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0-Abstract

Raman spectroscopy, applied to the carbonaceous matter (CM) present in fault zones, is a
potentially powerful tool to aid in the reconstruction of slip conditions, provided the
respective effect of heating and strain can be disentangled. For this purpose, we have carried
out static heating and deformation experiments on low-grade sediments containing
disseminated CM particles and tracked the evolution of CM crystalline ordering (crystallinity)
using Raman spectroscopy. Heating at high pressure (200 MPz . at varying temperatures (500
to 800°C) and durations (3 to 1080h) resulted in an inc eastd crystallinity, which was
observed by an increase in the intensity ratio of the Diserd'2red Band over the Graphite Band
(Intensity Ratio R1 parameter) of the Raman spectra Tr.» experimental relationship between
R1, T and duration was compiled into a law of ~. ~lution, which was then used to design the
deformation experiments. Experiments wer= p,arformed in a Paterson rig at 150 MPa or in a
Griggs-type rig at 1 GPa. We observed twe types of deformation microstructures: (1) purely
brittle ones, such as breccia along ~n.> manes and (2) ductile ones, such as foliated layers,
resulting from grain reorientatior anu comminution along with dissolution precipitation. In all
deformation microstructures, cn racrease in R1 is visible and interpreted to be the result of
higher crystallinity of c'wbo.aceous particles. Such increase is negligible in breccia, but is
significant, up to 40%. '1 ductile deformation zones. The slow strain rates prevailing in
ductile deformation prevented any local temperature increase, therefore the increase in
crystallinity of the CM can be solely attributed to deformation. Thus, in natural fault zone, the
increased crystallinity of CM reported in the literature and interpreted to be the result of
frictional heating during earthquakes might rather be the result of strain localization without

transient temperature increase.



1-Introduction

Determining the degree of crystallinity of the carbonaceous material is possible through Raman
Spectroscopy of Carbonaceous Matter (RSCM) analyses. Upon heating, the degree of crystallinity
increases by thermal maturation through the carbonization (low-grade to greenschist-facies
metamorphism) and graphitization stages (amphibolite- to granulite-facies metamorphism) (Beyssac et
al., 2002; Lahfid et al., 2010; Oberlin, 1984). Qualitative correlations first linked the degree of
metamorphism to CM lattice organization (Pasteris and Wopenka, 1991; Wada et al., 1994). More
recently, quantitative calibration of these correlations resul.~>d into the development of
geothermometers based on the RSCM parameters, which are appli :able to a temperature range of 150
to 650°C (Aovya et al., 2010; Beyssac et al., 2002; Kouketsu e. al., 2014; Lahfid et al., 2010; Rahl et
al., 2005). These geothermometers are widely used in anc’ei.” sunduction and collisions zones studies

(Beaudoin et al., 2015; Clerc et al., 2015; Lanari et al., 20.2).

Amongst regional-scale temperature trends, anoi. 2lous RSCM spectra, i.e. these strongly deviating
from the trend, are sometimes observed (Kel r et al., 2020; Barzoi, 2015; Barzoi and Guy, 2002;
Moris-Muttoni et al., 2022). For example, e ratio of the two main peaks of the Raman signal is
increased by up to 40% in fault zor.~ t.2.n the Shimanto Belt (Moris-Muttoni et al., 2022) and by
~20% in a high strain zone in the :verturned limb of a fold in the Alps (Kedar et al., 2020). A possible
interpretation of these anomai.~s nvolves the effect of strain, which was mainly studied on well-
crystallized CM in the «'va.~2d graphitization processes of natural (Kedar et al., 2020; Nakamura et
al., 2015; Suchy et al., 1957) or experimental (Bonijoly et al., 1982; Bustin et al., 1995; Ross et al.,
1992; Ross and Bustin, 1990) samples. An additional explanation for these anomalies relies on
transient and local heating, caused by frictional slip during earthquakes (Furuichi et al., 2015; Ito et
al., 2017; Ujiie et al., 2021). The case of anomalous RSCM signals in fault zones is particularly
problematic, as they potentially combine the contribution of both strain and transient heating to CM

crystallinity (Figure 1).

To explore the respective effects of heating and strain on CM crystallinity in low-grade samples, i.e.

conditions of metamorphism at or below 300-350°C, we have carried out static heating experiments, in



order (1) to determine the relevant Raman spectra features that can be used to track crystallinity
changes with heating, (2) to define the kinetic law that connects such features to temperature and time
and (3) to define the appropriate conditions for deformation experiments that constitute the other part
of the present work. These deformation experiments were exploratory, so rather than a systematic
parametric study over a narrow domain of conditions, we considered a large range of experimental
conditions and geometries. In particular, we used two different apparatuses, the Paterson rig and the
Griggs-type rigs, enabling a large range of conditions of confining pressure to be explored. These
experimental conditions led to a variety of microstructures, which \ r«ere then systematically analyzed

by RSCM in order to connect deformation processes with CM evol'itio.

2-Starting material and Methods

2.1 Starting material

Samples used for static heating in autoclaves anr de.~*mnation experiments have been selected from
the Shimanto Belt, on the island of Kyushu ‘1 Jepan, where the first-order thermal structure across the
belt (over ~100km width) has already bee.~ studied by RSCM (Raimbourg et al., 2014; Raimbourg et
al., 2017; Raimbourg et al., 2019). Twco F omogeneous shales, belonging to turbidites formations, have
been sampled and used as startin¢, n.oterial. The choice of shales was motivated by the fact that this
material contains relatively ahuna.nt particles of carbonaceous matter (Raimbourg et al., 2017) and
Raman spectra anomalies ('etec ed in fault zones were often found in shale-rich host rock (e.g., Ujiie

and Kimura, 2014, Meneghi ii et al., 2010).

The maturity of the carbonaceous particles in the starting materials has been investigated using
RSCM, vitrinite reflectance (%VR) and RockEval pyrolysis (all methods, except for RSCM, which is
described below, are presented in the Supplementary Materials S2). Chemical and mineralogical
compositions of the whole rock have been obtained by X-ray fluorescence (XRF) and diffraction
(XRD) analyses, respectively. Microscopy techniques have not been used due to the small size of

particles in both samples.



The first starting material, 18NOBO1A, is from very low-grade metamorphic turbidites in the
Miyazaki Group in the Shimanto Belt (Supplementary Materials S2). The Miyazaki Group is a
Pliocene forearc basin composed of a thick sequence of turbidites (Murata, 1997; Shuto, 1961). The
selected material has been sampled from a layer of shale in the turbidite unit and is composed of a fine
assemblage of Quartz — Albite — K-feldspar — Calcite — Mullite — Illite — Pyrite. Semi-quantitative
estimation based on the Rietveld method shows that the majority of minerals present are Quartz and
Albite (ca. 60%), whereas calcite represents about 5% of the rock and the rest is composed of clays
(ca. 35%). Average vitrinite reflectance values obtained for 18 N\OBO1A is 0.54 + 0.04% and
corresponds to a temperature of 84 + 7 °C based on the calibratio 1 on Barker (1988) (Table 1) and a
thermal maturity between the end of the diagenesis and the begining of the catagenesis. RSCM
parameters have been measured but the evolution of the "omea parameters at these low degrees of

maturity is still controversial.

The second starting material, HN78, comes from. ‘urbwites belonging to the Hyuga Coherent unit in
the Shimanto Belt, which was buried and J«’ormed within the accretionary wedge. The selected
material was sampled from a layer of shale ~ithin turbidites. It is very similar in terms of lithology to
18NOBO1A but is considered to e ~ nigher metamorphic grade. This sample is composed
approximately of 45% Quartz — 2% ribite — 33% lllite — 5% Chlorite based on the XRD results and
the semi-quantitative Rietvelu method. The chemical composition is given in Table 1. In this sample,
the CM has reached =~ .~erjal maturity at the transition between the metagenesis and the
metamorphism. The calc. dted temperature obtained using the RSCM calibration of Lahfid et al.

(2010) is approximately 201 + 11°C. No vitrinite reflectance could be measured.

From RockEval pyrolysis, the carbonaceous particles in both 18NOB01A and HN78 belong to Type

111, i.e., originate from small debris of terrestrial plants.



2.2 Analytical methods

2.2.1 RSCM

Raman Spectroscopy of Carbonaceous Matter (RSCM) has been used to constrain the crystallinity of
the carbonaceous material (CM) present as micron-size particles disseminated in the rock samples.
Analyses were carried out using the ReniShaw InVIA microspectrometer, at ISTO-BRGM, Orléans,
using an argon laser beam of 514 nm focused on the sample by a DM2500 Leica microscope equipped
with x100 objective. These apparatuses are coupled with Renishaw software Wire 4.0. Acquisition
time was 30 to 200 seconds (spectrometer opening time was ~5 s with 40 spectra accumulation). Laser
power was maintained at less than 0.5 mW on the surface of the ~an.'e to avoid heating of CM grain
during analyses. To avoid defect bands generated during in section polishing all analyses were
performed on subsurface grains by focusing the laser bean. thrr,ugh transparent or translucent minerals
(Ammar and Rouzaud, 2012; Katagiri et al., 1988; Fas aris, 1989). For the static heating experiments,
around 20 particles have been measured o~ ea.™ sample in order to calculate average Raman
parameters. For the deformation experiments, .ach particle is spatially located and associated with a
deformation microstructure, so that vari~:inns across the sample or across the different microstructures

can be determined.

Raman spectra processing was uone Jsing PeakFit v4.12. To carry out the linear baseline correction,
the baseline fit was obtain‘d b selecting the data points in the ranges 900-1000 and 1900-2000cm™.
The Raman spectra of the LM considered here is composed of two maxima, one around 1600cm™ (the
graphite-like “G band”), corresponding to highly-ordered carbon and one around 1350cm™ (the defect
“D band”), corresponding to disordered carbon (Beny-Bassez and Rouzaud, 1985; Lahfid et al., 2010;

Sadezky et al., 2005; Tuinstra and Koenig, 1970; Wang et al., 1990).

To interpret Raman spectra, several parameters were assessed. First, on baseline-subtracted spectra,
the position and intensities of the two maxima (the D and G bands) were determined. Second, we
applied peak deconvolution procedure to the baseline-subtracted spectra, following Lahfid et al.

(2010). This approach is well adapted to low metamorphic grade material and consists of a 5 band



(D1, D2, D3, D4 and G) deconvolution using Lorentzian functions. D4+D1+D3 peaks form the D

band, while the G band is composed of D2 + G peaks.

During the transformation from low-grade carbonaceous matter to perfect graphite, Raman spectra
evolution can be decomposed in two successive steps. In the low temperature realm (i.e. 200-330°C),
the D band increases in area and intensity with increasing metamorphic grade (Lahfid et al., 2010),
while at higher temperature, the D band decreases in area and intensity with increasing grade (Beyssac
et al., 2002). In the present study, parameters used to track the CM evolution during static heating and
deformation experiments are the D- and G-band positions, full widtr ~t half maximum of the D1 and
G bands (FWHM), R1 intensity ratio (Beyssac et al., 2002) and d. “tanr.e between the D and G bands
(i.e. RBS in Henry et al. (2019)). Of particular interest in the nresent work is the evolution of R1
(Figure 4), as it shows anomalies in experimentally and narura'y faulted rocks (Muirhead et al., 2021),
which still remains to be understood. In addition, pe=!- area ratios used for thermometric calibrations
(Beyssac et al., 2002; Lahfid et al., 2010), re-ulting from peak deconvolution, have also been

analyzed.

All raw and processed Raman spectra ar . vanable at https://doi.org/10.5281/zenod0.8321278.

2.2.2 Electron microscopic imagang
At ISTO, Orléans, Scanning Elec. mn Microscopy (SEM) analyses were performed by using a SEM
Merlin Compact Zeiss, eq 'ippe d with an EDS Bruker Quantax detectors, at 15kV. EDS maps were

acquired at 15kV with a dwr Il time of 850us and summed over 9 scans.

2.3 Experiments

2.3.1 Hydrostatic heating experiments

Hydrostatic thermal maturation has been performed in autoclaves in order to understand the CM
evolution under constant temperature and pressure during the carbonization and early graphitization
stages. Powdered samples of the two shales, 18NOBO1A and HN78, sealed in gold capsules, were
matured at a pressure 150MPa and a temperature of 500 to 800°C for a duration between 3 hours to 45

days. The heating rate was set at 4.5°C/min. Additionally, distilled water was added to some



experiments. The details of the sample preparation and experimental techniques are presented in
Supplementary Materials S1. After completion of the experiments, the CM crystallinity was estimated

by RSCM analyses. All the results obtained are presented in Table 2.

2.3.2 Deformation experiments

2.3.2.1 Obijectives and overview: This study includes 8 Paterson Rig apparatus and 4 solid-medium
Griggs apparatus experiments (Figure 1, Figure 2), performed at low (150MPa) and high (1GPa)
confining pressures, respectively. The aim of these experiments is to reproduce experimentally the
structures of deformations shown in Figure 1, i.e. faults with features ¢ brittle deformation (such as
fault core gouge) coexisting with more distributed, ductile, <>tuination structures (such as the
progressively elongated clasts), as well as to analyze the cc-responding Raman signatures. For this
purpose, we explored experimental conditions wherein ‘1) both brittle and ductile deformation
microstructures could be observed and (2) contrascirg Raman features are observed, enabling the

effect of deformation on CM crystallinity to b J~teir Mined.

Laboratory rates of deformation are b ¢ definiuon orders of magnitude larger than natural ones;
therefore, to compensate for this, large b p ~ally >700°C) experimental temperatures are necessary in
order to avoid purely brittle defor "atio. and to reach the onset of ductile deformation. However,
during deformation and static hecting experiments (see the section 4.1) at high temperatures (700 or
800°C), the CM Raman spr ctre tends asymptotically towards an endmember shape, which corresponds

to the end of the carbonizati.'n processes, such that the effect of deformation vanishes.

As a result of this delicate compromise to obtain simultaneously a large variety in microstructures and
contrasting Raman signature across the experimental sample, a large range of conditions were tested
on two distinct deformation apparatuses. In many instances, deformation behavior was mostly brittle

and deformation was extremely localized on slip planes.

With Paterson Rig apparatus, 5 experiments were carried out in simple shear geometry and 3 in co-
axial mode on cylinders. With the Griggs apparatus, 2 experiments have been carried out at constant

deformation rates in the “Tullis-modified” Griggs apparatus and 2 in the new Griggs apparatus at



constant external load. Deformation experiments were performed on intact or powdered shale

18NOBO1A. Experimental conditions are detailed in Table 3.

2.3.2.2 Experimental procedure in the Paterson rig: The deformation experiments were carried out on
the Paterson rig available at Orléans (see details in Paterson (1990) and Figure 2). The confining
pressure was applied by Argon up to a pressure of 100MPa before heating. The temperature was
increased to the target temperature at a rate of 4.5°C/min, after which the confining pressure is
adjusted at 150 MPa. When the temperature and pressure were stable, the load-cell was run in order to
begin the deformation. Deformation experiments were carried out at ..-0 MPa, from 600 to 700°C, for
3 to 42 hours and at constant displacement rates of 0.1 to 0.0 urJ/s. One 72h experiment was
conducted at a constant load, corresponding to ~107's™ strair. r.*e At the end of the experiment, the
oven was turned off and the temperature dropped below LOO < in few minutes. At this temperature,
the autoclave was then depressurized slowly to preve~t uecompression cracks. After the experiments,
the experimental assembly was removed from th¢ autoclave and the sample was cut and prepared for

analysis.

2.3.2.3 Experimental procedure in the G~ as-ype rig:

The Griggs-type deformation expei:meni, were carried out on two different apparatuses, both present
in Orléans. The Griggs-type rig. arc either a Tullis-modified design (Marti et al., 2018; Pec et al.,
2012) or a more recent design “new Griggs” (Précigout et al., 2018)). The Tullis-modified rig or the
new Griggs were used to werform constant strain-rate (at ~2 10°s™) and constant external load
experiments, respectively. In the latter type of experiments, the applied nominal load is fixed, but the
actual load on the sample increases with deformation as the surface of overlap of the two pistons
decreases. The confining pressure was applied by either a KI or NaCl confining medium at conditions
of deformation at 400°C or 600°C, respectively. The heating rates were 16°C/min for the Tullis-
modified design (experiments T609BM and T610BM), and 30°C/min for the “new Griggs”

(experiments OR87BM and OR92BM).



In the constant load experiments, two sets of conditions were tested. In OR87BM, the sample was left
at 600°C and 1 GPa for 17 hours before deformation proceeded. Several steps of increasing load were
then applied, and the strain rate for the highest external load (500 MPa) was ~107s™. In OR92BM, the
sample was left at 600°C and 1 GPa for 1/2 hour before setting the external load (at 500 MPa),

resulting in a much higher deformation rate on the order of 5.10™s™.

3. Results

3.1 Static heating experiments

Of all the parameters studied (Figures 3 and 4, Supplementary M. tericls S3), the ones that show the
most significant and straightforward relationship to heating, for *he ifferent temperatures applied, are
the ratios of areas of fitted peaks RA1 (Lahfid et al., 201J)-\~igure 3a), as well as the intensity ratio
R1 (Figure 3b). In particular, the latter parameter follav.s a monotonic (i.e., f(x) varies only in one
direction over the interval of interest x € [x1,x2) inuiease in the three highest temperatures (out of

the four tested ones).
3.2 Deformation experiments
3.2.1 Mechanical behaviour

Paterson experiments (Figure 5 an.. Table 3): In the two experiments containing porous alumina and
having a connection of the now dered sample to a reservoir of water with controlled pressure (PP629
and PP630), the sample d=.ormation only consisted of compaction, until deformation shifted to the
alumina pistons. These two experiments are therefore not considered in the following. To avoid
dehydrating the sample upon heating and transform of the material into hard and undeformable

ceramics, all the other Paterson experiments used non-porous pistons.

In all experiments, including shear and coaxial geometries (with the exception of the constant load
experiment (PP649)), stick-slip events, characterized by a sharp stress drop and rapid forward motion
of the load cell, occurred (Figure 5). The differential stress before the initial stick-slip event in the

coaxial experiments PP638 and PP641 is close to the Goetze criterion (6, — 03 = Pcong = 150 MPa),



considered as the onset of brittle deformation (Kohlstedt et al., 1995). In shear experiments, the
differential stress before the initial stick-slip event is much more variable, from 60 to 130 MPa. The

differential stress after stick slip is also variable, from ~30 to 70MPa.

Griggs experiments (Figure 6 and Table 3): The two, constant strain-rate experiments (T609BM and
T610BM) show contrasting mechanical behavior, as a result of applied temperatures of 400 and
600°C, respectively. At 400°C (T610BM), the differential stresses increase to values of ~930 MPa,
close to the Goetze criterion (1GPa), before a significant and progressive weakening down to 630
MPa. At 600°C (T609BM), the differential stresses increased 1n.~notonically throughout the
experiments, while remaining at values of below 400 MPa. Th~ lu.zing curve in the experiment at

600°C has a much lower slope than in the experiment at 400°*".

In the constant load experiments, large differences arose ~.s a 1csult of the duration of the heating stage
at 600°C and 1 GPa without any differential stiess, *.nich precedes the deformation stage. For a
similar nominal load of 500 MPa, the experi ner. statically heated for 17h (OR87BM) was by a factor
of ~50 more viscous than the experimen. statically heated for % hour at the same conditions before

deformation (OR92BM).

3.2.2 Microstructures

Low pressure experiments /=c.2rsun rig):

In all shear geometry exper.ments, slip along the boundary between the piston and the sample was
observed. In sample PP633, breccia zones, characterized by a large and heterogeneous grain size
reduction, and a large porosity compared to undeformed domains, are distributed through the sample
(Supplementary Material S4). In sample PP636, along the piston-sample boundary, a um-thick layer is
present, where grain size reduction proceeded down to the submicron scale and porosity has
disappeared. Further away from the boundary, a ~5-10 pum thick layer is constituted of clasts of the
original material, embedded in clays developing a foliation (defined by phyllosilicate preferred
orientation), which asymptotically merges into the boundary layer. Further away, deformation is no

longer visible.



In coaxial experiments (PP638 and PP641), conjugate fractures are observed. They consist, in both
experiments, in straight slip surfaces cutting across the whole samples. In PP638, the slip plane is
surrounded by breccia layers with a thickness of ~100 um, asymmetrically developed on both sides, or

localized in step-overs of the slip plane (Supplementary Material S4).

In PP641, which was deformed at a strain rate 10 times lower than PP638, a high strain, foliated layer
developed along the slip plane. The foliation is defined as the preferential orientation of elongated
clasts of quartz/feldspar, and elongated domains of phyllosilicates (Figure 7c and e). This foliation is
at a low angle to the slip plane and is asymptotically curved towards .- In the foliated layer, the grain
size is significantly reduced and the porosity is decreased, with \~spect to undeformed material. In
certain cases, breccia zones are also present locally and are pa.~:l to the high strain foliated layer

along the slip planes (Figure 7c).
High pressure experiments (Griggs-type rig):

All the high-pressure experiments were c7.rie | out in shear geometry. Unlike the low-pressure
experiments described above, the deforrration is not localized along the sample-piston boundary, but
along a fracture zone at a low anjle :~ such boundary, with a synthetic sense of motion
(Supplementary Material S4). Prese:'t alog the fracture plane is a breccia layer, a few microns- to a at
most a few tens of microns-thick ~nu characterized by a large grain size reduction and a large porosity

compared to the host rock.

Additionally, in three of th~ four samples (TM610BM, OR87BM, OR92BM), ductile deformation is
also present within a foliated layer that can reach several hundreds of micrometers of thickness,
located between the fracture/slip plane and the undeformed host rock. The foliation is defined by the
preferential elongation of phyllosilicates, quartz/felspar and pyrite aggregates (Figure 8). Towards the
slip plane, within the ductile deformation zone, a high strain layer is present locally, as is apparent by

the deflection of the foliation towards the slip plane and a decrease in grain size (Figure 8).

3.2.3 Raman



One potential bias of deformation experiments is the actual temperature field. Heat conduction across
the experimental samples potentially leads to temperature gradients across the sample between the
lower and the upper alumina piston (Pec et al., 2016), and thus these gradients might influence the
RSCM parameters. To assess this possibility, we determined whether any R1 variations were present

and if they were systematic with respect to the distance to upper and lower alumina piston.

At low pressures (Paterson rig), sample PP649, which was deformed to bulk strain larger than 10%
and without localization of the deformation, shows R1 values of 0.622+/-0.025 (standard deviation),
i.e. minimal variations and no systematic trend with respect to the ;.~sition within the sample. As a
result, for Paterson deformation experiments, comparisons of R1 \ ~lue, across the whole sample can

be performed.

Conversely, in high pressure experiments (TM609BM), me2sir.ements in similar, undeformed material
near the upper and lower alumina pistons showed sy ste.natic R1 differences (0.804+/-0.082 for top vs.
1.013+/-0.075 for bottom), consistent with a “c.pe.ature gradient across the sample (because of the
heat conduction described above), and as a coi.~equence R1 values could not be connected solely to
strain. As a result, for Griggs-type exne.imeats we focused only on carbonaceous particles across

relatively small distances (of the ord:r o€ a few hundreds of um).
3.2.3.1 Breccia zones

Few measurements we = corried out in breccia zones, because of the difficulty finding appropriate
particles that could be ana', zed according to the protocol. In the lower pressure sample PP633, a slight
increase in R1 (~+5%) is observed compared to undeformed host rock in the two piston-sample
boundaries, wherein fracturing is pervasive (Figure 9). In a higher-pressure sample, a fractured zone
contains CM particles with a R1 ratio that is slightly higher, by 3% on average, than the undeformed
host rock nearby (Figure 10). Given the many parameters, external to CM crystallinity, which may
influence the Raman spectra, in particular the increase in sample fluorescence in fine-grained zones, it

is highly questionable whether strain itself has an influence on CM crystalline organization.

3.2.3.2 Ductile strain zones



A significant increase in R1 is observed from undeformed zones to foliated, high strain domains next
to the slip planes, irrespective of the low or high-pressure conditions (Figures 10 and 11,
Supplementary Materials S5). In these three examples, the increase ranges from +4 to +41% (the
values are defined as averages over microstructural domains). In samples where gradients of strain are
visible as variations in the grain size and the preferred orientation of the microstructural elements, the
increase in R1 is correlated with the increase in strain (Figures 10 to 12). The largest increase, +41%,
is observed in the low-porosity high-strain zone of sample OR92BM (Figure 10). From all the possible
parameters computed from RSCM spectra, R1 is the parameter that < 1nws the most systematic and the

largest variation as a function of strain (Figure S10).
3.2.4 Chemical changes in the high-strain zones

EDS compositional mapping was performed in zones w:*h Jeformation gradients in low pressure
sample PP641. Clasts in the undeformed domains arz composed of quartz, albite and K-feldspar,
whereas the matrix is composed of illite and ~..'on.~ (Figure 13). In the high-strain layer adjacent to
the slip plane, the clasts are elongated and de..ne a foliation bending towards the slip plane. These
elongated clasts, originating from feldspu.” giains, contain both K and Na, i.e. have an intermediate
composition between albite and K-te.dspar. The distribution of these two elements is relatively
heterogeneous. The BSE imaging of these chemically mixed zone revealed the comminution of the

original feldspar, along with - ve., large microporosity.

4. Discussion

4.1 Kinetics of maturation in static heating experiments



4.1.1 Relevant Raman parameters to track crystallinity increase during heating

In both nature and experiments the increase in temperature affecting CM particles leads to an
evolution in chemical and crystalline structure and is reflected in changes in the Raman spectrum
(Beyssac et al., 2002; Lahfid et al., 2010; Li et al., 2006; Pasteris and Wopenka, 1991; Wopenka and
Pasteris, 1993). Accordingly, a wealth of Raman parameters have been proposed as proxies of
temperature, such as peak area ratios (Beyssac et al., 2002; Lahfid et al., 2010), peak width (Kouketsu
et al., 2014), amplitude ratios of the peaks resulting from the raw spectrum deconvolution (Ito et al.,
2017) or amplitude ratio of the maxima of the raw spectrum (Kanek #nd Hirono, 2018, 2019; Kaneki
etal., 2016).

In the static heating experiments shown here (Figure 3, figure S3 nd Table 2), several parameters,
such as D1 FWHM, RAL and R2 area ratios, and R1 intr.n.*v Jatio, evolve as a function of heating
intensity and duration. Amongst these different parameters, the R1 intensity ratio (Figure 4) is the best
proxy for CM crystallinity. Justifications for this cu ~'usion are, first, the R1 is the parameter that
shows monotonic variations, except for -ne :xperiment with HN78 (Figure S3), enabling the
derivation of quantitative laws of evoiction. Second, the correlation of R1 with temperature is
demonstrated from earlier studies, both ir niwural metamorphic samples (Kouketsu et al., 2014; Lahfid
et al.,, 2010) and in experimentrlly statically heated ones (Kaneki et al., 2016; Li et al., 2006;
Muirhead, 2012). According fo Li ~t al. (2006), the increase in R1 reflects the relative increase, upon
heating, of the concentrati \ns « f aromatic rings having six or more fused benzene rings. Finally, in
experiments of deformation R1 intensity ratio is the most widely reported variable, enabling the effect
of deformation on CM crystallinity to be studied (see Table 5 for the compilation of available studies).
Please note that we have used the intensities defined as maxima on the full spectrum (Kaneki and
Hirono, 2018, 2019; Kaneki et al., 2016) (Figure 4), and not as amplitude of the peaks obtained

through peak fitting procedure (e.g., Ito et al. (2017)).

4.1.2 Kinetic model of Raman spectrum evolution upon heating
As discussed above, the R1 ratio evolution is monotonic in the range of experimental heating

conditions considered. To derive the kinetic laws that link the R1 parameter to duration of heating and



temperature, we followed the method presented in Nakamura et al. (2017, 2020) for higher degrees of
crystallinity (i.e., graphitization stage). Previous studies for simple evolution proposed the use of a
power rate model or the Johnson-Mehl-Avrami (JMA) model (Huang, 1996; Muirhead, 2012);
however, carbonization, similar to graphitization, is not a simple chemical reaction, but the result of
simultaneous reactions (formation of basal structural units, devolatilization and crystal growth).
Therefore, in order to model the complex chemical evolution of the CM, we preferred to use the

method proposed by Nakamura et al. (2017), using a sigmoidal function with the following equation:

(leax - lein)

R1(T,t) = Rlpn + —
N

A

a

where from the immature, original state (R1l.,), a sharn cvolution in R1 is observed (at high
temperature) over few hours, after which R1 remains close «. R1y.x. In this equation, ty, and h are the
inflection point and the order of reaction, callid “ilill coefficient” of the sigmoid function,

respectively. The parameter t,,scould be desc ibe 1 fo.iowing an Arrhenius relation as:

-m

thair -~ A exp (T) (2)

Combining the equations (1) and (20 we ubtained:

Y (R1 —R1,n)
R £ = Rl +——— 5 )

- A expt($)

Where Rl and R1..« are the minimum and maximum R1 values, respectively; A is the intercept and

m the slope of the Arrhenius plot; T and t are the temperature and the time of heating, respectively.

The full procedure is explained in Supplementary Materials S6. Results of the fitting procedure
applied to static heating experiments are shown in Table 4 and Figure 14 for the two samples
analyzed. The parameters for sample HN78 are close to the ones obtained in Moris-Muttoni et al.
(2022), but are more reliable as they are calculated from a larger experimental dataset. Form Figure

14, one can also observe that the initial heating stage (at rates of 4.5°C/min) introduces negligible



errors, because before reaching high temperatures, such as 700°C or above, the evolution of R1 is very

slow compared to the duration of heating.

Finally, these kinetic laws can be used in the deformation experiments described hereafter to predict

the contribution of sole heating to the evolution in the crystalline organization of the CM.

4.2 Deformation processes

We analyze here first what types of deformation processes were operating in the experiments we

performed, and which natural conditions of deformation these experii.> *nts are relevant for.

Two apparatuses were used, with contrasting conditions of corfini,.5 pressure. At low pressure, the
principal slip zone is localized along the sample-piston bourdary, whereas at high pressure, strain is
accommodated by a synthetic fracture zone cutting thre.'ah .he sample. In spite of these different
geometries, the microstructures observed are rela*«v+ iy similar, as we systematically observed a
breccia zone along the main slip interfacez e breccia layers, defining the slip plane, are
characterized by a large grain-size decrease wi..* respect to starting material, clasts of variable size but
with angular shapes and small aspect rz*ios, and a large porosity (Figures 7 and 8, Supplementary

Material S4).

We also observed, along cei.hin slip surfaces, high-strain foliated layers. These layers are
characterized by small gra'n s.7e, elongated and preferentially orientated grains or grain aggregates,
and a reduced microscopic Horosity (Figure 8). At smaller scale, in the elongated feldspar aggregates
present in the high-strain layer, pervasive grain comminution, accompanied with a widespread

submicron porosity, is visible (Figure 13).

Pec et al. (2016) analyzed the semi-brittle flow of granitoids in high pressure experiments, at lower
temperature but higher strain rates, than the experiments described here. In their experiments, where
the starting grains are two orders of magnitude larger than in ours, localized zones of deformation
form, first Riedel shear zones then macroscopic shear-plane parallel ones. The sequence of processes
starts with ductile deformation of the grains accompanied by pervasive grain fracturing, followed by

the formation of an amorphous layer in the highest-strain zone. The pervasive grain fracturing in the



plagioclase in Pec et al. (2016) is accompanied by chemical exchanges and enrichment in K, which the
authors interpret as reflecting the operation of dissolution-precipitation. The chemical patterns in

plagioclase from the high strain zone reported here suggest that the same processes are active.

Deformation processes have therefore resulted in the formation of two types of microstructures,
characterized by contrasting porosity. In some cases these microstructures are next to each other,
irrespective of the pressure (Figure 7, low pressure, and Figure 8 bottom, high pressure), raising
questions as their relative contribution to total strain, or their simultaneity. In the example of PP641,
the relative contribution of the breccia and the high strain foliated la; > is unraveled by the thin layer
of pyrite connecting the two large fragments of the original grain ¢.» bo h side of the slip zone (Figure
7b). The thin layer of pyrite, parallelized to the slip plane, is "vi*nin the high strain foliated zone,
suggesting that most of the total strain is accommodated 1nere and not on the breccia layer next to it.
Furthermore, in PP641 deformation experiments, as **«l as in all low-pressure, constant strain-rate
experiments, the macroscopic stress-strain curve < ‘ows the alternation of two types of behavior, either
stick-slip events or steady-state creep (Figuic F). Stick-slip events and creep accommodated a small
and a large fraction of total strain, respecu rely. This comparison between the macroscopic behavior
and the strain accommodated suggest< the* Lreccia formed during stick-slip events, whereas high strain
foliated zones formed during cre«n. 1 1is interpretation is consistent with the microphysical models
and the frictional viscous rhec'ngy (Den Hartog and Spiers, 2014; Niemeijer, 2018; Niemeijer et al.,
2002), wherein the m.-rotrustures are interpreted to be the result of the competition between
chemically-induced, dissc.dtion-precipitation mediated, compaction and strain-induced porosity
creation. In the highest strain-rate zone, on the slip plane itself, high porosity breccia forms because
dissolution-precipitation is slower than strain-induced grain fracturing and dilatancy. In the layers next
to the breccias, strain-rate is lower, dissolution-precipitation reactions in combination to grain-size

reduction lead to rearranging the grains and closing up of the pores.

The case of high-pressure experiments is more problematic, as breccia and high strain foliated layers
are both present (Figure 8), whereas no stick-slip events occurred. In the high-pressure experiments by

Pec et al. (2016) reported above, or in Marti et al. (2017), porous breccia such as shown in Figure 8-



bottom are absent, while they observed zones of very high, ductile strain similar to the high strain
foliated layers described in the present study. A peculiarity of the experiments carried out here,
compared to Pec et al. (2016) or Marti et al. (2017), is the abundance of hydrous clays, such as
smectite-illite, which may release water during the deformation at high temperature. Water release is a
factor favorable to the formation of breccia, as attested by hydraulic fracturing structures observed in
nature (e.g., Jebrak (1997)). Nonetheless, further experimental work is necessary to decipher the
factors that control the types of microstructures that form during high-pressure deformation

experiments.

In summary, the concomitant operation of brittle-fracturing and disoli tion-precipitation operating in
our experiments (Figure 13), similar to the observations in Pe: v 2!, (2016), support the interpretation
of semi-brittle deformation regime. This regime of defornati n prevails in the seismogenic range of
depths, i.e., the upper part of the crust where temr~rature conditions are lower than ~300-350°C
(Sibson, 1977; Hyndman et al., 1997; Scholz, 1229). 1 ne high-strain foliated microstructures formed
in the experiments of the present study .Minick the ductile structures and microstructures of

deformation present in the corresponding ra.*e of natural conditions (e.g., Raimbourg et al., 2019).

4.3 Effect of deformatirn »n Raman signature and crystallinity of

carbonaceous matter

4.3.1 Strain or shear 1iecting”

Deformation, irrespective of its rate, releases some energy, hence raises locally the temperature. The
amplitude of the local temperature rise needs to be evaluated, in order to discriminate the influence of
deformation from the temperature onto the Raman signature of carbonaceous matter. In the
deformation experiments we performed, order-of-magnitude calculations (Supplementary Material S7)
show that the effect of temperature on the Raman signal is limited to low-pressure experiments, where
stick-slip events occurred. Furthermore, this effect is restricted to a layer at most ~1um-thick along the

slip surface.



As a consequence, except for these very restricted zones, all the Raman signal variations observed in
the present study can be safely connected to strain and not to temperature effect. In particular, the large
increase in R1 observed in large-strain zones, within a layer of ~50 um thick (Figure 11), cannot be
attributed to transient heat pulses during stick-slip events and is therefore the result of strain. Semi-
brittle, ductile deformation, similar to what can be observed in the “seismogenic” range of conditions

in nature, has an undisputable and large effect on the increase in crystallinity of CM particles.

4.3.2 Interpretation of R1 increase in terms of crystallinity of carbonaceous particles

The static heating experiments reported in Section 4.1, similarlv . other experimental studies
(Deldicque et al., 2016; Hirono et al., 2015; Li et al., 2006), are . "sient with an increase in R1 with
increasing temperature. The deformation experiments repor.*d in section 4.2 show that strain has a

similar effect to temperature and tends to increase R1, in cempurison to undeformed material.

All the Raman spectra analyzed in the present work ~ e romposed of five characteristic bands, typical
of the low T conditions (up to ~330°C) that rurre ;pond to the carbonization stage (Lahfid et al., 2010).
In this range of T conditions, increase 1 metarnorphic grade results in an increase in the relative
height of the D band (Rahl et al., 2)C5) which reflects an increased structural ordering of the
carbonaceous matter. The increase ». R1 observed in deformation zones (Figures 10 and 11) therefore

reflects an increased crystallinity. Thus, strain has a catalytic effect on the process of carbon ordering.

For T above 330°C (th: ar.nhi'ization stage), on the contrary, increased metamorphism results in the
decrease in the height anc ~mplitude of the defect band (Beyssac et al., 2002; Kouketsu et al., 2014).
This two-stage evolution, which led to define several Raman-based geothermometers depending on
the T range considered (Beyssac et al., 2002; Lahfid et al., 2010), restricts the application of the

present study to the relevant T range, namely the low range, where carbonization operates.

4.3.3 Comparison with other experimental studies

Many high-velocity experiments have tried to reproduce the evolution of CM crystallinity in fault
zones as a result of seismic slip (Table 5). Invariably, these experiments have shown that at seismic

slip velocities (~m/s), an increase in CM crystallinity in zones of highest slip is observed for low-grade



starting CM (Aubry et al., 2018; Bustin et al., 1995; Furuichi et al., 2015; Kaneki and Hirono, 2018,
2019; Oohashi et al., 2011; Savage et al., 2018). This conclusion does not hold for higher grade CM
material evolving within the graphitization stage, as contrasting evolution, i.e., increase (Kuo et al.,
2017) or decrease in crystallinity (Kaneki and Hirono, 2019; Kirilova et al., 2017), is observed. We
therefore restrict the discussion here to the processes affecting low-grade CM material evolving within

the carbonization stage, similar to the present study.

In all the high-velocity experiments cited above, a large temperature increase is predicted, and the
evolution of CM towards higher crystallinity that is observed is inte ~reted as the result of this flash
heating within the principal slip zone. Nonetheless, this effect o temjerature does not exclude the

possible complementary effect of strain.

Several friction studies have carried out tests at different si.» vlocity, encompassing seismic (~m/s) to
subseismic (~100um to 50mm/s) slip rates. These fr'ction experiments are consistent with a large
influence of the slip velocity, and the CM part...~ evnlution at low slip rates is non visible (Oohashi et
al., 2011). Note, that these friction experimenw. are carried out at ambient temperature and low (~1-

10MPa) normal stress.

Slow strain rate experiments have a2 been carried out at high pressures and temperatures in a Griggs-
type apparatuses, similar to the .voeriments of the present study (Bustin et al., 1995; Wilks et al.,
1993). It has been shown n tr. se experiments that strain promotes the reorientation, alignment and
coalescence of the basal sti ictural units made of polyaromatic layers, the reduction of the porosity,
and overall an evolution of carbonaceous matter towards graphite structure. This evolution, supported
by TEM and XRD anlayses, is recorded in the Raman signal by an increase in R1 ratio similar to the
one observed in the present study. Bustin et al. (1995) note the discrepancy between the different
evolution (TEM and XRD vs. Raman), where the latter show an apparent increase in the defect band,
whereas the two other techniques show an increased organization of the crystalline structure. We
remark here that this increase in R1 with increasing maturity, although its atomic-scale interpretation

is unclear, is exactly the same as the one observed in natural rocks in the carbonization stage



(Kouketsu et al., 2014; Rahl et al., 2005), and was also observed experimentally as a result of heating

(Li et al., 2006).

Slow strain-rate experiments therefore confirm the effect of strain on enhancing the crystallinity of
low-grade CM, similar to the present study. Furthermore, the comparison of different experimental
conditions highlights the major role of confining pressure and temperature: at room conditions,
experiments are unable to reproduce the effect of strain, which is observable only under the conditions
of high pressure and temperature that are relevant to natural shear and fault zones. Finally, a direct
effect of pressure on enhancing CM maturation is also apparent fron ‘he comparison of Paterson and
Griggs-type experiments (150MPa vs. 1 GPa of confining prossure) carried out at 600°C. In
undeformed zones, at 1 GPa for 20hrs, (OR92BM), R1 reezh.~ .69, while at 150 MPa for 42hrs

(PP641) and 75hrs (PP649), R1 reaches only 0.62.

4.3.4 Comparison with natural studies

In naturally deformed samples, numerous sti’Jies have focused on the characteristic of CM particles in
zones that concentrates deformation, in ~rder to decipher the deformation processes. For low-grade
CM material in the range of temperatu e cu..esponding to carbonization, most studies have recorded
an increase in crystallinity in zones ¥ strain, based on the RSCM signal (Ito et al., 2017; Kaneki et al.,
2016), biomarkers (Savage and r+ ~lissar, 2019; Savage et al., 2014) or vitrinite reflectance (Suchy et
al., 1997) (Table 5). The e su'dies were, for the largest fraction of them, focused on fault zone
material, hence they arilyzed rocks that localized both strain and (potentially) heat
production/temperature rise. While temperature was considered as the main factor causing the increase
in the crystallinity of CM particles within fault zones (Ito et al., 2017; Kaneki et al., 2016; Savage and
Polissar, 2019; Savage et al., 2014), the results of the present experimental study show that the Raman
anomalies in fault zone rocks are ambiguous and difficult to interpret, as both temperature AND strain
have an influence on CM crystallinity and the associated Raman signature. This complexity is
illustrated in the datasets of natural fault zones ranging from low-grade up to greenschist-facies
conditions studied by Muirhead et al. (2021), where the authors reported an inconsistent evolution

with either a decrease or an increase in R1 between fault rock and undeformed host rock. Muirhead et



al. (2021) suggests that the effect of strain is a function of the pre-deformation crystallinity of the CM

particles.

Natural slow strain-rate structures of deformation have focused much less attention and corresponding
studies are much fewer. Nonetheless, the three studies reported in Table 5 have all concluded to an
increased crystallinity of carbonaceous matter zones of localized ductile strain (Kedar et al. 2020,
Petroccia et al., 2022; Suchy et al., 1997), over a large range of temperature conditions. The
interpretation of this increased crystallinity is nevertheless controversial, as Petroccia et al. (2022) and
Suchy et al. (1997) invoke shear heating rather than strain, to acc.''nt for the anomaly in Raman
signature. In Kedar et al. (2020), a zone of concentrated strain with, ~ the overturned limb of a fold was
characterized by a decrease in R1, but also interpreted as a su~ir-related increase in maturity. The
starting material in Kedar et al. (2020) has spectra whcie shape is transitional between the
carbonization and graphitization stages, hence *he interpretation of R1 variations is not

straightforward.

As a summary, if natural, slow strain-rate struc..ves of deformation show a systematic increase in CM
crystallinity, the anomaly in Raman si7:.~! 1. high strain-rate structures such as fault zones is still
relatively unclear. Beside strain, str an-ate itself may have a variable effect on CM crystallinity and
Raman signal. This is illustrated u. higher grade material during the graphitization stage, where two
contrasting trends are obse~.~a ..d are a function of the type of deformation processes. In ductile
shear zones, where strain-, ~te 1s low, strain is accompanied by increased CM crystallinity (Petroccia et
al., 2022), whereas in fault zones, with cataclasites, ultraclasites and pseudotachylites, cutting across
high-grade rocks, a decrease in CM crystallinity was reported (Nakamura et al., 2015). In the former
case, the strain energy of viscous deformation is interpreted as promoting graphitization and in the
latter case, high-velocity deformation promoted amorphization and decrease in crystallinity. How this
relates to the carbonization stage is not known, but it is possible that slow, aseismic deformation and

very rapid, seismic deformation have different influence on CM evolution.

4.4 RSCM geothermometry applied to naturally deformed rocks



Beyond its application to geothermometry (Bellanger et al., 2015; Berger et al., 2020; Delchini et al.,
2016; Girault et al., 2020; Raimbourg et al., 2014), RSCM has also been applied to deformation zones
in order to decipher the past temperature field, particularly the occurrence of flash heating during
earthquakes (Kouketsu et al., 2017; Savage and Polissar, 2019). The present study demonstrated the
effect of strain, independently of temperature, to influence the RSCM signal in low grade CM particles
typically present in fault cores cutting across sedimentary terranes. Even more, high-resolution R1
profiles across several natural fault zones showed that R1 is principally controlled by strain, and not
temperature (Moris-Muttoni et al., 2022). For these reasons, usin 1t RSCM to reconstruct the past

temperatures experienced within natural fault zones is questionable

Similarly, the effect of deformation to enhance crystallinity is on wbstacle to the use of RSCM as a
geothermometer in naturally strained rocks. The influence ot \'eformation is significant, as illustrated
in Figures 10 and 11. Although many field examples ~ruvide ample exposures of undeformed rocks,
the issue is still central for rocks that are pervasiv- ly aerormed, such as tectonic mélanges. This is for
instance the case in the Japanese Shimanto 2¢.t, where several units of tectonic mélanges show an
anomaly in the crystallinity of carbonac.nus matter, as inferred from vitrinite reflectance data
(Sakaguchi, 1999). A geological scenari~ with local thermal anomalies might well account for the
higher CM crystallinity in tectoni* meiange units, but the high localization of strain in these units, and

its effect of on CM crystalliniv,” is 1n alternative explanation.

5 Conclusions

The static heating experiments carried out in this work have shown that the evolution of CM is best
tracked by the Intensity Ratio Raman parameter R1. The increase in R1 upon heating, from a low-
grade starting material, follows the same trend as the one observed in natural metamorphic series. It is
therefore interpreted as reflecting an increase in the structural ordering, within the range of evolution

corresponding to carbonization.

The ductile deformation zones obtained experimentally at low and high pressure are also characterized

by a large increase in R1, reflecting a higher crystallinity than undeformed material. These results



point to the influence of strain, at slow strain-rate and without local temperature increase, to reorganize

CM crystalline structure.

The influence of strain on CM crystallinity potentially undermines all the conclusions drawn so far in
many studies from the literature on naturally faulted rocks, where the anomaly in Raman signature of
CM (compared to undeformed host rock) has been interpreted as reflecting coseismic shear heating
during past earthquakes. As both heating and strain drives carbonaceous matter towards higher
structural ordering, then the evolution presented in Figure 1 may equally be the product of intense

shear heating and large amounts of finite strain.

Finally, our experimental results highlight the importance of pe iz ti.i1g experiments at high P and T
to mimick natural processes at depth. In this way the effect  ® strain only, which becomes significant
at confining pressures of 150 MPa, is the highest in exper.mer.ts at 1GPa and is not visible in friction

experiments carried out at a few MPa of normal stresse’, ~an be determined.
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Table captions

Table 1: Characterization of chemistry and degree of crystallinity of the carbonaceous material of the
starting materials (18NOBO1A — HN78).



Table 2: Summary of the RSCM parameters measured for all static heating experiments for the non-
metamorphic (18NOBO1A) and very-low grade (HN78) starting materials. SD stands for standard

deviation. In the range 320-330°C, both geothermometers were extrapolated.

Table 3: Details of the deformation experiments, resulting microstructures and Raman characteristics.

Table 4: Parameters obtained from the fitting procedure of R1 evolution for static heating experiments
on 18NOBO1A and HN78. Time t is in minutes and temperature T is in °C.

Table 5: Summary of CM properties in natural and experimental deformation zones. Note the
difference in the treatment of Raman spectra, in particular the ratio o” Disordered (D band) to Graphite
band (G band): R1 is calculated from the ratio of the intensities of the -aw spectrum (see Figure 4),
while 1D1/ID2 stands for the ratio of the intensities of the functio,.~ M1 and D2 used to deconvolute
the raw spectrum. Peak area ratio R2 is similarly defined in Ruy/sse: et al. (2002) as the area ratio of
the D band over G band, based on the 4-bands deconvo! 'tiu,: adapted to the graphite-like, highly-
ordered carbonaceous matter. For the poorly-ordered cai.~ruceous matter within the carbonization
stage, the increase in crystallographic ordering is refl_c*2d in an increase in both intensity or area ratio
of the D band over the G band. Contrarily, for .ne :ighly-ordered carbonaceous matter within the
graphitization stage, the increase in crystr.iog aphic ordering is reflected in a decrease in both

intensity or area ratio of the D band over the G v.>nd.
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Figure 1 : Raman spectra of carbonaceous particles shov anomalies, corresponding to higher
crystallinity, in the core of fault zones (for example Mor’s-in*ttoni et al., 2022). We are considering
here conditions of deformation and metamorphism *e ‘aining to the brittle field, up to brittle-ductile
transition, hence regional temperatures in the ranje :5r-350°C approximately. As illustrated on the
left plots, fault cores are zones of both high str=*n a4 possibly high Tmax, i.e. maximum experienced
temperature (if the fault slipped during eart \qu7.«es). While the role of temperature on Raman is, at
least qualitatively, well established, the role o ~train is not known, and constitutes the object of the

present study.
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Figure 3: Evolution of the RSCM paremeters virough the carbonization stage for 1Z8NOBO1A and
HN78. a. RAL area ratio (Lahfid et al , ?0.0). b. Intensity Ratio R1. The error bar is the standard
deviation associated with the 20 CM rart.~l".s/spectra analyzed on each experimental sample.
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Figure 4: Representative spectra (baseline-substracted and modelled as a result of peak-fitting
procedure) showing the evolution with increased duration and temperature of static heating, for sample
18NOBO1A. Intensities of the peaks vary between ~1000 and ~5500 counts between the different

samples.
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Figure 6 : Griggs-type rig experiments. (a) Constant strain rate experiments, at 400 and 600°C, (b) and
(c), constant load experiments at 600°C. In (b), the sample was left for 17 hours at 600°C-1GPa before
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Figure 7 : Deformation microstructures observed for the Paterson Rig experimental sample PP641
deformed in coaxial geometry. a: cross-section of the whole sample, showing the conjugate fracture
planes. b. Offset of a pyrite grain by a slip plane. c-d-e: The slip zone is bordered by a foliated layer,
less than 50m-thick. In c, the slip zone is underlined by a bright layer of pyrite originating from the
large pyrite grain and one side of the slip plane is composed of a breccia, the other one of a foliated
zone. Note in ¢ and e the decrease in porosity in the foliated zone compared to undeformed host-rock
or to breccia. e is a close-up view of d. a: photograph, b: optical microscopy in reflected light, c to e:
SEM-BSE imaging.
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Figure 8 : High-strain layers in the vicinity of the main slip planes (shown by red arrows), in OR92BM
(top) and TM610BM (bottom). These layers contain plyllosilicates defining a foliation at low-angle to
the main slip plane. The grain size is of the order of the micron or lower, and the porosity is strongly
reduced. Note in the bottom picture the juxtaposition of the high strain layer with a thin layer of
breccia showing submicron-sized clasts and a much larger porosity. All images from SEM-BSE
imaging.
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Figure 9 : RSCM results obtained o, *he sample PP633. a. Optical microscopy image in reflected light
of sample PP633 showing the i>caun of the RSCM profile and the two deformed zones. Slip was
localized on the lower pistor-sa.le boundary (dashed red line). b. Intensity ratio profile across the

sample.



a. Bottom piston b. Top piston
1.0 - 1.14

1.0+
0.9 -

0.9+

+41% OEDIDO® @

0.8 -

ooUIB® @+15%

Undeformed

0.8

R1 Intensity ratio
R1 Intensity ratio

OO COO@ @ Fractured zone

0.7 4

Foliated layer GZO@OAD @ +12%
OQIOXXID Undeformed zone 1
@XXTCO Undeformed zone 2
c.,
~

O OXXOIDO Poorly deformed
QIII@D® Poorly foliated layer +4%

High-strain
“ ductile layer
High-strain
ductile layer

+3%

n=20

n=20 n=20

n=20 n=2"
C) Average v. 'ie

3
Il
—_
w

n=20 n=20

=]
Il
=i

0.6 -

Piston

N

Undeformed/
poorly foliated

foliated layer

J9Ae| a|nonp utesis-y3i
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evolution in the different microstructural zones defined. A systematic increase in R1 is observed as a
function of strain (the domains analyzed are in the vicinity of bottom piston (a) or top piston (b)) c.

BSE imaging of the different microstructures.
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Figure 11: RSCM results obtained for the saiple PP641. a. and b. high-resolution R1 profiles
obtained along the strained zones developed du.’ng the experiment. The slip surfaces are shown by a
dashed red line, and the sense of shear is inu:~ated by the arrows. c. R1 diagram by zones showing the

evolution of the R1 in the undeformed, sl ghtly foliated and foliated zones.
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Figure 12: Representative RSCM suectra obtained for the sample OR92BM. Left: raw spectra; Right:
Baseline-substracted sro<tre an their modelling as a result of peak-fitting procedure. R1 calculated on
the modelled spectra sho..s large variations as a function of strain (Figure 10). The CM particles
analyzed are located through a section across an undeformed (top), foliated (middle) and intensely

foliated (bottom) zones.



Figure 13 : A. Large-scale view showing tn. elongation of the different mineral phases in a high strain

layer adjacent to the slip plane. Note a’so the increase in nanoporosity in the quartz and feldspar
aggregates in the high-strain layer B.-C°. While away from the high strain layer, K-feldspar and
Plagioclase have composition of ..'re endmember minerals, in the high-strain-zone, the comminuted
feldspar have a composition i /0lving both Na and K. C. Close-up view of the comminuted feldspar,
where the very large poros'ty a le to fragmentation is visible. A, B” and C: BSE images, B EDS map
for Na and K. Sample PP64'. In B’, Qtz, Pl, Fk, Il and Chl stand for Quartz, Plagioclase, K-feldspar,
Illite and Chlorite, respectively.
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following (Nakamura et al., 2017, 2020)



Table 1

Rock
Eval
Raman spectroscopy Vitrinite pyrol
Reflectance yse
Sample o D1 G b(;n R1 DIG Esgérlat Estei(rjnat
band band  band d R2 RA1 Intens Width dist temper RM% temper Tmax
1 Fw (cm™ ratio ratio ity ratio (cm™ P P
(cm™) HM b FW Ratio ) ature ature
HM (°C) [a] (°C) [b]
18NO | 1358 | 105 | 1610 | 69+ | 048+ | 047+ | 060+ | 166+ | 252 054+ 84+ 437°C
BO1A +7 +13 | 7 18 0.09 0.10 0.08 062 | +7 0.04 7°C
1350 | 116 | 1603 | 52+ | 053+ | 053 | 049+ | 225 | 254 | 201%
HN78 | =2 | %6 +3 5 001 | 2001 | 002 | %014 | 2 11
[a] Lahfid et al., 2010; [b] Barker,
1988 )
Loss
on
ignitio Al2 Na.
Wi% n Si02 Ti02 03 FEO MgO MnO CaO C K20  P205  SO3
18NO 16.7 J
BOlA | 436 6408 072 3 5.82 1.9 0.04 0.2¢ s 326 0.23 0.17
HN78 | 838 5877 066 1‘;'8 481 206 007 46, 168 283 015 061
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3 6 9 1 4 1 7 1 5
80 3
0 6
2] 0 1 1 0000 010
[ 3 0 3 5 4 2 . . . . L . . .2 4 2 1 9
2| 5. 6 . 9.6 .7 06 0 6 0O0O04 . 5 . 383 .
] 2 98 16 24 8026 2 1 97 3357 111
[1] wet: addition of 2 wt% H20O; [2] wet: addition of 10 wt% H20
[a] Lahfid et al., 201; [b] Beyssac et al., 2002
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Table 4 \
HN78 18NOBO1A
R1min 0.49 0.52
R1max 1.5450 1.6523
h 0.5407 0.4847
m | -1.6733x 1074 | -2.1392 x 10"4
InA -15.791 -21.339
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Highlights

Using Raman we studied carbonaceous matter (CM) evolution with strain and temperature
Kinetics of evolution were derived from high-pressure experiments of static heating
High-pressure deformation experiments show the large effect of strain on Raman of CM

Raman anomalies in natural fault zones can result from strain and not temperature



