
1. Introduction
The molecular structure of organic carbon in rocks is known to be influenced by peak temperature condi-
tions and Raman spectroscopy has been widely used to assess the structural order of organic matter, and 
hence its thermal maturity, in a variety of geological settings. These range from burial maturation and 
hydrocarbon exploration, to regional metamorphism and fold/thrust belt evolution (Beyssac et al., 2002; 
Henry et al., 2018; Jehlička & Benny, 1992; Kedar et al., 2020; Lahfid et al., 2010; Liu et al., 2013; Muir-
head et al., 2018, 2020; Muirhead, Parnell, et al., 2017; Rahl et al., 2005; Schito & Corrado, 2018; Schito 
et al., 2017, 2019; Wopenka & Pasteris, 1993). Calibration curves and burial models are typically used in 
these geological settings to determine temperatures from Raman spectra. In contrast the application of 
Raman spectroscopy to faults and shear zones (Hirono et al., 2015; Ito et al., 2017; Kedar et al., 2020; Kuo 
et al., 2018; Mukoyoshi et al., 2018) is only relatively recent, and debate continues over the impact on Ra-
man spectral shifts and the drivers of these Raman parameter changes. Previous work has focused on using 
Raman spectroscopy to estimate the maximum temperature of organic matter due to frictional heating 
along faults or shear surfaces (Hirono et al., 2015; Ito et al., 2017; Kaneki et al., 2018; Kuo et al., 2017, 2018; 
Mukoyoshi et al., 2018). Frictional heating (or evidence for) continues to be an important topic in fault and 
earthquake mechanics (Fulton et al., 2013; Kanamori et al., 2000; Lachenbruch & Sass, 1980; Rice, 2006; 
Rowe & Griffith, 2015; Sibson et al., 1975). There have been several recent applications of organic thermal 
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and complex results. By analyzing faulted and adjacent non-faulted samples from three discrete localities 
in France, Italy, and Morocco, we assess changes in specific Raman parameters, including G-peak width, 
G-peak position, and peak intensity ratios. We consistently observe a shift in Raman parameters between 
faulted and non-faulted samples; however, the direction and magnitude of this shift varies. Raman peak 
intensity ratios are shown to both increase and decrease on fault planes. The majority of samples exhibit 
decreasing peak width and peak position in the faulted samples, but this is not consistent; in two samples 
an increase is observed, but the shift tends to be small. These data are compared to published Raman 
spectral shifts from experimental fault data. Our results suggest that fault zone deformation processes 
may measurably change the carbon nanostructure in faulted rocks. The inconsistent nature of Raman 
spectral shifts in the fault rock samples analyzed, and those published suggest that a complex set of factors 
control carbon nanostructure changes in fault rocks. These factors, although not discriminated here, likely 
include, background temperature, frictional heating, strain, carbonaceous material type, amongst others. 
We have shown that Raman Spectral shifts occur in faulted rocks with implications for how Raman data 
are used to predict maximum temperatures in faulted sedimentary rocks. We recognize the potential for 
a range of fault zone processes to modify Raman spectral shifts, however, systematic sampling across 
individual fault zones is critical.

Plain Language Summary Faulting in rocks (which can cause earthquakes) can create 
structural changes to materials at the fault surface. Here we have investigated the effects of faulting on 
carbon in various localities from France, Italy and Morocco. Carbon can be analyzed using a technique 
called Raman spectroscopy, which can attribute a structural order to the material, in a sense telling 
us how altered it has become at the fault surface. We present data that show the complexity of faulted 
systems, with structural changes to carbon not always consistent from fault to fault. This adds complexity 
to our understanding of frictional heating alongside noting the care needed if we are to use Raman as a 
geothermometer (a method of working out how hot a rock got in the past) in faulted rocks.
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maturity parameters in faulted regimes (Coffey et al., 2019; Fulton & Harris, 2012; O'Hara et al., 2006; Polissar 
et al., 2011; Rabinowitz et al., 2020; Sakaguchi et al., 2011; Savage & Polissar, 2019; Savage et al., 2014, 2018). 
However the impact of frictional heating on Raman spectral shifts is still not well constrained. Other poten-
tial influences on Raman spectra in faulted samples include: strain (Kedar et al., 2020), burial depth (Schito 
et al., 2017) and hydrothermal alteration (Kirilova et al., 2018); as well as the influence of carbonaceous 
material type (Henry et al., 2018); and the interplay of these elements. Here we are not focused on discrim-
inating between these influences, however we aim to add to the published literature on Raman spectral 
shifts in faulted rocks, comparing our work with previously published studies to document the range in 
Raman spectral shifts with a view to informing future work in this area.

In this study, we document Raman spectral shifts in faulted, and adjacent unfaulted, samples from three 
exhumed fault zones. The three study area locations represent different scales and types of fault zone (shear 
zones; discrete faults) with a range of maximum burial depths from 6 to 8 km, with the aim of expanding 
existing Raman spectral data across fault zones. We compare the observed Raman spectral shifts between 
adjacent faulted and unfaulted rocks at each locality, and compare our results with existing published data 
on faulted samples. Finally, we discuss the implications for carbon crystallinity and nanostructure related 
to fault zone deformation.

2. Geological Context
Samples were collected from three study areas (Figure 1): the Haut Giffre in the French Alps; the Monti 
Romani in Tuscany, Italy; and the Internal Rif in Morroco. These settings were selected to provide a broad 
range in sedimentary rock burial depths and hence metamorphosed and unmetamorphosed organic matter 
in differing geological settings, the details of which are expanded on below.

Figure 1. Location of sample sites with representative field photos showing sampled fault surfaces. (a) Salvadon Thrust: samples taken from thrust surface 
(white dashed line) and 20 m below; (b) one of the sample localities from Tuscanny: samples taken from fault plane (white dashed line) and 20 cm away; (c) one 
of the sample localities from the Internal Rif, Morocco: samples taken from shear surface and 2 m below.
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2.1. Carbonate Thrust Stack, Haute Giffre, French Alps

The Haut Giffre, western France, is a mountainous area comprising over 3 km of thrust-stacked Mesozoic 
carbonate stratigraphy. The two sampling localities are located on a single thrust, referred to as the Salvadon 
Thrust, which ramps upwards through Bajocian to Senonian stratigraphy. At the first locality (Salvadon), 
the thrust crops out along the length of a north-facing cliff. Here, organic-rich Valanginian (133–140 Ma) 
shale lies in footwall and is juxtaposed against the Tithonian (145–152 Ma) limestone within the hanging 
wall. One sample was collected from the Valanginian footwall at 20 m below the thrust plane (sample name: 
ST20) with a second sample taken from the thrust plane itself (ST0). The thrust zone thickness (in these 
cases typically damage zones) varies between 5 and 10 cm. The second locality (Rocher Blanc) is on the 
same thrust, but located toward the trailing thrust tip, where displacement is around 100 m. Here, Bajocian 
marls are thrusted onto Oxfordian shales, but the deformation is accommodated by a series of thrust splays 
instead of the single discrete fault plane seen at the Salvadon locality. Samples were collected as per the 
procedure for the Salvadon Thrust samples: thrust plane (sample names: RB6 & RB8) and at 0.5 m (RB3) 
and 10 m (RB5) away from the thrust plane. The thrust zone thickness is 10 cm at most. These samples are 
located in the same general area of the Haut Giffre, discussed in Kedar et al. (2020), but not from the same 
site as that study was concerned with a wider deformation zone.

2.2. Metamorphic Units of Monti Romani, Tuscany, Italy

Exhumed metamorphic units made up of Paleozoic-Mesozoic successions of the Adria margin (Vai & 
Martini, 2001) represent the distinctive signature of the inner Northern Apennines fold-and-thrust belt. 
The Paleozoic samples analyzed belong to the southernmost outcrop of this metamorphic backbone of the 
Northern Appenines (Verrucchi & Minissale, 1995) and are derived from the low-grade litho-stratigraphical 
units “Roccaccia di Montauto Quartzite and Phyllite.” Samples were derived from two localities of gra-
phitic metapelites at Ponte San Pietro, where the rock fabric is characterized by a well-developed phyllitic 
cleavage oriented NNW-SSE. Successions experienced greenschist alpine regional metamorphism (Moretti 
et al., 1990).

Samples were collected on the fault plane of each sample and at 20, 50, and 60 cm from the faults, sample 
names SZT 6 & 7; SZT 10 & 12; SZT 8 & 11 respectively. The fault zone thicknesses is less than 1 cm for 
sample SZT 6, between 2 and 3 cm in sample SZT 11, between 1 and 2 cm in sample SZT 8, about 5 cm in 
sample MAROC 16.1 and less than 1 cm in sample MAROC 17.1.

2.3. Internal Zone of the Rif Chain, Northern Morocco

The Internal Zone of the Rif chain, in Northern Morocco, comprises continental tectonic units outlined 
below. According to their grade of Alpine metamorphism, two distinctive complexes are recognized that 
form the upper and lower plates of a metamorphic core complex (Leprêtre et al., 2018). The lower plate 
corresponds to the Sebtide units mainly made up of relatively deep crustal rocks, associated with mantle 
peridotites. The upper plate consists of the Ghomaride units, that comprise Paleozoic successions affected 
by Variscan metamorphism (Chalouan et al., 2008), partly superimposed by weak Alpine recrystallization 
(Michard et al., 2006) and their Mesozoic-Cenozoic cover. Samples analyzed derive from the lowest unit 
among the Gomarides (namely Akaili) cropping out north of the city of Oued-Laou, where the Paleozoic 
succession spans the Ordovician and Carboniferous (Chalouan et  al.,  2008). Ghoomarides rocks in this 
locality suffered a thermal event due to emplacement of the Beni-Boussera peridotite at 28 My that superim-
posed on the regional metamorphism experienced during the Variscan cycle (Michard & Chalouan, 1991). 
A description of Raman spectra of the metamorphosed carbonaceous material at this site can be found in 
Negri et al. (2004).

The selected samples were collected at the shear surface for MAROC 16.1f and 2 m away from the shear 
at MAROC 16.1; shear surface for MAROC 17.1f and 5 m away for MAROC 17.1. The thicknesses of these 
shear zones are 5 cm (MAROC 16.1) and less than 1 cm (MAROC 17.1).
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2.4. Published Work

We compare our Raman spectra to previously published work on natural fault rocks and experimentally 
deformed rocks (Hirono et al., 2015; Ito et al., 2017; Kouketsu et al., 2017; Kuo et al., 2017, 2018). The data 
from Ito et al. (2017) come from a pseudotachylte bearing fault zone in the Shimanto accretionary complex 
of Skikoku, southwest Japan and an experimentally derived pseudotachylte from argillite collected from the 
same area; the data from Kuo et al. (2018) was derived from experimental graphitization in a rotary shear 
experiment (see Di Toro et al., 2010) of fault breccia derived from 589 m depth as part of the Wenchuan 
Earthquake Fault Scientific Drilling – 1 project (Kuo et al., 2018). Samples from Hirono et al. (2015) were 
collected to study the mechanism of fault lubrication during the 1999 Chi-Chi earthquake in Taiwan. Final-
ly, Kouketsu et al. (2017) performed micro-Raman analyses on natural and experimentally fault rocks from 
the Longmenshan fault zone between the Tibetan Plateau and the Sichuan Basin.

In the work of Hirono et al. (2015) and Ito et al. (2017) natural and experimental samples derived from 
sedimentary rocks, while samples in Kuo et al. (2018) and Kouketsu et al. (2017) experienced low-grade 
metamorphism.

3. Raman Spectroscopy of Carbon
Fossil carbonaceous materials within rocks undergo a complex series of reactions when thermally altered, 
which involve both the formation and reordering of aromatic subunits toward stacked layers such as graph-
ite. Raman spectroscopy has been widely used (Beyssac et al., 2002; Ferrari & Robertson, 2001; Knight & 
White, 1989; Landis, 1971; Nemanich & Solin, 1979; Tuinstra & Koenig, 1970) as a powerful, non-destruc-
tive tool for evaluating the characterization and thermal alteration of diverse forms of carbonaceous matter 
(crystalline, nanocrystalline, amorphous). Measurements are mainly based on two broad first order Raman 
bands (spectral peaks) at ∼1,585 cm−1 (the graphite peak, G) and ∼1,350 cm−1 (the disorder peak, D). These 
bands represent the inelastic scattering (Stokes Raman scattering) produced by electronic and photonic 
induced laser irradiation. Due to the physical properties of carbonaceous materials that are based on the hy-
bridized atomic orbital configuration of carbon atoms (Robertson, 1991), the shape and relative intensities 
of the D and G bands reflect the ratio of sp2 (graphite-like, trigonal planar symmetry) and sp3 (diamond-like, 
tetrahedral symmetry) carbon bonds (Robertson, 1991). The G band is assigned to the in-plane vibration of 
the carbon atoms in the graphene sheets and the D band either by double resonant Raman scattering or 
has been related to the ring breathing vibration in the graphite sub-unit or polycyclic aromatic compounds 
(Castiglioni et al., 2004; Di Donato et al., 2004; Lünsdorf, 2016; Negri et al., 2004).

The ∼1,585 cm−1 graphite peak is a composite of several Raman bands at ∼1,615 cm−1, ∼1,598 cm−1, and 
∼1,545 cm−1 (D2, G, D3 respectively). In disordered materials, these bands are treated as one spectral peak, 
since it is not possible to separate the G and D2 bands in poorly organized carbon or low-grade rocks (Beyssac 
et al., 2002). Raman spectral parameters in this study follow those outlined by Marshall et al. (2012) and 
Quirico et al. (2009) and fitting procedures follow those outlined in Bonal et al. (2006).

Several Raman parameters have been developed over the past few decades that involve measurements made 
on Raman spectral peaks. Wopenka and Pasteris (1993) measured the position and width of the G peak at 
∼1,585 cm−1 for a suite of metamorphic zones. Increased thermal maturation leads to the structural reor-
dering of carbonaceous materials, with an increase in the proportion of aromatic carbon, in turn narrowing 
the G band and shifting it closer toward lower wavenumbers. If samples are graphitic, narrowing remains 
similar but G peak position shifts downwards to ∼1,598 cm−1. It is important to note that in amorphous 
carbon (a-C), initial development of a D band indicates ordering, whereas in graphitic carbon (ta-C), the 
presence of a D band indicates disorder, so Raman parameters must be interpreted with respect to any 
known information about the carbon feedstock (Ferrari & Robertson, 2001).

Two D/G-peak ratios are also commonly used: ID/IG (intensity), and AD/AG (area) (see Figure 2a) for sum-
mary of Raman spectral parameters). Both ratios are highly sensitive to thermal maturation and increased 
structural ordering (Bonal et al., 2006; Busemann et al., 2007; Marshall et al., 2012; Quirico et al., 2009; Yui 
et al., 1996) and can be used to reveal differences in thermal alteration of carbonaceous materials (Jehlička 
& Bény, 1992; Pasteris & Wopenka, 1991). However, the relationship between these ratios and temperature 
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is not linear, or indeed simple. In general, ID/IG (intensity) would be expected to decrease with increasing 
structural ordering (Pasteris & Wopenka, 1991), but in fact in early stage thermal alteration can raise the 
ID/IG parameter (Muirhead et al., 2012; Rouzaud et al., 1983).

Raman spectroscopy has proven a useful tool for the evaluation of low-level thermal alteration at tem-
peratures lower than 300°C (Muirhead et al., 2020; Schito et al., 2017), alongside basic kinetic modeling 
of heating adjacent to intrusions, prediction of potential oil window location and source rock generation 
potential (Muirhead, Bowden, et al., 2017; Muirhead et al., 2012, 2018). In diagenesis, many authors have 
demonstrated that Raman parameters related to the position (Kelemen & Fang, 2001; Liu et al., 2013; Lupoi 
et al., 2017; Mumm & Inan, 2016; Wilkins et al., 2014) or to the area/width ratios of the D and G bands 
(Guedes et al., 2010, 2012; Hinrichs et al., 2014; Lünsdorf, 2016; Muirhead, Bowden, et al., 2017; Muirhead, 
Parnell, et al., 2017; Quirico et al., 2009; Schito & Corrado, 2018; Schito et al., 2017; Schmidt et al., 2017) 
vary as a function of thermal maturity and/or different organofacies (Schito et al., 2019) in the immature-to 
mid-mature stages of hydrocarbon generation.

Here we build on previous work of Raman spectroscopy applied to geological samples to better understand 
geological process to fault zones in carbonaceous rocks. The purpose of this study is to document variations 
in Raman spectra signatures within representative non-faulted and faulted samples from three study areas. 
Future work will aim to discriminate in detail the processes that may be controlling these Raman responses 
in faulted samples.

Figure 2. Summary of Raman spectral features used in this study (a). Representative stacked first order Raman spectra: (b) the Haut Giffre in the French Alps; 
(c) Monti Romani Tuscanny, Italy; (d) Internal Rif, Morocco.
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4. Methodology
4.1. Sample Selection

Representative faulted and non-faulted samples were collected as rock chips. Care was taken to avoid cases 
of hydrothermal alteration and mineralization. The areas were also checked to ensure no impact from any 
intrusive igneous bodies (example exposure and representative first order Raman spectra are shown in Fig-
ures 1 and 2). Organic matter within the samples were targeted for analysis using the Raman microscope 
on rock samples.

4.2. Raman Spectroscopy

Raman measurements were performed independently by two different laboratories to reduce the reliance 
on one user, analytical set-up and operator bias. At the University of Aberdeen, analyses were conducted on 
a Renishaw inVia reflex Raman spectrometer. A Leica DMLM reflected light microscope was used to focus 
the Ar+ green laser (wavelength 514.5 nm). The laser spot size was approximately 1–2 µm and laser power 
between 10%–50% (<13 mW power at the sample). The scattered light was dispersed and recorded by means 
of a CCD (Charge Coupled Device) detector. Data were collected between 1100 cm−1 and 1700 cm−1 with a 
spectral resolution less than 3 cm−1. The duration of accumulations was typically up to 10 s for between 3 
and 5 accumulations.

The Renishaw WiRE 3.0 curve-fit software was used for spectral deconvolution. Smoothing and baseline ex-
tractions, using a cubic spline interpolation, were performed on each sample. To ensure reproducibility and 
the removal of any background signal, data were extracted (using Gaussian curve fitting) from at least three 
deconvolution cycles per sample. Peak position and peak width (defined as full width at half maximum, 
FWHM) were recorded as wavenumbers (cm−1), indicating the change in vibrational frequency (stretching 
and breathing) of the Raman-active carbon molecules. Spectral processing and deconvolution was applied 
to measure peak areas, with composite G and D bands used to calculate ID/IG ratios as outlined in Muirhead 
et al. (2012, 2018), Muirhead, Parnell, et al. (2017), and Kedar et al. (2020).

At the University of Roma Tre, micro-Raman spectroscopy was carried out using a Horiba Jobin-Yvon 
LabRam Microscope XploRATM system in a backscattering geometry, in the range of 700–2,300 cm−1 using 
a 600 grooves/mm spectrometer gratings and CCD detector. The instrument is equipped with 50× and 100× 
objective lens (∼2 μm diameter at the laser spot). An excitation wavelength of 532 nm from an Ar + laser 
at a power of 40 mW was reduced by two orders of magnitude using optical filters (i.e., laser power on the 
sample is 0, 4 mW). Raman backscattered radiation was recorded for an integration time of 20 s for six rep-
etitions, with spectral analysis after Schito and Corrado (2018).

5. Results
Representative stacked first order Raman bands are presented in Figures  2b–2d. Deconvolved Raman 
spectral parameters exhibit a shift in G band wavenumbers (peak position, WG [cm−1]) and G band width 
(FWHM) (Figure 3), from non-faulted and faulted samples. The Moroccan and Italian samples show a de-
crease in both FWHM and peak position from non-faulted to faulted samples. Similarly, one set of French 
samples (Salvadon thrust) exhibit the same trend. However, further along the same thrust, at the Rocher 
Blanc locality, the faulted samples have higher peak positions and widths. We also plot data from Hirono 
et al. (2015), who report Raman spectra from drilling of the Chelungpu Fault, Taiwan. These data exhibit 
a decrease in FWHM but not peak position from unfaulted to faulted materials. Table 1 summarizes the 
Raman spectral responses.

Despite there being clear differences in the intensity and direction of response (Figure 3), there is a shift 
across all sample sites, consistent with a change in the nanostructural order of organic materials (Beyssac 
et al., 2002; Muirhead, Parnell, et al., 2017; Wopenka & Pasteris, 1993). Each sample set clusters within 
isolated regions in the crossplot; France (top left), Morocco (middle) and Italy (bottom right). This is likely 
a product of differences linked to the nature of the organic materials analyzed and different organofacies 
whereby the initial spectral signal is unique to the rock. Regardless of the starting material, there is a shift 
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from non-faulted to faulted samples, demonstrating that the faulting process affects the carbon structure. 
Peak intensity ratios (I[d]/I[g]) also undergo a marked shift between non-faulted and faulted samples (Fig-
ure 3) but these do not necessarily relate to the direction of change in FWHM and peak position. For exam-
ple, both the French Salvadon thrust sample pairs shows a decrease in FWHM and peak position, much like 
the Italian and Moroccan samples, yet I[d]/I[g] is higher on the fault plane than the non-faulted sample, 
contrary to those of the Italian and Moroccan sites. Inconsistency in the I[d]/I[g] shift direction has already 
been observed in apparently unfaulted rocks. Studies (Busemann et  al.,  2007; Yui et  al.,  1996) indicate 

Figure 3. Crossplot of G band peak position (WG [cm−1]) against G band full width at half maximum (FWHM). Open symbols are non-faulted; shaded symbols 
are faulted. RB = Rocher Blanc; ST = Salvadon Thrust (both from the French Alps). SZT = Shear Zone Tuscanny, Monti Romani, Italy. MAROC = Internal Rif, 
Morocco. HPSZ = Hirono et al. (2015) Primary Slip Zone; HUF = Hirono et al. (2015) unfaulted.

Sample name Sample location WG FWHM-G ID/IG (mean)

MAROC 16.1 Internal Rif, Morocco 1603.5 62 Faulted: 2.0
non-faulted: 1.25MAROC 16.1f 1,599 54

MAROC 17.1 1,605 60

MAROC 17.1f 1,600 48

RB 3 Rocher Blanc, Haut Giffre, French Alps 1,605 56 Faulted: 0.51
non-faulted: 0.55RB 5 1,603 47

RB 6 1,605 41

RB 8 1,601 42

ST 0 Salvadon, Haut Giffre, French Alps 1,604 45 Faulted: 0.25
non-faulted: 0.50ST 20 1603.5 38

SZT 10 Monti Romani, Tuscanny, Italy 1,589 49 Faulted: 1.50
non-faulted: 0.95SZT 11 1591.5 50

SZT 12 1,602 66

SZT 6 1,590 55

SZT 7 1,602 82

SZT 8 1,596 64

Note. FWHM, full width at half maximum.

Table 1 
Summary of Raman Spectral Results for Each Sample in This Study
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a decrease in the ID/IG ratio being indicative of greater nanostructural ordering due to progressive ther-
mal maturation, while others (Muirhead, Bowden, et al., 2017; Muirhead et al., 2012; Rouzaud et al., 1983; 
Schito & Corrado, 2018) suggest that in the early stages of thermal maturation, typical of low-grade meta-
morphic settings the reverse is true, and ID/IG increases with maturation. In Figure 4, we have also plotted 
data from four other studies of faulted rock: Hirono et al. (2015), also plotted in Figure 3, and data from 
Ito et al. (2017), Kuo et al. (2018), and Kouketsu et al. (2017). The Hirono et al. (2015) and Ito et al. (2017) 
results show similar trends in I[d]/I[g] shift direction to our case study sites from Italy and Morroco 
(an increase through faulting), whereas the Kuo et al. (2018) samples show a shift comparable to the French 
Alps samples (a decrease) (Figure 4). From the evidence presented, we can infer that, while faulting consist-
ently has a direct effect on the peak intensity (ID/IG) ratio, the exact nature of this effect appears to depend 
on the local geological context (see below).

6. Discussion
Based on our observations, we can state that the faulting process change the nanostructural order of the 
organic carbon in the samples. The mechanisms for driving these changes remain unknown, but given the 
differences in Raman spectral shift observed we suggest that the mechanisms for nonstructural change may 
differ between samples. Several key processes occurring on these faults could impact the carbon nanostruc-
ture. We consider here how the changes to the Raman spectra we observe may be influenced by different 
processes. In summary, our discussions are inconclusive and our final discussion point highlights the need 
for more work in this area.

6.1. G-Peak FWHM and Wavenumber

Heating is interpreted as lowering the G-peak width and wave number (Beyssac et al., 2002; Muirhead, Par-
nell, et al., 2017; Wopenka & Pasteris, 1993). In Figure 3, the dominant trend is a reduction in G-peak width 
and wavenumber in faulted samples. This change could be attributed to increased thermal maturity of car-
bonaceous material on the fault compared to the surrounding rock due to frictional heating. However, this 
trend is not consistent, samples RB5 & RB8 and RB3 & RB6 (Figure 3) show the opposite trend, suggesting 
that if frictional heating does have an effect, it is not the only factor at play. Raman spectral shifts on a single 
fault at a regional scale, are also observed in our data. The French Salvadon thrust, is a regional thrust, which 
has several hundred meters of displacement and two different lithologies are juxtaposed across the fault 
plane. However, toward the fault tip on the same thrust, 1 km along strike, the Rocher Blanc sample site, the 
displacement is around an order of magnitude less, and the fault plane is less well defined, with deformation 
distributed across a series of fault splays and linked shear zones within the same lithology. On this one struc-
ture the Raman response to faulting is observed to vary between these two sample sites, with G peak FWHM 
increasing in the Rocher Blanc faulted sample and decreasing in the Slavadon faulted sample (Figure 3).

6.2. ID/IG Intensity Ratios

Figure 4 demonstrates a shift in peak intensity ratios when moving from non-faulted to faulted samples, 
but the direction of this shift varies, and does not always match with the direction of change in G FWHM 
or peak position. This also suggests that the processes contributing to nanostructural changes in carbon 
along these faults are more complex than temperature elevation due to frictional heating. Under regional 
metamorphic conditions the ID/IG variation with temperature can be summarized in three main patterns: 
in diagenesis up to 200°C no substantial variation is observed (Lünsdorf, 2016; Schito et al., 2017), while 
the parameters start to increase from 250 to about 375°C and at higher temperatures progressively decrease 
and disappear approaching graphitic carbon. A frictional heating temperature increase would explain the 
increase in ID/IG in the Italian and Moroccan samples, as at low metamorphic grades a temperature increase 
equates to an increase in ID/IG (Lahfid et al., 2010). The French samples underwent similar low-grade met-
amorphism, so we would expect frictional heating to produce the same response, but a decrease in ID/IG is 
observed. Alternative explanations must be invoked to explain this decrease. On samples in a nearby distrib-
uted shear zone in the sheared overturned limb of a recumbent fold Kedar et al. (2020) suggest that sample 
strain may cause observed decreases in ID/IG. On the more discrete fault planes sampled here, higher in 
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the stratigraphic succession, frictional heating and strain may be operating together. There is also evidence 
that under different heating conditions (e.g., fast heating near intrusions) ID/IG can show different behav-
ior when maturation starts from an immature or an already mature organic material (Muirhead, Bowden, 
et al., 2017; Muirhead, Parnell, et al., 2017). There is evidence from other studies (Henry et al., 2018; Muir-

Figure 4. (a) ID/IG ratios from samples in this study; (b) ID/IG ratios from published works. ID/IG ratios are presented 
for both faulted and non-faulted samples on the y-axes with each sample site/previous study presented on the x-axis. 
Dashed lines delineate each study. The inconsistency of the ID/IG ratios is clear from both the work in this study and 
those of others.
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head, Bowden, et al., 2017; Muirhead, Parnell, et al., 2017; Quirico et al., 2009) that changes to carbon na-
nostructure may also be dependent on the starting type of the carbonaceous material. Finally, in the case of 
frictional heating on a fault surface, experimental work is not conclusive for ID/IG variation (Ito et al., 2017; 
Kouketsu et al., 2017; Kuo et al., 2018).

6.3. Constraining the Underpinning Process of Nanostrcutural Change in Faulted Samples

Experimental work has attempted to constrain Raman response (e.g., Hirono et al., 2015; Kirilova et al., 2018; 
Kuo et al., 2018) to faulting but these experiments did not uncouple temperature resulting from frictional 
heating from sample strain. The experimental work of Hirono et al. (2015) suggest that the Raman spectra 
changes in their fault samples from Taiwan are the result of frictional heating rather than deformation 
mechanisms; whereas Kirilova et al. (2018) suggest in their case that brittle deformation is responsible for 
Raman spectra shifts. Isolating the different possible variables that may influence nanostructural change 
in carbon during faulting is a remaining challenge. It is clear from the data presented here that, in order to 
address that challenge, more systematic sampling is needed across fault zone study areas, if Raman spectral 
parameters are going to be used in faulted samples to better understand Earth processes.

7. Conclusions
Raman spectroscopy was successfully applied to a suite of faulted and non-faulted samples showing that:

1.  Some samples exhibit a lowering of the G peak position and width in faulted samples, but some samples 
show the reverse trend.

2.  There is a shift in the ID/IG ratios, between paired faulted and unfaulted samples, but no consistent trend.
3.  Raman spectra are influenced by faulting in natural, as well as experimental rock samples and thus cau-

tion must be applied when interpreting Raman spectra to derive burial depths from palaeotemperatures 
in faulted samples.

4.  Further work is needed to better understand the processes that result in modified spectra in faulted 
samples.

Data Availability Statement
New Raman results for this study are archived in Zenodo under: https://doi.org/10.5281/zenodo.4302176. 
Further Raman data for this research are included in the following papers: Hirono et  al.  (2015), Ito 
et al. (2017), Kouketsu et al. (2017), and Kuo et al. (2018).
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