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Mirror-like Surfaces (MSs) are ultra-polished fault surfaces that experimental studies
have shown can form during seismic and aseismic deformation (slip rates =1 m/s vs.
<0.0001 m/s). To determine which MSs form during seismic (rapid temperature
increase) or aseismic (negligible temperature increase) slip along the fault, we
measured sterane and hopane thermal maturity parameters in bituminous MSs and
their underlying slip zone. Samples with MSs were taken from faults hosted in
bituminous dolostones from the Central Apennines, Italy, with displacements ranging
from millimeters to meters. To support interpretation of the naturally formed MSs,
thermal maturity was also assessed for experimental MSs obtained at seismic (1 to 3
m/s) and sub-seismic (0.0001 m/s) slip rates, and for powders statically heated at 400
°C for 2 seconds up to 12 hours. Higher thermal maturity in MSs with respect to the
associated slip zone were measured in most of the natural MSs and in the “seismic”
experimental MSs. For static-heating experiments, heating at less than 30 seconds
was sufficient to change concentrations of biomarkers, while heating for more than 60
seconds was needed to increase sterane 20S and hopane 22S thermal maturity
parameters. We show that sterane 20S and hopane 22S parameters have different
friction- and burial-induced thermal maturation pathways. We conclude that, with
respect to “aseismic” MSs, rapid temperature increase during earthquakes can locally
alter biomarkers and increase thermal maturity in “seismic” fault Mirror-like Surfaces.
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Key Points:

e Experimental and natural mirror-like fault surfaces may have higher thermal maturity of
biomarkers than the surrounding rocks

e Static heating at 400°C for 30-60 s can increase concentration and values of sterane and
hopane biomarkers

e Sterane and hopane biomarkers can detect frictional heat pulses occurring in “seismic”
Mirror-like Surfaces
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Abstract

Mirror-like Surfaces (MSs) are ultra-polished fault surfaces that experimental studies have
shown can form during seismic and aseismic deformation (slip rates =1 m/s vs. <0.0001 m/s). To
determine which MSs form during seismic (rapid temperature increase) or aseismic (negligible
temperature increase) slip along the fault, we measured sterane and hopane thermal maturity
parameters in bituminous MSs and their underlying slip zone. Samples with MSs were taken
from faults hosted in bituminous dolostones from the Central Apennines, Italy, with
displacements ranging from millimeters to meters. To support interpretation of the naturally
formed MSs, thermal maturity was also assessed for experimental MSs obtained at seismic (1 to
3 m/s) and sub-seismic (0.0001 m/s) slip rates, and for powders statically heated at 400 °C for 2
seconds up to 12 hours. Higher thermal maturity in MSs with respect to the associated slip zone
were measured in most of the natural MSs and in the “seismic” experimental MSs. For static-
heating experiments, heating at less than 30 seconds was sufficient to change concentrations of
biomarkers, while heating for more than 60 seconds was needed to increase sterane 20S and
hopane 22S thermal maturity parameters. We show that sterane 20S and hopane 22S
parameters have different friction- and burial-induced thermal maturation pathways. We
conclude that, with respect to “aseismic” MSs, rapid temperature increase during earthquakes
can locally alter biomarkers and increase thermal maturity in “seismic” fault Mirror-like
Surfaces.

1 Introduction

During the seismic cycle, faults can experience seismic slip rates (>0.0001 m/s) as well as
aseismic to sub-seismic slip rates (<0.0001 m/s) or fault locking during the pre-seismic, post-
seismic and inter-seismic phases (Rowe and Griffith, 2015; Scholz, 2019). Several fault-zone
rock types and rock microstructures have been linked to seismic slip, among which Mirror-like
Surfaces (MSs) have been proposed as markers of seismic deformation and associated with
dynamic weakening in carbonates (Fondriest et al., 2013; Siman-Tov et al., 2013). MSs are ultra-
polished fault surfaces that reflect light and are characterized by a sub-micrometric-scale
roughness (Siman-Tov et al., 2013). MSs are most commonly observed in seismogenic fault
zones, cutting carbonate rocks exhumed from shallow depth (Hancock and Barka, 1987; Jackson
and McKenzie, 1999; Fondriest et al., 2012; 2013; 2015; Siman-Tov et al., 2013; Demurtas et al.,
2016; Leah et al., 2018; Ohl et al., 2020; Chinello et al., 2023; Cortinovis et al., 2024;
Koppensteiner et al., 2025; Agosta et al., 2026). Experimental studies on limestone and
dolostone have produced MSs by shearing both gouges and intact rock samples over a wide
range of slip conditions, from seismic (>0.1 m/s; Han et al., 2010; Boneh et al., 2013; Fondriest
et al., 2013; Smith et al., 2013; Siman-Tov et al., 2015; Spagnuolo et al., 2015; De Paola et al.,
2015; Pozzi et al., 2018; Park et al; 2021; Demurtas et al., 2021; Rempe et al., 2020; Cornelio et
al., 2024; Chinello et al., under review) to sub-seismic (=0.1-100 um/s; Verberne et al., 2014;
Tesei et al., 2017; Passelegue et al., 2019; Aubry et al., 2020; Chinello et al., under review) slip
rates. These experimental observations indicate that MSs in carbonates may be produced by
both fast (seismic) and slow (aseismic) deformation processes. These experimental
observations confirm that the MSs present in carbonates can be generated by both rapid
(seismic) and slow (aseismic) deformation processes. It is therefore necessary to identify
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methods that allow us to distinguish between these processes, also for evaluating the seismic
hazard associated with active faults.

During seismic slip, fault frictional heating causes an abrupt rise in temperature that can
reach up to 1250 °C in carbonates (Aubry et al., 2020; Aretusini et al., 2021b). This temperature
increase is sufficient to induce decarbonation and to activate thermally driven deformation
mechanisms and processes that weaken the fault (Han et al., 2007; 2010; De Paola et al., 2011;
2015; Tisato et al., 2012; Niemeijer et al., 2012; Smith et al., 2013; Rempe et al., 2014; 2020;
Spagnuolo et al., 2015; Pozzi et al., 2019; Nielsen et al., 2021; Rempe et al., 2020; Demurtas et
al., 2016; 2021; Cornelio et al., 2024; Curzi et al., 2026). The temperature increase associated
with seismic slip can also increase thermal maturity of organic matter (e.g., Polissar et al., 2011;
Savage et al., 2014). Thermal maturation refers to the progress of irreversible temperature- and
time-dependent chemical reactions that alter organic matter (Peters et al., 2005). In
sedimentary basins, during thermal maturation and after the initial stages of diagenesis, solid
organic matter thermally decomposes and forms bitumen from kerogen (Tissot and Welte,
1984). At higher levels of thermal maturation, the structure of organic matter reorders towards
a more thermodynamically stable configuration in the so-called graphitization stage (Buseck
and Beyssac, 2014). A number of indicators can be used to measure and quantify thermal
maturation, with the most robust being those supported by kinetic models that relate
measurements to both the duration and temperature of heating. Such indicators include
vitrinite reflectance (Ro%) and certain biomarker thermal maturity parameters, which track
changes in the relative abundances of stereoisomers of thermally sensitive organic molecules
preserved in sedimentary rocks (Figure 1; Mackenzie and McKenzie, 1983; Sweeney and
Burnham, 1990; Peters et al., 2005). Thermal maturity is also widely applied to investigate
natural phenomena involving different heat sources and heating rates, such as within the
thermal aureoles of magmatic intrusions, wildfires, contact and impact metamorphism, and
frictional heating (see Schito et al., 2023 for a review). However, these approaches are valid
only within specific temperature-time ranges and their applicability requires further calibration.

Several studies have investigated the thermal maturity and/or maximum temperature
associated with coseismic frictional heating during the shearing of natural and experimental
organic-rich fault rocks and gouges, by mean of Vitrinite reflectance (Bustin, 1983; Suchy et al.,
1997; O’Hara, 2004; 2006; Sakaguchi et al., 2011; Kitamura et al., 2012; Furuichi et al., 2015),
Raman and IR spectroscopy (Hirono et al., 2015; Furuichi et al., 2015; Kaneki et al., 2016; Ito et
al., 2017; Kuo et al., 2017; Henry et al., 2019; Fan et al., 2020; Morozov et al., 2020; Kedar et al.,
2020; Muirhead et al., 2021), and molecular markers (i.e., biomarkers; Polissar et al., 2011;
Savage et al., 2014; 2018; Sheppard et al., 2015; Coffey et al., 2019; Savage and Polissar, 2019;
Rabinowitz et al., 2020). Among these, Kitamura et al., (2012), Sheppard et al., (2015) and
Rabinowitz et al., (2017) applied kinetics models of Vitrinite reflectance and selected
biomarkers (i.e., methylphenanthrenes, alkenones and n-alkanes) to determine the thermal
conditions generated within faults by earthquakes. These measurements can be applied to
perform bulk (i.e., biomarkers) or punctual analyses with a microscope on a specific clast, grain,
or rock component (i.e., Raman and IR spectroscopy). The smaller the volume measured the
better the capacity to resolve non-uniform heat distribution at the microscale (McDermott et
al., 2017; Calzolari et al., 2020). By sampling small volumes molecular marker analyses can also
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emulate punctual measurements (Savage and Polissar, 2019). In all cases, a proper temperature
calibrated kinetic model is needed for the heating environment concerned so that
measurements of thermal maturity can be linked to temperature and duration of heating
(Kaneki et al., 2016; Ito et al., 2017; Schito et al., 2022; Schito et al., 2023).

In this work, we investigate the potential of hopane and sterane biomarker thermal
maturity parameters to record temperature increases caused by frictional heating in faults
during seismic slip. Our aim is also to determine the seismic or aseismic origin of MSs in faults
cutting bituminous dolostones in the Italian Central Apennines (Chinello et al., 2023). In
addition to observations of naturally faulted samples, the ability of the hopane 22S and sterane
20S biomarkers to record short-lasting heat pulses is investigated by (1) statically-heating
bituminous dolostone powders at 400°C for increasing time periods and (2) shearing
bituminous dolostones powders at seismic (1-3 m/s, temperature increase of =350°C) and sub-
seismic (0.0001 m/s, negligible temperature increase) slip rates. How biomarker parameters
can be used to assess thermal alteration of natural Mirror-like Surfaces is then investigated.

2 Geological setting

The out-of-sequence Monte Camicia Thrust is a *30° WSW-dipping fault exhumed from
=3 km depth located in the Fornaca Valley of the Gran Sasso Massif in the Italian Central
Apennines (Figure 2a). The thrust is part of the Gran Sasso Thrust System that was active
between the Messinian and early-middle Pliocene during the formation of the Apennine fold
and thrust belt (Ghisetti and Vezzani, 1986; Ghisetti, 1987; Ghisetti and Vezzani, 1991; Lucca et
al., 2019; Chinello et al., 2023). Field, structural, and isotopic evidence suggests that the Monte
Camicia Thrust was locally reactivated as a normal fault during the extensional gravitational
collapse of the Gran Sasso Thrust System that began in the Late Messinian and is still active
(Leah et al., 2018; Lucca et al., 2019).

The bituminous dolostones (Dolomie Bituminose Fm., Upper Triassic) outcrop in the
footwall of the thrust and are characterized by mm-dm thick beds of organic matter-rich
dolostones (grey to black in color) interbedded with up to 10 m thick dolostone beds (Adamoli
et al., 1984; Barchi and Bigozzi 1995; Figure 2b). The bituminous dolostones can have up to 40%
of total organic carbon content (Katz et al., 2000) and, based on apatite fission track and
vitrinite reflectance analyses by Rusciadelli et al. (2005), experienced maximum temperature of
100°C during burial.

In the southernmost part of the Fornaca Valley, several NE-SW and E-W striking normal faults
cut through the bituminous dolostones in the footwall of the Monte Camicia Thrust with dip-
slip to transtensional kinematics, accommodating a few mm to a few m of displacement (Figure
2a). These faults comprise ultra-cataclastic slip zones bound by Mirror-like Surfaces (MSs), often
decorated by smeared pre-oil solid bitumen (Figure 2b). Microstructural investigations revealed
that these slip zones record the main phases of the seismic cycle (Chinello et al., 2023).
Aseismic deformation was accommodated by viscous flow of bitumen, cataclastic flow and
pressure solution, whereas the presence of fragments of older slip zones and bitumen-rich
clasts cemented by calcite suggests the occurrence of seismic ruptures in the presence of
carbonate-rich fluids followed by post-seismic or inter-seismic fault sealing (Chinello et al.,
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2023). MSs are extremely common in the area and are also found in faults with negligible
displacement (< 1 mm). At the microscale MSs consist of dolomite nanoparticles and smeared
bitumen (Figure 2b, c; Chinello et al., 2023).

3 Materials and Methods

3.1 Natural samples

Analyzed natural samples include (Supp. Table S1): slip zones containing MSs from faults
with displacement ranging from 0.001 m to 11.22 m (samples 2, 3, 7, 8, 9), a natural MS
belonging to a folded bedding interface (sample 6), and the undeformed Host Rock (HR;
bituminous dolostones).

3.2 Powder preparation, rotary-shear and static-heating experiments

To provide materials for the experiments, host rock samples of bituminous dolostones
collected tens of meters from the main faults were ground within a disc mill and sieved to
obtain a bituminous dolostone powder with grain size <250 um. Rotary-shear experiments
were performed on the powders with the apparatus SHIVA (Di Toro et al., 2010) at HP-HT
laboratory of INGV in Rome by imposing on the bituminous dolostone powder sub-seismic
(0.0001 m/s) and seismic (1 and 3 m/s) slip rates under a normal stress of 20 MPa and room-
humidity conditions (for description of the experiments see Chinello et al., under review). Nine
static-heating experiments were conducted on powders heated in an oven at 400 °C for
increasing time periods. This temperature was chosen because it is similar to that measured by
the thermocouple during the “seismic” rotary-shear experiments (temperature increase =350
°C; Chinello et al., under review). Heating experiments were conducted at the HP-HT laboratory
of INGV in Rome and at the Department of Geosciences of the University of Padua. A crucible
was pre-heated at 400 °C for about ten minutes (until the temperature stabilized inside the
oven), then it was removed, filled with 2 g of bituminous dolostone powder and returned to the
oven for the selected time interval. The same procedure was repeated 9 times for progressively
longer heating times (2 s, 10's,30s, 1 min, 5 min, 20 min, 1 h, 3 h, 12 h; Supp. Table S2). After
heating, the crucible was quenched in water at ambient temperature.

3.3 Biomarker thermal maturity analysis

Thermal maturity analyses of bitumen using biomarkers were conducted on (i)
“undeformed” host rock (Figure 2a), (ii) natural slip zone samples containing a MS (Figure 2b, c),
(iii) powders collected after the static-heating experiments, and (iv) artificial slip zone samples
containing a MS produced in rotary-shear experiments (Figure 2d, e). The biomarkers selected
for the thermal maturity analysis where (i) sterane 20S, (ii) %88 sterane, (iii) hopane 22S, and
(iv) B8 hopane (see Supporting Information for details). Prior to selecting biomarkers, we
attempted to measure thermal maturity with MicroRaman spectroscopy as a non-destructive
and punctual technique. However, a very high background fluorescence was sufficient to
obscure key Raman bands used to assess the thermal maturity of organic matter (see
Supporting Information for details).
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3.3.1 Bitumen extraction

To provide duplicate observations samples were divided into “A” and “B” subsamples
(step 1 in Figure 3a). Bitumen was extracted from both parts using the same techniques. For
compact and cohesive samples, extraction occurred by placing a sample with the MS “face
down” in a 5 mm deep layer of dichloromethane (“DCM”; CH,Cl,) and sonicating it for three
minutes. Instead, for friable and weak samples, the specimen was held over a beaker using a
pair of tweezers and the surface was rinsed with 2 ml of DCM (step 2 in Figure 3a). After the
extraction of bitumen from the MS, the slip zone (“SZ”) containing the MS was separated with a
saw from the rest of the sample, which could be analyzed as a “control” for its respective
sample (“C”; Step 3 in Figure 3a). Both the “SZ” and “C” parts were then crushed using a small
pestle and mortar (Step 4 in Figure 3a), and the resulting powders were soaked in DCM and
Hexane in multiple steps for bitumen extraction by sonication in ultrasound baths (Step 5 in
Figure 3a). Extracts from the “SZ” and “C” parts were separated into saturated, aromatic, and
polar fractions by silica-gel flash-chromatography. In this way, each natural sample was
represented by two subsamples labelled “A” and “B”. This potentially yielded a maximum of six
observations for each natural sample (2 x “MS”, 2 x “SZ”, and 2 x “C”; Supp. Table S1). For
samples 2, 3 and 5 only the control part of sample A was measured. For sample 8 the control
part was not separated from the slip zone because it was the first sample to be analyzed, and
the methodology had not been fully developed at that point.

Bitumen from powders after the static-heating experiments and from the undeformed
natural samples was obtained with a single bulk extraction (“Bu” in Supp. Tables S1 and S2),
following only steps 4 and 5 for the undeformed natural samples, and only step 5 for the
heated powders (Figure 3a). Bitumen from samples produced during rotary-shear experiments
was extracted following only steps 2, 4 and 5: samples were too small to be divided into
subsamples “A” and “B” and too thin and friable to separate “SZ” and “C” parts (samples were
=1.5 mm thick).

3.3.2 Gas Chromatography Mass Spectrometry analysis of bitumen for biomarkers

Gas Chromatography Mass Spectrometry (GC-MS) was performed at the Department of
Geology and Geophysics, University of Aberdeen (Scotland, UK) using an Agilent Technologies
8890 N Gas Chromatograph (GC) fitted with a HP-5ms Ul column (30 m length, 2.5 mm ID, 0.25
um film thickness) and connected to 5977 MSD El Mass Spectrometer (MS) operating in SIM
(Selected lon Monitoring) mode. Samples were injected using a split/splitless injector operating
in spitless mode. Oven temperature was hold at 60 °C for 2 min rising to 120 °C at 20 °C /min
then to 290 °C at 4 °C /min and held at 290 °C for 27.5 min. The SIM mode had 22 ions each
with a dwell time of 40 ms. Quantification of hopane and sterane biomarkers was performed
relative to an internal standard of d4 C27 aaa (20R)—Cholesterane, added after bitumen
extraction or column chromatography.

Steranes and hopanes biomarkers were identified based on their relative retention
times and by comparison to well-characterized samples. Peak heights and areas were measured
using the following ion chromatograms: the m/z 217 for steranes (Figure 3b) and m/z 191 for
hopanes (Figure 3c). Data analysis was performed using MSD ChemStation G1701DA
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D.02.00.275 software (Agilent Technologies). To check for variations resulting from manual
fitting of baselines to peaks, all measurements of biomarkers parameters and data are an
average of the replicates.

Sterane and hopane biomarker thermal maturity parameters and yields of the relative S
and R isomers are presented in Supp. Tables S1 and S2. These parameters are formulated after
Farrimond et al. (1998) that also presents context for pre-oil window (“immature” stage)
thermal maturation of steranes and hopanes (see Supporting Information for an in-detail
description; Figure 1). Extraction yields (ng/g of rock) are calculated as concentrations relative
to d4 Cholestane and are not absolute concentrations. In each case the point of reference
(mass of rock) is the mass of the split sample (e.g. the A or B subsample), prior to division into
the MS, SZ and C subsamples (Figure 3a), thus the MS is treated as the first stage in a sequential
extraction of the slip zone (see Supporting Information for an in-detail description).

Signal-to-noise ratios were determined following the standard chromatographic
approach commonly applied for GC—MS studies (Felinger, 2011), in which the signal
corresponds to peak height (or area) and the noise is estimated by measuring peaks in an
adjacent but low-signal region of the chromatogram. This procedure is widely used in
conventional GC—MS quantification, trace compound detection, and biomarker analysis
because it accounts for both matrix-derived noise (e.g. compounds generating interfering
ionizations or detector signals), as well as instrumental and procedural noise (Peters et al.,
2005). Signal-to-noise ratios for measurements of the S-isomer and its effect on the calculation
of the sterane 20S and hopane 22S parameters, are reported in Supp. Table S3 for a set of
representative samples selected by visual inspection of the ion chromatograms. Signal-to-noise
ratios were most favorable for the hopane 22S parameter, corresponding to an error < +2% for
the analysis of both natural slip zone samples and experimental samples. In contrast, signal-to-
noise ratios for the sterane 20S parameter were less favorable for the experimental samples,
reflecting the small size of the sterane 20S peak in the chromatograms, and corresponded to
errors > £3%. For natural slip zone samples, sterane 20S signal-to-noise ratios corresponded to
an error < £2%. Errors were not systematically greater for MSs than for the slip zone or control
part; however, for the sterane 20S parameter, MSs samples from faults with limited
displacement exhibited the largest errors. When expressed as absolute uncertainty in the
hopane 22S and sterane 20S parameters, signal-to-noise ratios correspond to an error of =0.01
in most cases (Supp. Table S3). In Supp. Tables S1 and S2, where the differences between
replicate measurements corresponded to o = 0, the error was conservatively set to o =0.01.

4 Results

4.1 Thermal maturity of the host rock and natural MS-samples

In the host rock, sterane 20S and hopane 22S parameters are 0.07+0.01 and 0.30£0.01,
respectively. Sterane and hopane yields are similar, ranging from 3.04 to 42.77 ng/g (Figures 4,
5, Supp. Tables S1-S2).

Sterane 20S parameter in the MS of sample 8 (displacement 0.87 m) is significantly
higher than in the corresponding slip zone for both part A and B (Figure 4g). Higher sterane 20S
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values in the MS relative to the slip zone and control part are also measured in samples 2B, 3B
and 9B (displacement of 0.01, 0.05 and 1.23 m respectively) and in 6A-6B where the MS is
located on a bedding surface within the limb of a fold (i.e., displacement =0 m). In sample 9A,
the sterane 20S value in the MS is similar to that in the associated slip zone, but slightly higher
than in the control part. In contrast, samples 3A, 5, 6A and 7 show no significant differences in
sterane 20S values among the MS, slip zone and control part, with values ranging from 0.06 to
0.10. In sample 6A, the control part is slightly more mature than the slip zone. Sterane 20S and
20R isomer concentrations in the MSs are generally low (0-12.85 ng/g) when compared with
slip zone and control samples. This is mainly because biomarkers in the MSs represent only a
small volume of the whole sample (i.e., only the MS and a small surrounding depth of the
sample were permeated and extracted). In contrast, samples 8 and 9 exhibit higher values of
the Sterane 20S parameter in the MS and similar concentrations of steranes between the MS
and the slip zone. Concentrations in the slip zone and in the control part are generally similar,
or slightly lower in the slip zone (Figure 4a, c, e). However, in samples 6, 7B and 9A
concentrations are lower in the control part.

Hopane 22S parameter has a similar pattern to that of sterane 20S (Figure 5g). In sample
8, the hopane 22S value in the MS is higher than in the associated slip zone for both parts A and
B. A higher value of the hopane 22S parameter in the MS relative to the associated slip zone
and control part are also measured in 6A, 2B, 3B, 9B and 7B (displacements of 0, 0.001, 0.05,
1.23,11.22 m, respectively). For samples 7A and 9A, the value of the hopane 22S parameter in
the MS is higher than in the slip zone; however, the control part shows values similar to or
higher than those of the MS. Measurement uncertainties for the hopane 22S parameter are
relatively large in sample 5; therefore, this sample is excluded from further analysis. No
significant differences among the MS, slip zone and control part are observed in samples 2A
and 3A. Hopane 22S and 22R isomer concentrations in the MSs are generally lower than slip
zones with the exceptions of samples 2B, 8 and 9 which display similar concentrations of
hopanes between the MS and the slip zones (Figure 5b, d, f). Some slip zone samples have
higher concentrations of hopanes than the associated control samples (i.e., samples 6B, 7B and
9A).

The average thermal maturity values of all the control samples (i.e., part C of each
subsample; Figure 3) are 0.08 for sterane 20S and 0.26 for hopane 22S (Figures 4g, 5g). These
values fall within the analytical uncertainty of the sterane 20S and hopane 22S parameter
values of the host rock sample (Supp. Table S1). No correlation is observed between thermal
maturity values and the total displacement accumulated along the sampled faults (from 0.05 m
to 11.22 m; Figures 4g, 5g).

4.2 Thermal maturity of the starting powder and experimental samples

Thermal maturity of bitumen in the starting powder and in the shear- and static-heating
experimental samples is assessed using the sterane 20S, the %a886 sterane, the hopane 22S and
the 66 hopane parameter (Supp. Table S2; Figures 4h, 5h), and the relative concentrations of
the sterane and hopane S and R isomers (Supp. Table S2; Figure 4b, d, f; Figure 5b, d, f). In the
starting powder the sterane 20S and hopane 22S values are 0.07+0.01 and 0.27+0.02,
respectively. These values for the starting powder are within measurement error of the average
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sterane 20S and hopane 22S values of the control samples (see section 4.1 and Figures 4g, 5g).
For the starting powder, %6886 sterane value is 0.27+0.02 and 86 hopane value is 0.13+0.02.
Concentrations for steranes and hopanes are 36.5-139309.9 ng/g.

4.2.1 Static-heating experimental samples

Sterane 20S is similar to that of the starting powder for heating durations shorter than 1
minute. Then, sterane 20S increases with time from 0.15+0.02 after 5 minutes to 0.57+0.02
after 1 hour (Figure 4h).

%068 sterane has similar trend to Sterane 20S (Supp. Table S2). Although, thermal
maturity does not change significantly for experiments heated less than 5 minutes, yields of
sterane 20S and 20R isomers initially decline to 10.48-170.54 ng/g after heating for 10 seconds,
then rise after 30 seconds of heating and finally fall to 0.11-0.14 ng/g after heating for 1 hour
(Figure 4f; Supp. Table S2). Steranes are not detected in samples heated for longer.

Hopane 22S is 0.19 to 0.28 for heating durations shorter than 30 seconds, similar to the
one of starting powder. Then, the hopane 22S increases from 0.41+0.01 after 1 minute to
0.55+0.01 after 20 minutes (Figure 5h).

66 hopane, decreases with heating, little in the first 10 seconds, and down to 0.04+0.01
after 20 minutes of heating (Supp. Table S2). Yields of hopane 22S and 22R isomers first
decrease to 59.35-254.70 ng/g during heating for 2-10 seconds and then increase after 30
seconds (Figure 5f; Supp. Table S2). After heating for 1 hour, concentration decreases to 0.10

ng/g.

4.2.2 Rotary-shear experimental samples

Sterane 20S in the samples after the experiments performed at seismic slip rates (1 m/s,
s1950; 3 m/s, s1952) is higher in the MS than in the underlying slip zone, with MSs values
higher than those of the starting powder (Figure 4h). In the sample after the experiment
performed at sub-seismic slip rate (0.0001 m/s, s1951), the sterane 20S value of the MS is
slightly higher than that of the associated slip zone. However, both values lie within the
analytical uncertainty of the starting powder (Figure 4h). Overall, the highest sterane 20S values
are measured in the MSs produced at seismic slip rates.

%068 sterane has a minor increase in thermal maturity (0.01-0.02) between MS and slip
zone values across all experiments, regardless of slip rate, and these differences fall within
analytical uncertainty of the starting powder (Supp. Table S2). MSs have similar concentrations
of sterane 20S isomer to starting values, but slightly lower concentrations of the 20R isomer
(Figure 4b, d; Supp. Table S2). Concentrations of the sterane 20S and 20R isomers in the MS and
the associated slip zone are similar in the “seismic” experiment at 1 m/s (s1950), slightly lower
in the slip zone of the “sub-seismic” experiment (s1951), and higher in the slip zone of the
“seismic” experiment with the highest slip rate (3 m/s; s1952).

Hopane 22S in the sample after the experiment performed at 1 m/s (s1950) is higher in
the MS obtained than in the underlying slip zone or the starting powder, with the same relative
differences found in the experiment performed at 0.0001 m/s (s1951; 0.30+0.02 vs 0.19+0.01;
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Figure 5h). In the experiment performed at 3 m/s (s1952), hopane 22S is higher in the MS with
respect to the slip zone, but both are lower than the one of the starting powder.

B8 hopane has similar values, within analytical uncertainty, for the MS and the
corresponding slip zone, independently of the seismic vs. sub-seismic loading conditions
imposed in the experiments (Supp. Table S2). Compared to the starting powder, lower
concentrations of hopane 22S and 22R isomers are observed in the MSs produced at 1 m/s and
0.0001 m/s, while yields are a little higher in the MS produced at 3 m/s (Figure 5b, d; Supp.
TableS2). Concentrations of hopane 22S and 22R isomers in the MS relative to the associated
slip zone are similar to what is observed for steranes (see above).

5 Discussion

5.1 Bitumen characterization in Dolomie Bituminose Fm.

The analyzed host rock sample and starting powder have a low thermal maturity
corresponding to 0.07+0.01 for the sterane 20S parameter and 0.27+0.02/0.30+0.02 for the
hopane 22S parameter (Figures 1, 4g-h, 5g-h; Supp. Tables $S1-S2). The %$aB8 sterane and the 66
hopane values of the starting powder are likewise very low (0.274+0.02 and 0.13+0.02,
respectively; Supp. Table S2). All parameters are consistent and collectively indicate that the
organic matter is immature and corresponds to a pre-oil window “proto-bitumen” or “proto-
kerogen” (“immature” stage, Figure 1), confirming that the Dolomie Bituminose Fm. is a “very
low thermal-maturity bitumen” sensu Curiale (1986). This is also supported by strong
fluorescence that obscured Raman signals (see Supporting Information; Lipparini et al. 2021).
The thermal maturity in the control part (C) of the analyzed fault rock samples, that is the
farthest part from the MS and therefore less affected by frictional heating during slip (Figure 7),
can be sometimes slightly higher than the maturity of the host rock (see below), especially for
the sterane 20S biomarker (i.e., samples 2A, 3A, 6B, 7A-B, 9A-B; 0.08-0.10 vs. 0.07+0.01; Supp.
Table S1), but always within the pre-oil window maturity range (“immature” stage, Figure 1;
triangles in Figure 4g).

The faults investigated are associated with the extensional and latest tectonic phase of
the Central Apennines. Nevertheless, ours and previous geological investigations in the study
area did not observe bitumen as inclusions in veins or in fractures/pores in the stratigraphically
upper geological formations or in other lithologies in fault contact with the Dolomie Bituminose
Fm. (Leah et al., 2018; Lucca et al., 2019). This field evidence, together with the high viscosity of
pre-oil solid bitumen (Curiale 1986), indicates that the bitumen extracted from the MSs was not
subjected to relevant mobility after diagenesis, but migrated only the minimum distance
necessary to reach pores and inter-to intra-fractures in the interbedded dolomite beds and slip
surfaces where it is also smeared on the MS (Chinello et al., 2023). Conventional petroleum is
therefore absent in host rock and fault zones, implying that the analyzed bitumen faithfully
records thermal maturity changes associated with fault deformation. In any case, to mitigate
the impact of bitumen migration and the resulting variations in the bitumen’s thermal maturity,
we compared the biomarkers of the MSs with their respective slip zones (Figure 2).
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5.2 Thermal response of the tested biomarkers to short duration heating

5.2.1 The effect of the exposure time during experiments

In static-heating experiments, sterane 20S and hopane 22S parameters detect an
increase in thermal maturity after only 1-5 minutes of exposure at 400 °C relative to the starting
powder (0.15+0.02 vs 0.07+0.01 for sterane 20S after 5 minutes; 0.41+0.01 vs 0.27+0.02 for
hopane 22S after 1 minute; Figures 4h, 5h). These rapid changes occurred over much shorter
heating durations than those reported for typical sedimentary basin burial conditions
(Mackenzie and McKenzie, 1983; Polissar et al., 2011). Thermal maturity increases progressively
with exposure time for both parameters, reaching 0.57+0.02 for sterane 20S after 1h and
0.55+0.01 for hopane 22S after 20 minutes (Figure 4b, d; Supp. Table S2). In the setting of burial
diagenesis sterane 20S values of 0.55 correspond to peak oil window conditions (Figure 1),
consistent with the behavior of the %a886 sterane parameter, which shows little variation until
heating duration exceeds 20 minutes (maximum value of 0.55 £ 0.01; Supp. Table S2). The
correspondence between maximum values of sterane 20S and %a6886 sterane parameters and
declining biomarker concentrations is consistent with observations of thermal alteration from
burial diagenesis and from thermal aureoles around igneous intrusions (Bishop and Abbot,
1995; Farrimond et al., 1998). As expected, the hopane 22S parameter reaches its maximum
value earlier than sterane 20S, in agreement with its known maturation behavior prior to peak
oil generation (Mackenzie and McKenzie, 1983; Bishop and Abbott, 1993; Farrimond et al.,
1998; Peters et al., 2005).

Concentrations of both sterane and hopane S and R isomers decreased during the first
10 seconds of heating, increased after 30 seconds of heating likely reflecting breakdown of
macromolecules and generation of new hopanes and steranes, and significantly decreased after
1-5 minutes of heating (Figures 4h, 5h; Supp. Table S2). Hopanes and steranes were not
measured in samples heated for longer than 1 h (Supp. Table S2). Therefore, heating for short
durations at 400°C results in distinct stages in which concentrations initially decline, then rise
and recover as new hopanes and steranes form from the breakdown of geomacromolecules
and finally approach zero in a way similar to longer duration heating (Bishop and Abbot, 1995;
Farrimond et al., 1998). Notable is that very short duration heating at 400°C reduces
concentrations of hopanes and steranes (e.g. they are destroyed) but need not change the
sterane 20S and hopane 22S parameters, until heating is sustained for longer. This may have
consequences for the sterane 20S and hopane 22S parameters because the increase of both
parameters is due to the relative enrichment of one isomer over another (i.e., relative
enrichment of the more thermally stable 20S or 22S isomer compared to the biologically-
inherited 20R or 22R stereochemistry; MacKenzie et al., 1980; Kolaczkowska et al., 1990). This
selective enrichment depends on both relative rates of destruction and also generation from
the breakdown of geomacromolecules; both kerogen and bitumen contain occluded steranes
and hopanes that are released to form their “free” phase counterparts (Bowden et al., 2006).
Thus, if very short duration heating only removes a biomarker isomer but does not generate
new ones, this may change parameters in ways not seen in longer duration heating.

In rotary shear experiments, sterane 20S and hopane 22S parameters record a higher
thermal maturity in all the MSs with respect to the one measured in the associated slip zone
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(Figure 4h, 5h; Supp. Table S2). However, sterane and hopane concentrations change little in
the MSs, indicating that the increase in both parameters relative to the associated slip zone is
unlikely to result from the release of the S isomer from macromolecular organic matter in
protobitumen (Bishop and Abbot, 1995). Instead, it more likely reflects isomer interconversion
or preferential destruction of the R isomer. In the slip zones of the experiments performed at
0.0001 m/s and 1 m/s, both sterane and hopane S and R isomers show lower concentrations
relative to the starting material (Figure 5h; Supp. Table S2). In contrast, the experiment
performed at 3 m/s exhibits substantially higher concentrations in the slip zone than other
experimental slip zones, suggesting that the generation of new sterane and hopane isomers
occurred only in the slip zone at the highest shear rate (Figure 5h; Supp. Table S2). Accordingly,
the lower concentrations of sterane and hopane isomers in the corresponding MS may reflect
isomer destruction, consistent with observations at similar maturity levels in static-heating
experiments (Supp. Table S2), as well as during early stages of burial and heating near igneous
intrusions (Bishop and Abbot, 1995; Farrimond et al., 1998).

Overall, sterane 20S and hopane 22S parameters and concentrations measured in short-
duration static-heating experiments closely match those observed in the seismic shear
experiment performed at 3 m/s. This is reasonable given the maximum temperature measured
in both experiments at seismic shear rates was =350 °C (Chinello et al., under review), and
experimental durations were 1 s and 0.67 s (for the shear rates of 1 and 3 m/s), and thus
durations and temperatures are comparable.

5.2.2 Applicability of sterane and hopane parameters to (fault) frictional heating

When evaluating thermal maturity, it is common practice to cross plot two or more
thermal maturity parameters such as the sterane 20S and hopane 22S to check for internal
consistency (Peters et al., 2005). Plotting the sterane 20S and hopane 22S parameters together,
a trend in thermal maturity is observed in both the experimental and natural samples, showing
consistency between the two indicators (Figure 6). The data from static-heating experiments
(white to red diamonds in Figure 6a) reproduce the trend described by Farrimond et al. (1998)
for the transition from pre-oil window to mid-oil window conditions during burial (Figure 1).
The non-linearity of the trend is because hopane 22S parameter reaches a maximum value of
about 0.55 when the sterane 20S parameter reaches 0.4, reflecting the tendency of hopane 22S
to change more rapidly than sterane 20S (Peters et al., 2005; Figure 6a).

Data from rotary-shear experiments have slip zones that follow the trend of Farrimond
et al. (1998) corresponding to lower thermal maturity, while the MSs deviate from the trend
toward the upper-right, corresponding to higher thermal maturity (Figure 6a). This deviation
suggests that the tendency for the hopane 22S parameter to change more rapidly than the
sterane 20S parameter, observed for burial-heating, cannot be used to describe also frictional
heating.

A similar pattern is observed in natural samples (Figure 6b). Although both MSs and
associated slip zones generally show lower sterane 20S values for a given hopane 22S value
(e.g. MS of sample 9A: sterane 20S = 0.10, hopane 22S = 0.27), sterane 20S increases more
rapidly relative to the trend for burial-heating described by Farrimond et al. (1998), and in the
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case of sample 8, values of sterane 20S and hopane 22S are comparable. These distinct trends
suggest that a maturity increase is observed moving from the slip zone to MS. In addition, the
kinetic behavior of the two parameters differs between heating environments and may
therefore be used to discriminate between burial and (fault) friction-related heating.

5.3 Frictional heating recorded by thermal maturity increase in natural and
experimental MSs

In the natural samples, sterane 20S and hopane 22S indicate significantly higher thermal
maturity in the MS of sample 8 (parts A and B) compared to the slip zone, as well as in samples
2B, 6A, and 9B, where differential values are lower (Figures 4, 5). An increase in thermal
maturity in the MS relative to the slip zone, detected by only one biomarker, is also observed in
samples 3B and 6B (sterane 20S) and 7B (hopane 22S; Figures 4, 5). In other samples, both with
lower and higher displacement (2A, 3A, 7A, and 9A), neither parameter records any thermal
maturity difference among MS, SZ, and C (Figures 4, 5). The higher thermal maturity recorded in
some of the MS with respect to the associated SZ and C parts, is compatible with the highly
localized imprints of temperature rise by frictional heating. However, there is no simple
correlation between the total displacement accumulated by each fault and the thermal
maturity values. Biomarker yields, on the other hand, can offer some clues.

In samples where the MS and the slip zone have similar sterane concentrations but
higher sterane 20S values in the MS (i.e., sample 8), it should be interpreted as an enrichment
in steranes in the MS, since the rock volume used to calculate yields for MS and SZ is the same
(see sections 3.3.2 and 4.1). Moreover, an enrichment in biomarkers concentration is observed
in the slip zones of some natural samples, with respect to the associated control samples (i.e.,
samples 6B, 9A, 7B; Figure 4c, d, e, f), and in the slip zone of the shear-experimental sample
obtained at 3 m/s, if compared to the other experimental slip zones (Figure 5c, d, e, f). In
contrast, MS for the same samples, usually show 1-2 orders of magnitude decrease in overall
sterane concentrations, which does not coincide with an increase of the sterane 20S parameter.
This can be compared to the static-heating experiments, where bituminous dolostone powders
heated for 2-10 seconds present lower concentrations of sterane, and little change in the 20S
sterane parameter (Figure 4). Thus, when isomers are generated in the slip zone and then
disappear in the MS, the increase of the sterane 20S parameter suggests a similar behavior to
the shortest duration static-heating experiments. This also implies that, in most cases, steranes
from rotary-shear experiments were mildly altered or not thermally altered at all. Similar to the
steranes, the highest concentrations of hopanes were found in slip zones, sometimes exceeding
that of the control samples, both in shear- and static-heating experimental samples. This is
consistent with the generation of new hopanes via the thermal breakdown of
geomacromolecules (e.g., asphaltic material within the protobitumen). This is important as
models of changes in biomarker thermal maturity parameters depend on differences in relative
rates of both thermal degradation, and generation of new isomers from cracking of larger
macromolecules (Bishop and Abbot, 1995; Farrimond et al., 1998). Much reduced generation of
steranes and hopane isomers from geomacromolecules, evidenced by concentrations that do
not exceed starting or control values, has implications for how the sterane 20S and hopane 22S
parameter may function in frictional heating as compared to burial diagenesis (Figure 6).
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Microstructural investigations of the natural sampled faults show that (i) multiple slip
events were recorded in faults with at least 0.12 m of slip, and that slip zones bounded by a MS
experienced embrittlement and fragmentation possibly associated with seismic slip, but also
pressure-solution of dolomite and viscous flow of bitumen during the seismic cycle (Chinello et
al., 2023). As a consequence, displacement accommodated by these faults can result from (i) a
single seismic event, (ii) aseismic (creep) events at slip rates of nm-um/s or less, (iii) a
combination of both, but also from (iv) multiple seismic and aseismic slip events. These four
options can explain why there is poor correlation between the thermal maturity/concentration
values and the total displacement accommodated by the faults. However, the probability of
having experienced at least one seismic event is higher in faults with the highest displacement,
and the thermal maturity values of the MSs and higher isomers concentration (see discussion
above) seem to correlate better (Figures 4g, 5g). It is also possible that the activation of
coseismic processes like mechanical and thermal fluid pressurization, which should not result in
large temperature increase in the slip zone (Rice, 2006; Aretusini et al., 2021a), may prevent an
increase in thermal maturity. In addition, during the seismic cycle, deformation in fault cores
may localize in a principal slip zone where most strain deformation is accommodated, or over a
number of secondary fault/fractures that may cut the control part of the samples analyzed
resulting in very local to broad variations of thermal maturity.

The heterogeneous distribution of frictional heating on the same fault, due for instance
to surface roughness, stress or seismic slip rate distribution (Figure 7), may control the
response of the biomarkers thermal maturity parameters (see the different thermal maturity
trends observed between parts “A” and “B” in Figures 4, 5). Processes like flash heating can
increase the temperature at the asperity scale (10-100 um) up to =1000 °C in milliseconds (Rice,
2006; Spagnuolo et al. 2015). Flash-heating of protobitumen can generate isomers in a similar
way to the thermally induced breakdown of asphaltene and kerogen during flash pyrolysis
(Philp and Gilbert, 1985). Then, because of fault roughness, the stress normal to the fault can
be much higher than the one applied in the experiments (20 MPa), also at 1-3 km depth (e.g.,
Griffith et al., 2010). In addition, co-seismic slip rates could be higher than 1-3 m/s, especially
near the tip of the propagating seismic rupture (e.g., Harbord et al., 2021). Since the bulk
temperature increase during frictional sliding is proportional to slip distance, normal stress and
slip rate (Carslaw and Jaeger, 1959), in some natural cm-m long fault patches the temperature
increase could be well above the =350 °C measured in our experiments and therefore thermal
maturation larger. Heating exposures of 1 and 5 minutes investigated in the static-heating
experiments are not compatible with the typical rise time (or short duration of slip pulses
lasting <<1s) of small in magnitude earthquakes (Mw <4), but the temperature recorded by the
thermocouple (=350 °C) underestimates the “real” temperatures (see discussion in Aretusini et
al. (2021b). For these reasons, the high thermal maturity measured (i) in some of the natural
MSs (samples 8A-B, 2B and 9B), (ii) in MSs obtained in rotary-shear experiments performed at
seismic slip rates, together with (iii) the increase in thermal maturity of bituminous dolostones
after 1-5 minutes of heating during the static-heating experiments (Figures 4, 5), are still
compatible with frictional heating during earthquakes. However, a kinetic model of steranes
and hopanes in extractable organic matter (i.e., bitumen) is necessary to understand better the
time-temperature evolution of these biomarkers and the energy necessary to activate the
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maturation process. Such a model should also include mechano-chemical effects, typical of
grain size reduction and amorphization processes associated with frictional sliding, which may
lower the activation energy and may alter the kinetics of the reactions involved in the thermal
maturation of biomarkers.

5.4 Molecular marker parameters applied in similar contexts

Thermal maturity in fault zones has been investigated using molecular markers such as
methylphenanthrenes, diamondoids, n-alkanes, alkenones, and the Carbon Preference Index
(Savage et al., 2014; Savage et al., 2018; Savage and Polissar, 2019; Coffey et al., 2019;
Rabinowitz et al., 2020). However, this is the first study to report on the sterane 20S and
hopane 22S parameters in this context. Differences in the rates of change of biomarker thermal
maturity parameters across rifted basins were previously documented by McKenzie and
Mackenzie (1983), although those comparisons primarily focused on aromatization and
isomerization reactions. Since then, it has become clear that the “isomerization” reflected in
sterane 20S and hopane 22S ratios does not represent a simple parent—child transformation
(intra-conversion). For example, the sterane 20S isomer does not arise solely from direct
conversion of the 20R isomer; instead, both 20S and 20R isomers are destroyed at different
rates, and additional 20S and 20R isomers are generated through the release of covalently
bound counterparts from kerogen (Bishop and Abbott, 1993; Farrimond et al., 1998).
Consequently, the distinct trends observed for burial heating versus frictional heating (Figure 6)
may reflect differences in rates of generation, destruction and intra-conversion.

Studies of natural samples have shown that a range of biomarkers record increases in
thermal maturity in fault zones that experienced seismic slip and temperatures sufficient to
form pseudotachylytes (Savage et al., 2014). Experimental work further demonstrated that the
MPI-4 parameter increases after =10 m of slip at rates that generate temperatures 2 500 °C
(Savage et al., 2018). Taken together, the hopane 22S and sterane 20S parameters presented
here appear particularly well suited for detecting heating associated with seismic slip in faults
with total displacements of =0.5-10 m, especially where the host rock is rich in organic carbon,
contains pre—oil window organic matter, and experiences relatively moderate peak
temperatures (e.g., =400 °C). However, the concurrent destruction and generation of isomers
observed in static-heating experiments at maturity levels comparable to all but one of the
natural samples indicates that additional high-temperature studies on fault rocks are needed to
fully constrain the behavior of sterane and hopane maturity parameters during frictional
heating associated with seismic slip.

6 Conclusions

In this study we investigate thermal maturity changes associated with frictional heating
pulses during seismic slip in fault rocks bounded by Mirror-like Surfaces (MSs) in bituminous
dolostones. To measure thermal maturity in fault zones at the sample scale (Figure 3) we used
the 20S and hopane 22S biomarkers parameters, commonly used to investigate the thermal
maturity of shallow sedimentary basin rocks (Figure 1). We measured the thermal maturity of
the host rock (Dolomie Bituminose Fm., Monte Camicia Thrust area, Italian Central Apennines;
Figure 2) as well as of MSs and their associated slip zone along natural faults with
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displacements ranging from a few millimeters to a few meters. The biomarkers response of
natural samples was calibrated by analyzing rock powders subjected to static-heating
experiments performed at 400 °C with exposure times ranging from 2 seconds to 12 hours, and
by analyzing artificial MSs produced in experiments at sub-seismic (0.0001 m/s) and seismic (1-
3 m/s) slip rates (Figure 2). Our results indicate that:

(i) the MSs of some natural samples exhibit higher thermal maturity compared to the
associated slip zone and/or control part (Figures 4a, c, 5b),

(ii) an increase in thermal maturity occurs after 1-5 minutes of static exposure at 400 °C
together with an increase in the concentrations of steranes and hopanes after at least 30 s of
heating,

(iii) experimental MSs produced at seismic slip rates have higher thermal maturity than
the associated slip zone (Figures 4b, d, 5a), and

(iv) both experimental and natural MSs with higher thermal maturity relative to the
associated slip zone follow a maturity trend that differs from the “classic” burial trend observed
in sedimentary basins and reproduced by the static-heating experiments, showing higher
sterane 20S values for an equivalent hopane 22S parameter (Figure 6).

Temperatures in natural seismic slip zones, including those at the studied outcrop, can
be significantly higher than those examined in the experiments, and thermal maturation rates
much faster at higher temperatures. We conclude that thermal maturity investigations based
on sterane and hopane biomarkers can detect increases in temperature related to frictional
heating pulses during earthquakes, and the seismic origin of some MSs. This approach may
allow us to distinguish MSs produced during seismic faulting from those produced at aseismic
deformation conditions. This is useful also for seismic hazard purposes to distinguish seismic
from creeping active faults.
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Figure Captions

Figure 1. Thermal maturity equivalence of the biomarker parameters tested in this study compared to stages
of oil generation, and Vitrinite reflectance (Ro%). The tested biomarker parameters are steranes (%a668
sterane and sterane 20S), hopanes (hopane 22S and 86 hopane) and the methylphenanthrene index (MPI-1;
see Supporting Information). Grey areas correspond to the “oil window,” while black bars represent the range
of each biomarker parameter and the maximum value that normally does not change with further maturity. 66
hopane (hop) parameter decreases to 0 with increasing thermal maturity, while the values of the other
parameters increase with thermal maturity. For the %aB88 sterane parameter an intermediate value is shown
within the bar to indicate earlier stages of maturity. Modified after Peters and Moldowan (2017).

Figure 2. Structural map of the Fornaca Valley (Gran Sasso Massif, Central Apennines, Italy) and analyzed fault
samples. (a) Structural map of the surveyed area. The bituminous dolostones (in pale violet color) crop out in
the footwall of the Monte Camicia Thrust (red curve). Stereoplot shows poles to measured faults (blue for
normal faults, red for reverse faults and black for faults with uncertain kinematics) and dashed lines represent
mean fault surfaces orientation. Inset in the upper-left corner shows the location of the study area within the
structural frame of Italy. Modified after Chinello et al. (2023). (b) Mirror-like Surface (MS) cutting the
bituminous dolostones. (c), (d), (e) SEM-SE images of a natural MS and of two experimental MSs obtained at
(d) 100 um/s and (e) 1 m/s (Chinello et al., under review).

Figure 3. Sketch showing the bitumen extraction process for GC-MS analysis and example ion chromatograms.
(a) Natural fault samples bound by a Mirror-like Surface (MS) were divided into part A and B (step 1) and for
every part bitumen was extracted from the MS using dichloromethane (CH2Cly; step 2). Then the slip zone (SZ)
containing the MS was separated from the underlying “control” part (C) with a saw (step 3) and every part was
crushed (step 4) for bitumen extraction (step 5). (b) Example m/z 217 ion chromatograms of bitumen
extracted from the MS and SZ of sample 8A showing the distribution of sterane biomarkers; C29 aaa S =
5a,14a,17a (H) 20S sterane; C29 aBB S = 5a,14B,17B (H) 20S sterane. (c) Example m/z 191 ion chromatograms
of bitumen extracted from the MS and SZ of sample 8A showing the distribution of hopane biomarkers; C27 Ts
= (27 18a(H)-22,29,30 trisnorneohopane; C27 Tm = C27 17a(H)-22,29,30 trisnorhopane; C30 af = C30
17a,21B(H) hopane; C30 Ba = C30 17B,21a (H) hopane/moretane; C31 af S= C31 170a,21B(H) 225
homohopane.

Figure 4. Values with the associated standard deviation of sterane 20S thermal maturity parameters and yields
of the relative sterane 20S and 20R isomers for all the analyzed samples. (a), (c) and (e) show the
concentrations in the natural samples and the host rock, while (b), (d) and (f) show the concentrations in the
shear- and static-heating experimental samples. (g) shows the sterane 20S thermal maturity values for the
natural samples, while (h) shows the sterane 20S thermal maturity values for the shear and static-heating
experimental samples. Dots, squares and triangles represent the values of the MSs, slip zones containing a MS
(analyzed after MS bitumen extraction), and the control part (i.e., the furthest part of the sample from the
MS), respectively. Diamonds represent the bulk thermal maturity values of the Host Rock sample (HR) in (e)
and (g), and of the heated bituminous dolostone powders in (f) and (h). Colors indicate increasing thermal
maturity in all graphs. In (g) the black arrow at the top of the graph indicates increasing displacement from left
to right. SP = Starting Powder.

Figure 5. Values with the associated standard deviation of hopane 22S thermal maturity parameters and yields
of the relative hopane 22S and 22R isomers for all the analyzed samples. (a), (c) and (e) show the
concentrations in the natural samples and the host rock, while (b), (d) and (f) show the concentrations in the
shear- and static-heating experimental samples. (g) shows the hopane 22S thermal maturity values for the
natural samples, while (h) shows the hopane 22S thermal maturity values for the shear and static-heating
experimental samples. Dots, squares and triangles represent the values of the MSs, slip zones containing a MS
(analyzed after MS bitumen extraction), and the control part (i.e., the furthest part of the sample from the
MS), respectively. Diamonds represent the bulk thermal maturity values of the Host Rock sample (HR) in (e)
and (g), and of the heated bituminous dolostone powders in (f) and (h). Colors indicate increasing thermal
maturity in all graphs. In (g) the black arrow at the top of the graph indicates increasing displacement from left
to right. Note that in (f) the concentration of the Starting Powder (SP) is out of scale.

Figure 6. Log-log plots showing sterane 20S vs hopane 22S thermal maturity values of experimental and
natural samples. (a) Sterane 20S vs hopane 22S thermal maturity values with the associated standard
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deviation for static-heating and rotary-shear experimental samples. Red to white color bar = heating time for
the static heating experiments; white to blue color bar = slip rate for the rotary-shear experiments. (b) Sterane
20S vs hopane 22S thermal maturity values with the associated standard deviation for the natural samples.
Color bar = total displacement accumulated by each fault. In both plots: bulk analyses (for the static-heating
experiments and for the starting material) = diamonds, Mirror-like Surface (MS) = dots; Slip Zone (SZ) =
squares, Control part (C) = triangles; black diamonds (linked by a dashed line) = trend in thermal maturity
during burial (Farrimond et al., 1998).

Figure 7. Sketch showing frictional heating in a slip zone in bituminous dolostones bounded by a Mirror-like
Surface (MS) during seismic slip. Frictional heating can cause a temperature increase in the slip surface or
localized at the asperity contacts (see inset) depending on the surface roughness. The temperature decreases
rapidly away from the MS together with the thermal maturity of bitumen found both in the clast pores and
free in the matrix. Thermal maturity of the control part approximates the background thermal maturity of the
host rock. Red color bar = expected temperature in the slip zone.



