publication), but | will add them here in case they
are helpfulin the revision of this manuscript.

Quantitative determination of activation energy Q also depends on accuracy of differential
(or shear) stresses, but this is not a major focus of this study. | would simply note that
activation energies for creep of different feldspars might depend on composition. It’s fair
enough to compare the value of Q reported here and the Q for diffusion creep of fine-
grained anorthite of Rybacki and Dresen (2000), but the Q for deformation of intermediate
Ab-An composition plagioclases of granitic ultramylonites might not be expected to be the
same as for deformation of pure An100.

This is true, as also the microstructures show different deformation mechanisms. We show
different flow laws for comparison and emphasis that indeed the deformation mechanisms
and rheology defining material differs.

A question of minor importance is why fine-grained samples show compaction early in the
experiments. | might have thought that ultramylonites are very dense, with very low
porosities, limiting the amount of deformation by compaction. Do these samples have
microporosity, associated with their fine grain size?

There is also nano(micro)porosity found in the newly formed shear zones which is in the
range of percentages (!), as was recently observed in high resolution x-Ray tomography by
C. Schrank. We have an in-depth discussion of those microstructures in the companion
paper 1 and the porosity aspect will be presented elsewhere.

| find Figure 7 difficult to understand and evaluate. How are we to understand the
mechanical results of pure shear and simple shear (or general shear)? Principally, my



problem is how to compare stresses and their transients if the horizontal axis is "not to
scale”. Couldn’t equivalent strains be plotted, so that one can see whether samples in
deformed in these different configurations compare well or not at the same equivalent
strains? If equivalent strains are determinable for some but not all of these experiments,
maybe it would be easier to understand if the plot just shows those experiments for which
equivalent strains are determined.

Itis an oversimplification, indeed. We used a not-to-scale-x-axis to emphasize the different
strengths of the samples, as it is difficult to compare those between different studies. Also,
this is why we do not focus on the strains in the samples but rather highlight the
importance why we need to calculate the rheological parameters to compare with different
studies and extrapolate to nature, independent of the experimental conditions.

Finally, | apologize for the length and severity of this review. | believe that this study has
merit, and | expect the conclusions of this manuscript are likely correct. However, |
strongly urge the authors to decide how best to support the likely processes of grain
boundary deformation, either by accurate microstructural observations (which do not
depend on stress measurements), or by qualitative examination of the more obvious
mechanical results (higher vs lower shear stress), or by a serious analysis of mechanical
results with appropriate corrections.

There is nothing to apologize for. We thank for the very thorough and insightful review.
Thanks to the reviewers comments, as we became more aware of how importantitis to
show in detail the considerations we made throughout our calculations. We also kindly
refer to the microstructural analysis in companion paper 1 which serves as THE base for
our interpretations here.



Relevant changes to the manuscript:

1.

As pointed out by both reviewers, the description of the corrections applied to the
mechanical data and the calculation of the extrapolation parameters was not
detailed enough for experts in this field. To keep the focus of this manuscript we
expanded the detailed description and discussion on these points to the
supplementary material.

We improved the clarity of our phrasings and we added more descriptions on the
experimental procedures and corrections.

3. We added the uncertainties.

>
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We referred more frequently to the companion paper 1, to show that our results are
based on very detailed microstructural analysis from this paper.

We changed scalebar in Fig. 3.

We added the R*2in Fig. 6 and improved visibility of arrow.

We corrected the references as pointed out by the reviewer in the text and in Fig. 7.
The supplementary material shows now parts of the discussion that we had during
the comment stage of the manuscript submission.
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