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The evolution of both the first- and second-order Raman spectra of carbonaceous material (CM) through succes-
sive contact and regional metamorphic events is explored in the western part of the Ryoke belt (Iwakuni-Yanai
area, SW Japan). Thirty-two metasedimentary rock samples were collected along a N-S gradient locally affected
by contact metamorphism before and after the main regional tectono-metamorphic event (DP1). First-order
spectra document a decreasing peak area ratio R2 and an increasing temperature Tcy towards the south and
the surrounding granitoids. Domains with intermediate (535-600 °C) Ty values match the extent of the pre-
DP1 contact aureole but also image a so far unclear post-DP1 aureole. The axial part of the belt, likely unaffected
by granite intrusions, preserves southward increasing Tcy from 425 to 660 °C. Second-order spectra show a sin-
gle S1 band that splits into two peaks (S1-and S1+-) whose frequency difference AS1 increases stepwise towards
the south. The spatial distribution of AS1 follows that of the E-W trending regional metamorphic zones. The split-
ting of S1 indicates a transition from two-dimensional to three-dimensional CM and occurs at ~500 °C, which
seems to be common to all metamorphic belts worldwide. Despite regional metamorphism CM was able to re-
cord the post-DP1 contact overprint and there is no clear observation of delayed CM recrystallization, which
likely depends on the crystallinity of the CM precursor. A discrepancy between first- and second-order Raman
parameters suggests that they partly record the influence of different factors; R2 gives an account of thermal
events, particularly those related to localized contact metamorphism, whereas AS1 potentially yields information
on regional variations in heating duration and pressure. This demonstrates the potential of the full Raman spec-

trum of CM for deciphering the complex thermal history of orogenic systems.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Organic matter, if not fully decomposed in a near-surface environ-
ment, is buried together with other mineral detritus and incorporated
into sedimentary rocks. Due to subsequent diagenesis and metamor-
phism this carbonaceous material (CM) will structurally and composi-
tionally change from a C &£ H £ N 4+ O 4 S-bearing organic
compound to eventually pure graphite (e.g. Buseck and Beyssac, 2014).

The transformation of CM with metamorphic grade has been inves-
tigated by chemical and X-ray diffraction (XRD) analyses (e.g. French,
1964; Grew, 1974; Griffin, 1967; Itaya, 1981; Izawa, 1968; Landis,
1971; Tagiri, 1981; Wang, 1989), transmission electron microscopy
(e.g. Bénny-Bassez and Rouzaud, 1985; Beyssac et al., 2002b; Buseck
and Huang, 1985; Buseck et al., 1987) or Raman spectroscopy (e.g.
Pasteris and Wopenka, 1991; Wopenka and Pasteris, 1993). The latter
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method allows in situ analysis of CM and provides information on CM
crystallinity by means of the first-order spectrum (e.g. Knight and
White, 1989; Pimenta et al., 2007; Tuinstra and Koenig, 1970), but
also on three-dimensional ordering of CM thanks to the second-order
spectrum (e.g. Beyssac et al., 2019; Cancado et al., 2008; Lespade et al.,
1984; Wilhelm et al., 1998). A major advance related to this technique
was that systematic changes in the first-order Raman spectrum of natu-
ral samples could be correlated with independent temperature esti-
mates to derive a geothermometer (Beyssac et al., 2002a).
Thermometry based on Raman spectroscopy of carbonaceous material
(RSCM) was calibrated using material from various geological settings.
For the 330-650 °C temperature range, Beyssac et al. (2002a) used sam-
ples from worldwide belts affected by regional metamorphism while
Aoya et al. (2010) relied on samples from contact metamorphic aureoles
in Japan. The applicability of RSCM thermometry was extended to lower
temperature (150-400 °C) by Rahl et al. (2005) with very-low-grade
forearc metasediments, by Lahfid et al. (2010) with flysch sediments
collected along a low-grade gradient, and by Kouketsu et al. (2014a)
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with regionally metamorphosed low-grade metasedimentary rocks. The
important aspect of all these calibrations is that they rely on originally
non- to weakly-metamorphosed samples that were affected by a single
heating event.

Orogenic systems are, however, commonly characterized by succes-
sive and partly overprinting thermal events (e.g. Brown, 1993). This led
Delchini et al. (2016) to address the validity of RSCM thermometry in a
complex setting, namely regionally metamorphosed Variscan metas-
ediments overprinted by contact metamorphism. They concluded that
RSCM analyses of samples previously affected by greenschist to amphib-
olite facies regional metamorphism can still reveal peak temperature
conditions attained during a subsequent contact overprint. This view
was recently challenged by Beyssac et al. (2019) who observed delayed
CM recrystallization in the contact aureole of the Ballachulish Complex.
They attributed “insufficient” CM recrystallization during contact meta-
morphism to CM pretexturation resulting from preceding regional meta-
morphism at ~500 °C, and consequently cautioned the use of RSCM
thermometry in polyphase metamorphic terrains.

Rooted in an attempt at precisely constraining the thermal history of
the plutono-metamorphic Ryoke belt (SW Japan), the present work eval-
uates the validity and usefulness of RSCM data in a polymetamorphosed
terrain. This is done from the point of view of both the first- and second-
order Raman spectra of CM, as the latter are only rarely explored and
quantified (e.g. Beyssac et al., 20023, 2019; Nakamura and Akai, 2013).
Several decades of structural, petrological and geochronological investi-
gations in the Ryoke belt have provided a comprehensive picture of its
tectono-thermal evolution (see Wallis and Okudaira, 2016 for a synthe-
sis).Inthelwakuni-Yanaiarea (western partof the Ryoke belt), the prom-
inent feature preserved by metasedimentary rocks is a regional
metamorphic gradient with increasing Pressure — Temperature (P —T)
conditions from north to south (e.g. Brown, 1998). On its western flank
granitoids generated contact metamorphism before the regional over-
print, whereas on its eastern flank a later intrusion caused contact meta-
morphism after the regional event (e.g. Skrzypek et al., 2016). This field
target therefore offers the opportunity to monitor the response of CM to
intermingled contact and regional metamorphic events, and to evaluate
the potential of CM for deciphering the thermal evolution of complex
metamorphic belts.

2. Geological outline of the Iwakuni-Yanai area

The Ryoke belt exposed in the Iwakuni-Yanai area is composed of
metasedimentary rocks intruded by numerous granitoids (e.g.
Higashimoto et al., 1983; Fig. 1). It formed by polyphase deformation
and metamorphism of Triassic to Jurassic accretionary-wedge sedi-
ments (Takami et al., 1993) during Cretaceous plutonic activity (e.g.
Nakajima, 1994; Nakajima et al., 1990; Wallis and Okudaira, 2016).
The metasedimentary rocks presently expose a low-P/high-T metamor-
phic gradient that increases from north to south (e.g. Brown, 1998)
while the lithology evolves from low-grade (meta-) mudstone/sand-
stone to medium-grade schist and high-grade gneiss (Fig. 1). The sur-
rounding biotite(+-amphibole)-bearing granitoids show a dominantly
I-type affinity (Nakajima et al., 2016) and belong to the ilmenite series
of Ishihara (1977).

Two main deformation phases (DP) are recognized: the DP1 event
generated the dominant subhorizontal foliation observed in the gneiss
zone while DP2 produced km-scale upright folding in both the schist
and gneiss zones (Okudaira et al., 1995; Skrzypek et al., 2016). Pre-DP1
contact metamorphism around the western granitoids is evidenced by
the presence of pre-tectonic andalusite and cordierite blasts (Nureki,
1974; Skrzypek et al., 2016; Fig. 1). This was followed by a syn-DP1 over-
printreferred to asregional asitis associated with the growth of foliation-
forming parageneses that are used to define E — W trending metamor-
phiczones (Fig. 1). From north to south Ikeda (1998) defined the chlorite,
chlorite—biotite, biotite, muscovite—cordierite and K-feldspar
—cordierite zones, with the higher-grade sillimanite —K-feldspar and
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garnet—cordierite zones being outside the scope of the present
study. Pressure — Temperature conditions - all implicitly ascribed to
regional metamorphism - increase from ~450-500 °C/1 kbar in the
Chl — Bt and Bt zones to 520-550 °C/1-2.5 kbar in the Ms. — Crd zone
and 590-675 °C/1-3 kbar in the Kfs — Crd zone (Ikeda, 2004; Kouketsu
etal.,2014b; Sugawara,2013). Post-DP1 contact metamorphismis locally
observed around the granitic intrusion in the eastern part of the study
area (Fig. 1).

The western granitoids are pre-DP1 intrusions with U — Pb zircon
and monazite ages of 105-100 Ma that constrain the first contact meta-
morphic event (Skrzypek et al., 2016, 2020). The southern granitoids
comprise syn-DP1 gneissose granodiorite and porphyritic granite
emplaced at 100-98 Ma (e.g. Okudaira et al., 1995; Skrzypek et al.,
2016), and a post-DP1 quartz diorite emplaced at ¢. 94 Ma (e.g.
Akasaki et al., 2015; Mateen et al., 2019). The post-DP1 eastern granite
has a U — Pb zircon age of c. 96 Ma (Skrzypek et al., 2016), and is likely
associated with microgranite dykes that are found within the
metasedimentary belt and show similar U — Pb zircon ages of
. 96-94 Ma (Skrzypek et al., 2016; Fig. 1). The regional metamorphic
event is thought to be coeval with DP1 deformation based on U — Pb
dates of 103-97 Ma obtained from metamorphic zircon domains in
gneiss samples from the highest grade Grt — Crd zone (Nakajima
etal, 2013; Skrzypek et al,, 2016). However, monazite dating by differ-
ent methods provides dates as young as 89 + 5 Ma in the Kfs — Crd
zone (Skrzypek et al., 2018). Recrystallized domains in magmatic mon-
azite from a western granitoid sample yield U — Pb dates between 102
and 91 Ma and similarly suggest the persistence of medium- to high-T
conditions until c. 90 Ma (Skrzypek et al., 2020).

3. Samples

Thirty-two samples were collected from the Chl — Bt to the Kfs —
Crd zone (Fig. 1). The rock types comprise weakly metamorphosed
mudstone, dark schist, spotted schist, massive hornfels, gneiss and
metachert (Fig. 2). The samples can be broadly classified as pelitic,
psammitic or siliceous metasediments based on the relative proportions
of micas and quartz in thin section. Several samples show features sug-
gesting a contact metamorphic overprint such as mm-scale muscovite
or biotite laths, and andalusite or cordierite porphyroblasts (~0.5 cm)
(Fig. 2¢).

Schistose rocks are fine-grained and preserve the original sedimen-
tary bedding defined by alternating mica- and quartz-rich layers.
Micas (Ms + Bt) grow parallel to the bedding planes and locally define
an oblique, spaced cleavage resulting from DP2 folding (Fig. 2b). Gneiss-
ose rocks are coarser-grained and exhibit a pervasive metamorphic foli-
ation defined by the alternation of quartz4-plagioclase- and biotite-rich
layers (Fig. 2e). Pelitic samples correspond to black schist or mica-rich
gneiss with relatively abundant CM distributed across the entire thin
section (Fig. 2c). Psammitic samples contain thicker Qtz + Pl-rich
layers, and the less abundant CM is mainly present in the mica-rich
layers (Fig. 2b). Siliceous samples appear as white or greyish banded
metachert at the macroscopic scale; under the microscope they show
thick Qtz-rich layers separated by thin mica-rich bands where most of
the overall scarcely present CM is observed (Fig. 2d). In all samples
CM is dominantly found inside or along the boundaries of the main ma-
trix minerals (Qtz, Ms., Bt, PI; Fig. 3). Carbonaceous material also forms
well-defined inclusion trails in andalusite and cordierite porphyroblasts
when present (Fig. 3).

Four different CM textures (I-IV) are distinguished under the micro-
scope. Type I corresponds to a dusty texture of fine-grained, scattered
CM particles that are only locally connected to form thin, discontinuous
layers (Fig. 3a, b). This texture is observed in low-grade and CM-poor
rocks (6 samples). Type Il involves fibers and elongated grain clusters
of variable thickness that form continuous layers (Fig. 3¢, d). Type Il is
common in schistose, CM-rich lithologies (10 samples). Type III texture
is represented by relatively small, scattered grains with an irregular
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SW Japan

Iwakuni-Yanai

~200 km

Metamorphic rocks

[_] Metapelite, meta-psammite
(low-grade)

[_] Metapelite, meta-psammite
(medium- to high-grade)

Metachert

96+1 Ma

Seto Inland
Sea

Granitoids

] Pre-DP1 (105-100 Ma)

[ Syn- to post-DP1 (100-94 Ma)
[ ] Post-DP1 (94-90 Ma)

* Available U-Pb zircon age

.

d Name and boundary of regional
metamorphic zone

-"‘

Ms-C"

— Schist/gneiss boundary

_ Andalusite-in isograd
(inferred extent of contact metamorphism)

— Fault

O Sample location

Fig. 1. Geological map of the Ryoke belt in the Iwakuni-Yanai area (SW Japan), with sampling localities. Inset shows the area within the Inner Zone of SW]apan (MTL = Median TectonicLine).
Granitoids are classified according to their emplacement timing relative to the main, regional tectono-metamorphic event (DP1). Available U-Pb zircon ages for granitoids and microgranite
dykes (within metasediments) are indicated (Skrzypeketal., 2016). Lithologies are after Sato (1933), Higashimoto etal. (1983) and the Geological Survey of Japan (2012). Metamorphic zone
boundaries modified after Ikeda (1993). Schist/gneiss boundary modified after Higashimoto et al. (1983). Mineral abbreviations follow IUGS recommendations after Kretz (1983).

——LOW-GRADE —— MEDIUM-GRADE ——HIGH-GRADE

Clastic mudstone Psammitic schist Pelitic spotted schist Metachert Gneiss
(EY50A) (EY53A) (EY100A) (EY52A) (EY09A)

Fig. 2. Scans of thin sections illustrating the different rock types, compositions and textures with increasing metamorphic grade. (a) Low-grade (meta-)mudstone with Qtz-rich clasts and
abundant CM in the matrix. (b) Medium-grade psammitic schist with thin, CM-rich pelitic layers. (c) Medium-grade spotted schist with chiastolite porphyroblasts and abundant CM in the
matrix. (d) Medium-grade metachert with thin pelitic layers where Ms-Bt laths, yellowish pinitized Crd porphyroblasts and CM are concentrated. (e) High-grade gneiss with alternating
Qtz-Pl and Bt-Crd layers, the latter being richer in CM. The terms low-, medium- and high-grade are used in a relative manner. The bottom edge of scans is about 2 cm.

outline (Fig. 3e, f). Such anhedral grains are commonly observed as in-
clusions in matrix minerals as well as in mica, andalusite or cordierite
porphyroblasts. Type Il is found in psammitic rocks with intermediate

amounts of CM (8 samples). Type IV corresponds to coarser, stubby or
elongated CM grains that mostly accumulate along the boundaries of
matrix minerals (Fig. 3g). Backscatter electron images show that the
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Fig. 3. Photomicrographs (a,c,e,g; plane-polarized light) and backscatter electron images (b,d,fh,i) illustrating the different textures and morphologies of carbonaceous material. (a,b) Type
I (schist sample EY56A) - (a) micro-crenulated, discontinuous trails of tiny CM particles in a Qtz-Ms-Bt matrix; (b) thin oriented CM needles in Bt and Qtz. (c,d) Type II (schist sample
EY170A) - (c) weakly folded, nearly continuous layers of elongated CM in the matrix; (d) folded and relatively thick CM laths in a Qtz-Pl-Ms-Bt matrix. (e,f) Type IIl (metachert
sample EY166A) - (e) small and irregular, isolated CM grains in Ms-Bt laths. The larger, rounded opaque minerals are Ilm; (f) thin and short CM laths in micas, Qtz and at grain
boundaries. (gh,i) Type IV (gneiss sample EY09A) - (g) coarse, rounded or irregular CM grains along P1 grain boundaries, next to Bt and inside a Crd porphyroblast. Enlarged views of
(h) small CM grains inside Crd and (i) larger CM laths and flakes in the matrix.
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matrix CM laths and flakes are markedly larger than CM included in Crd
porphyroblasts from the same sample (Fig. 3h, i). Type IV texture is re-
stricted to gneissose rocks from the Kfs — Crd zone (8 samples).

4. The Raman spectrum of carbonaceous material

The Raman spectrum of CM can be divided into a first-order
(1000-1700 cm~') and second-order (2300-3300 cm™!) region
(Fig. 4). In the first-order region the only Raman-active band predicted
by group theory is the G band at ~1580 cm ™~ (Fig. 4a), which is ascribed
to in-plane atomic displacements (E,g mode, e.g. Dresselhaus et al.,
1977; Tuinstra and Koenig, 1970). All other bands arise from the pres-
ence of defects such as point defects (vacancies, impurities) or planar
defects (crystal edges, stacking faults) that introduce some “disorder”
in the lattice and enhance double-resonant Raman scattering (elec-
tron-phonon-defect; Thomsen and Reich, 2000). Such bands are there-
fore named D bands. Because they result from a resonant process these
bands are dispersive; their position, shape and intensity vary with the
energy of the exciting laser (e.g. Pdcsik et al., 1998; Sato et al., 2006;
Sinha and Menéndez, 1990; Vidano et al., 1981). For the samples
used in this study, only the D1 (~1350 cm™!) and D2 (~1620 cm™!)
bands are observed (Fig. 4a). Other authors report the presence of the
D” (~1100 cm™ '), D3 (~1500 cm™ ') and D4 (~1200 cm™!) bands (see
Beyssac and Lazzeri, 2012 for a synthesis of band names).

In the second-order region, overtones or bands due to combination
scattering also appear as a result of double-resonant processes
(Thomsen and Reich, 2000) and are commonly labeled S (see Henry
et al.,, 2019). The most intense and perhaps most interesting one is the
S1 band (also called G' or 2D) at ~2700 cm ™' (Fig. 4b). Although its po-
sition agrees with S1 being the second harmonic of the D1 band (at 2 x ~
1350 cm™ 1), it is even observed in spectra that completely lack the D1
band (Nemanich and Solin, 1979). This is explained by the origin of S1
as a two-phonon resonant band that does not require the presence of
defects (electron-two phonons; Reich and Thomsen, 2004). Another
consequence of resonant Raman scattering is visible on the S1 band;
in mostly two-dimensional (2d) CM the presence of a single electronic
band produces only one S1 peak, but the splitting of electronic bands
due to interactions between closer graphene layers in three-
dimensional (3d) CM causes a splitting of the S1 band (Ferrari et al.,
2006; Malard et al., 2009; Fig. 4b) into two peaks at ~2680 cm™! (S1-)
and ~ 2720 cm ™' (S1+). On the one hand, these positions agree with
combinations of the G + D” and D2 + D”, respectively. On the other
hand, Ferrari et al. (2006) showed that the D1 band actually contains
two peaks at 1340 and 1360 cm ™! whose overtones would precisely
be the S1- and S1+4 peaks. Two additional bands are observed at
~2450 cm~! (S3) and ~2950 cm ™! (S2); they possibly correspond to
combinations of the D1 4+ D” and G + D1 bands, respectively (Beyssac
and Lazzeri, 2012; Fig. 4b).

(a) First-order region

Northern
schist zone

Schist &
gneiss zone
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5. Analytical procedure

All samples were cut perpendicular to the main foliation, and thin
sections of 30 pm thickness were prepared and polished with a 3-pum di-
amond paste before analysis with a Jasco NRS-3100 Raman spetrometer
at Kyoto University. The 532 nm (2.33 eV) beam of a diode-pulsed solid-
state (DPSS) laser was attenuated (neutral density filtering with optical
density = 1) and focused through a 100x objective lens (numerical
aperture = 0.95) on the sample (~1 um beam diameter). The measured
laser power on the sample was about 60 pW/m? and a degradation of
the CM spectrum during laser irradiation was observed in only rare
cases. Reflected and transmitted light observations were used to ensure
that the analyzed CM was not exposed at the sample surface. A beam
splitter mirror directed the scattered light on a Peltier-cooled (—55 °C)
CCD detector with 1800 lines/mm grating for a final resolution of
about 1 cm™'. Raman shift was calibrated using the 520.7 cm ™' band
of a silicon wafer. It was cross-checked with the 2840, 2883 and 2905
cm™ ! bands of polypropylene (Arruebarrena de Baez et al., 1995) before
measurements in the second-order region. The spectrometer drift was
assessed by measuring the intense emission bands of the built-in Ne
lamp before and after each session, and was found to be less than
1 cm™! within a few hours and about 2 cm ™! for measurements con-
ducted over an entire day.

The first-order spectrum was measured for the window 760-1780
cm~ ! and with 4 integrations of 30 s (30-40 spot analyses per sample
on different grains). The second-order spectrum was measured for the
window 2270-3090 cm ™" and with 3 integrations of 15 s (15 spot anal-
yses per sample on different grains). Because changing the center of the
measurement window can alter the Raman shift calibration, the first-
and second-order spectra were measured during separate sessions
and on different grains, but in the same parts of the thin section.

The raw spectra were processed with Fityk 1.3.1 software (Wojdyr,
2010). For first-order data the background was linearly subtracted be-
tween 1255 and 1710 cm ™! and the visible G, D1 and D2 bands were
fitted with Pseudo-Voigt functions based on earlier works (e.g.
Beyssac et al., 2003b). The different peak parameters (frequency o, in-
tensity [, area A, shape s) were exported to calculate mean and standard
deviation values for each sample (Table 1, see Supplementary Material
for the full dataset). The shape parameter s depicts the relative Gaussian
(s = 0) and Lorentzian (s = 1) contributions in the Pseudo-Voigt func-
tion (see Wojdyr, 2010). The G peak has a mean s close to 1 indicating
that a Lorentzian fit could be sufficient. Conversely, D1 commonly
shows s = 0.5, which might reflect the actual presence of two peaks
(Ferrari et al., 2006) and accounts for its frequent asymmetrical shape.
For second-order data the background was linearly subtracted between
2320 and 3020 cm ™! and the visible S1, S2 and S3 bands were fitted
with Lorentzian functions (Fig. 4b). Lorentzian functions were chosen
to limit the degree of freedom for peak fitting; only , I and the half

Southern
schist zone
& gneiss zone

1300 1500 1700 2400

Raman shift (cm™)

2800 2400 2800
Raman shift (cm)

Fig. 4. Typical Raman spectra of CM for the low- to high-grade samples analyzed in the present study. (a) First-order region with the dominant G band and the defect-induced D1 and D2
bands. (b) Second-order region with S1, S2 and S3 bands. The S1 band has a single peak in low-grade samples but splits into two distinct peaks (S1-and S1+) in medium/high-grade ones.

Dashed lines show fitting of the split S1 band by two Lorentzian functions.



*uonedIpul 10 UMmoys aIe sasAeue jo sdnoisqns (YSiH/moT) apeis-ySiy pue -moj 10 SISy
"JOSE] WU ZEG e 10j (0107) 'Te 39 eAOY JO UONRIGI[Ed 3Y] YIIM SONEI 7y WOl) paje[nd[ed Moy,
‘IND Jo 2dA) 1earSojoydiowr = ‘ydIojy {UOIIAS UIY) UI DUBPUNCE JA]D dAIR[2I = “punqy

Lithos 388-389 (2021) 106029

€00 ceo Il ey L9 1€9 0l'0 ¥00 CI'0 LOO - Sl 61 0€ Al + 6€0'CL SNoRIIS Jayd-elaw PID-SPI VZZAd
y00 9¢0 91 8y LE G99 €00 100 900 €00 - Sl 1e oy Al ++ 1861 P oniwwesd ssiousd PID-SPI V60Ad
€00 TE€0 Il €y & 8¥9 S00 ¢C00 LO0O0 Y00 - Sl Ll o€ Al ++ L68TL onruwesd ssioug PID-sPI J80AT
600 s€0 91 Cly  LZ 69 OO0 100 SO0 <00 - Sl 61 0€ Al ++ ¥69°C1 oniwwesd ssiaus PID-SPI VOZAd
900 VvE0 V1 L1y <9 1€9 CI'0 SO0 ¢I'0 LOO - Sl X4 oy Al + 1€9°L1L oniwwesd ssiousd PID-SPI VIENA
oro Lego 81 Loy 9% 6£9 P¥00 €00 800 900 - Sl 4t o€ Al ++ I8V'L1L ond ssioug PID-SPI VSSIAd
L00  6£0 G'1 8oy v &9 ¥00 €00 LOO SO0 - Sl [44 or Al ++ 00S'0L  P1D‘puy oniwwesd sstaus PID-SPI devAd
800 LVO0 91 68 vy G965 900 LOO 800 €10 - Sl oy 11 + 200°01L oniwwesd ssiousd PID-SPI asvAd
o ovo ST 80y 19 619 €0 800 II'0 600 - Sl 4t oy Al + €£€56 oniwwesd ssiaug PID-SPI d1vAd
SI'o €90 91 €9¢ 69  ¥eS II'0 610 OI'0 ¥CO0 - Sl - or 11 +++ LS06 d oniad ISIYdS PID-SIN  VOLIAd
II'o 00 81 68¢ LE €85 GO0 800 900 SIO - [ - or 11 ++ 0S.8  pID‘puy onipd S[ejulioy PID-SIN 49vAd
L0 L90 91 ¢9¢ Ty TLS 900 II'0  LOO LIO - Sl oy Il ++ €798 d oniwwesd ISIYdS PID-SIN  V691Ad
€10 ¥90 0T €9 O0F G€S  LO0O LI'O LOO ¥TO 1 SL - or 11 ++ £vS8 onruwesd ISIYdS PID-SIN V8vAd
oro 990 <1 ¢6e 9y 8rS 800 SI'0O 800 ITO - Sl - oy 11 +++ L0€8 oniad SIyas PID-SN  VP91Ad
900 ¢s0 91 9Le 1z 119 200 SO0 ¥00 OI0 - [0]8 €l U3S1H =
L00 6L0 SO 7ye 9C 65 SO0 8I'0 SO0 STO - S LT MOTm
yro 190 I 69¢ 9% 9§ LOO €0 800 0CTO - Sl - o 11 ++ LST8 P oniwrwesd ISIYdS PID-SN  V6¥IAd
s00 ¢s0 V1 oLe ¥ 919 €00 SO0 ¥00 600 - 6 0z YSiH =
900 L0 60 Lye TC &S Y00 SI'0 ¥00 TTO - 9 0c MOTm
II'o 650 91 I'9e & 085 900 OL'0 800 910 - Sl - ov I + 6vL P oniwwesd Istyds payods PID-SIN  VZElAd
L00 690 I'L ¥9e I¥ €05 600 ¥C0O 800 0€0 - Sl - or I + SheL PID ‘SN SNoNIIS aydelaw PID-SIN VEOAT
L00 TS0 V1 99¢ ¥S ¥SS 600 ¥I0 O0I'0 0Z0 - SL ov 11 ++ LOEL puy oniwuresd Is1yas papods PID-SIN  V9¥IAd
600 S50 01 €9¢ 9% LLS LOO II'0 800 910 - Sl - ov 111 + 6¥CL P onwwesd 1s1yds panjods PID-SIN  VEILAT
800 00 Il 8.6 6 L6S SO0 LOO LOO ELO - Sl - ov I +++ TTy9  pID ‘puy onid 1s1yds panjods g 1966Ad
0l'o 80 G'1 ¢9¢ Iy 8¢S LOO 9I'0 800 €TO0 - Sl oy 111 + 9L€9 PID'SIN SNoRIIS RACIRLATI PID-SIN VZSAd
oro Lso €1 99¢ 9% LeS 800 910 800 €TO - Sl - or 11 +++ 1229 puy oniRd 1s1yds panjods 4 VYO00IAd
yro ¢so L1 69¢ Iy 956 LOO €0 800 0CTO - Sl - o 11 + €L09 SIN SNoRIIS aypeiaw PID-SIN  V991Ad
Y00 €80 80 yee 1L 8S o0 8I'0 <¢00 SO - oL 0z USIH =
900 OI'l 60 oce €1 8% 900 8ZTO €00 E€€0 - S - (4 MOTm
¥I'o 260 80 €€ee  ¥C 80S 900 €T0 SO0 620 - Sl - (014 Il ++ 798S (310) SNOIDIIS IsIYdS g VESAT
yro 6so L1 69¢ €y €8S 900 OI'0 800 SIO - Sl ov 11 +++ 0€LS onipd ISIYdS PID-SIN  VL91Ad
oro 990 L1 1'9¢  6C 80S LOO <CCTO 900 6T0 - Sl oy [ +++ €996 onipd ISIYdS g VSSAd
[AN A R 0¥ Oy 975 800 ITO LOO STO - SL - or I ++ i4%2'i onid ISIYdS g V9SAT
II'o 8.0 91 cee LT vIS 800 10 SO0 8T0 € Sl - o I + 8S1¥ oniwwesd ISIYdS 3g-14 VLSAd
L0 901 TT 91e Iy LIS 800 ¥C0 800 8ZO0 S Sl ov I ++ 009¢ (319) SNoNIIS aydelaw d-14 V10Ad
cr'o 090 V1 L'se LS GIS 0I'0 0TO0 [II'0 8Z0 - SL (4 or 11 +++ 8661 puy onrpad 1s1yds panjods "D V89IAd

pueq IS 3[3uis 6L G/F 800 1¥0 ¥00 S€0 Sl Sl - or 11 +++ 66L1 opwwesd  dUOISPNL J1ISE]D 3g-14 VOSAd

pueq [ d[3uIs 6l SZ¥r LI'0 890 ¥00 9¥0 Sl Sl or I ++ 0 onipd ISIYdS d-14d d8SAd

(2.) + | F [a:| IS Iopio  pueq 1dpio  ydioy  punqy ()
F 1S4 F G w)isv F Woy soney  9[3uls puz @gou S [eLIgjeWw  2dUPISIP
$9IN)e3) I9PIO-PU0IAS $9IN)e3) JIIPIO-1SIL e1)dads pazA[eue jo raquinN SNO3JeUO0GIE) S-N siselg  uonisodwo) ASojoyar]  duoz ‘wejaw [pUOISAY ordwes

E. Skrzypek

‘s19joweled uewey paaas pue santadold D ‘sonsuioeleyd jdwes jo Arewwing
L 9IqeL



E. Skrzypek

width at half maximum can be varied in this case, whereas the addi-
tional s parameter is available for a Pseudo-Voigt function. This was cho-
sen in agreement with previous works (e.g. Cancado et al., 2008) and
because the main objective was to measure the splitting of S1 without
the possible influence of differing shapes for the S1+ and S1- peaks.

The main Raman parameters that will be discussed are defined as
follows: R1, dimensionless intensity ratio = [Ip;/Ig]; R2, dimensionless
arearatio = [Ap;/(Ap1 + Apz + Ac)]; AS1, absolute frequency difference
incm ™! = [|ws; - — ws;-|]; RS1, dimensionless intensity ratio = [Is;/Is;
+]. Temperatures (Tcy) were calculated using R2 ratios and the rela-
tionship derived for contact metamorphism by Aoya et al. (2010) be-
cause it is the only calibration available for a 532 nm excitation
wavelength. Its quadratic equation gives temperatures that are 10 °C
lower (at low-grade) but up to 28 °C higher (at high-grade) than
those obtained with the calibration of Beyssac et al. (2002a).

6. Results
6.1. First- and second-order regions of the Raman spectrum

The intense G band dominates the first-order spectrum of CM in all
samples (Fig. 5a). It is accompanied by the D1 and D2 bands whose in-
tensities decrease from north to south while G becomes narrower. The
D1 band evolves from a symmetrical peak slightly higher than half of
the G band to a smaller asymmetrical peak, and eventually disappears
(Fig. 5a). The narrow and less intense D2 band clearly appears on the
high frequency shoulder of the G band in low-grade samples but van-
ishes in high-grade ones (Fig. 5a). In high-grade samples the proportion
of spectra without any “disorder” band ranges from 35 to 78% of all an-
alyzed spectra (Table 1). The R1 and R2 ratios are uncorrelated with the
pelitic, psammitic or siliceous composition of the samples (Table 1).
They are partly linked with CM texture as low ratios are generally ob-
tained from type IV CM, which is only found in high-grade gneiss
samples.

The second-order spectrum is dominated by the S1 band, with the
less intense S2 and S3 bands appearing on each side of it (Fig. 5b). The
two northernmost samples (EY58B, EY50A) exhibit a single S1 band
centered at ~2700 cm™ . In all other samples S1 splits into the S1- and
S1+ peaks whose frequency difference AS1 increases from north to
south (Fig. 5b). Two low-grade (EYO1A, EY57A) and one medium-
grade (EY48A) sample preserve mixed results with a larger proportion
of spectra showing the double S1 band and a few having a single S1
band (Table 1). The broad and low-intensity S2 band tends to shrink
with rising metamorphic grade but does not entirely disappear in
high-grade samples. The intensity of the weak S3 band does not signif-
icantly change with increasing metamorphic grade, but its shape be-
comes more asymmetrical (Fig. 5b). Like the R1 and R2 ratios, the RS1
and AS1 parameters do not show any correlation with pelitic,
psammitic or siliceous sample compositions; they are partly linked
with CM texture in the case of type IV CM from high-grade gneiss
(Table 1).

6.2. Intra-sample variation of Raman parameters

The variability of Raman parameters in each sample was assessed
using the R2 and RS1 ratios (see Supplementary Material). In all samples
the mean of R2 data converges towards a constant value for more than
20-30 analyses while that of RS1 becomes nearly constant above ~10
analyses. In high-grade samples, where first-order spectra devoid of
“disorder” bands are common, a total of 30 analyses was sufficient to
reach a constant mean for R2. The acquisition of 30-40 first-order and
15 second-order spectra was therefore sufficient to confidently charac-
terize R2 and RS1 in a sample. This difference in the number of first- and
second-order spectra that needed to be acquired is mostly explained by
larger intra-sample variations in the area of the D1 band.
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Fig. 5. Representative first- and second-order Raman spectra of CM for all samples, sorted
from north to south (spot names indicated). (a) First-order region with defect-induced
bands decreasing and eventually disappearing towards the south. (b) Second-order
region with the transition from single S1 to double S1- and S1+. Vertical intensity scale
is arbitrary. Raw spectra are trimmed to show only the relevant regions.

Histograms of R2 and RS1 distribution were also inspected to detect
the presence of multiple CM populations. For most samples the distribu-
tion of R2 and RS1 defines a single maximum, and the mean of R2 or RS1
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Fig. 6. Histograms of R2 (n = 40) and RS1 (n = 15) distribution in two samples with
similar mean R2 values (0.20) to illustrate differences in the variability of first- and
second-order Raman parameters. (a) Sample EY166A with a single maximum for both
R2 and RS1 distributions. Each mean value matches the maximum of the distribution.
(b) Sample EY149A with a slightly bimodal distribution of both R2 and RS1. Although a
low- and high-grade group can be distinguished, the final dataset uses the mean of all
analyses (see text and Table 1).

coincides with the maximum of its frequency distribution (Fig. 6a).
Samples for which a contact metamorphic overprint is inferred (i.e.
with porphyroblasts) tend to show broader R2 distributions but pre-
serve only one CM population. For three samples (EY53A, EY132A,
EY149A), however, a bimodal distribution of both R2 and RS1, and the
observation that mean R2 and RS1 values rather lie in between two
maxima may suggest the presence of two CM populations (Fig. 6b). In
these samples a low- and high-grade group can be distinguished, but
no correlation with the shape or location (e.g. matrix vs. inclusions in
porphyroblasts) of CM grains is apparent. The difference between
both groups is also not as extreme as in cases where mixing of meta-
morphic and detrital CM is inferred (e.g. Kouketsu et al., 2019). In
order to describe the spatial variation of Raman parameters, such sub-
populations are therefore ignored and a mean value for the whole sam-
ple is used (Table 1).

6.3. Spatial variation of Raman parameters

In first-order spectra the intensity of the D1 and D2 bands decreases
from north to south (Fig. 5a). This translates into a decrease of both R1
(0.68t00.01) and R2 (0.46 to 0.02) ratios and a concomitant increase in
calculated temperature Ty (425 to 659 °C) along the exposed meta-
morphic gradient (Fig. 7a,b, Table 1). In the Bt and Ms-Crd zones Tcy
also increases towards the west and east as samples approach the sur-
rounding granites (Fig. 8a). It is depicted by a large scatter of R1
(0.07-0.24) and R2 values (0.13-0.30) in this segment of the N-S tran-
sect (Fig. 7a, b). In map view the variation of T¢y defines a relatively
low-T domain (Tey < 535 °C) to the north of the Iwakuni fault. This do-
main narrows to the south of the Iwakuni fault but persists up to the
schist/gneiss boundary in the axial part of the metasedimentary belt
(Fig. 8a). It is surrounded by a medium-T domain (535 < Ty < 600 °C)
close to the granitoids and the schist/gneiss boundary while a high-T
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Fig. 7. Evolution of selected first- and second-order Raman parameters from north to
south. (a-b) Gradual decrease of the first-order R1 and R2 ratios. (c-d) Stepwise
variation of the second-order AS1 and RS1 parameters (calculated for a split S1 band).
The error bar reflects the standard deviation of all measurements in a sample. The
boundaries of metamorphic zones are indicated.

domain (T¢y > 600 °C) occurs in gneissose rocks from the Kfs-Crd
zone (Fig. 8a).

The major change in the second-order spectra is related to the split-
ting of the S1 band. The two northernmost samples exhibit a single S1
band, whereas all other samples show mostly or exclusively the two
S1- and S1+ peaks (Fig. 5b). From north to south the intensity of S1+
increases with respect to that of S1- (RS1 = 1.06 to 0.32) and the spac-
ing AS1 between these peaks increases (31.6 to 42.3 cm™!) in a rather
stepwise manner (Fig. 7c,d). In map view the variation of AS1 defines
three domains delimited by NE-SW- to E-W-trending boundaries; no
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Fig. 8. Spatial distribution of selected Raman parameters, and comparison with gravity anomaly data and the metamorphic structure of the Iwakuni-Yanai area. (a) Map distribution of Ty
calculated with the R2 ratio. Black stars and bold numbers show the results of Grt-Bt thermometry (Ikeda, 2004) for comparison. (b) Map distribution of AS1 (AS1 = 0 north of the
Iwakuni fault). (c) Bouguer anomaly map (2.67 g/cm? terrain correction) for the extent of the study area (Geological Survey of Japan, 2013; Komazawa, 2013, and references therein).
(d) Lithological map with the main features generated by contact (And-in isograd) and regional (mineral zones) metamorphism (Higashimoto et al., 1983; Ikeda, 1998; Skrzypek
et al., 2016), and with the distribution of CM textural types. The interpolated maps for Ty and AS1 were calculated with the same parameters (see Appendix).

splitting of the S1 band is observed to the north of the Iwakuni fault, a (Fig. 8b). Parameters calculated for the S2 and S3 bands do not show
domain of lower AS1 (32-38 cm™ ') broadly coincides with the schist any clear trend, except for the full width at half maximum of S3 that
zone and one of higher AS1 (>38 cm™') with the gneiss zone slightly decreases (~ 60 to 40 cm ™) from north to south.
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7. Geological significance of RSCM data
7.1. Interpretation of results from first-order Raman spectra

7.1.1. Pre-DP1 contact metamorphism

A domain of medium Ty values (535-600 °C) is imaged along the
western granitoid that intrudes the schist zone (Fig. 8a). This domain
closely follows the contact aureole defined by the occurrence of pre-
DP1 andalusite porphyroblasts (Skrzypek et al., 2016; Fig. 8d). This tem-
perature range is typical for andalusite appearance in pelitic lithologies
affected by contact metamorphism (e.g. Pattison and Tracy, 1991) and
indicates that RSCM confidently reveals the thermal effect of pre-DP1
contact metamorphism, as already shown by several studies of meta-
morphic aureoles (e.g. Aoya et al.,, 2010; Nakamura and Akai, 2013).
The narrow width of the thermal aureole (< 1 km), despite a
subhorizontal contact with metasediments, additionally points to a rel-
atively low host-rock temperature at the time of intrusion.

A prolongation of the aureole in the gneiss zone was proposed based
on the presence of the western granitoids at shallow depth beneath
metasedimentary rocks, although the pre-DP1 origin of andalusite
blasts is hard to establish there (Skrzypek et al., 2016; Fig. 1). It can be
supported by the gravity anomaly map (Komazawa, 2013, and refer-
ences therein) that correlates well with the inferred extent of the entire
aureole (Fig. 8c, d). The values for Tcy in the gneiss zone (> 600 °C) are,
however, markedly higher than in the north and seem to result from the
subsequent regional overprint. An argument for the regional origin of
these high T¢y is the dominant occurrence of coarser-grained type IV
CM in the gneiss zone (Fig. 8d), whereas this type is never observed in
the north, even in a sample located at the contact with a granite
where Ty reaches 597 °C (EY99BI; Table 1). This suggests that a differ-
ent heating event was necessary to generate the CM texture and crystal-
linity observed in the gneiss zone.

7.1.2. Syn-DP1 regional metamorphism

Apart from peripheral domains of the schist zone where T¢y exceeds
~535 °C, the axial part of the belt shows T¢y; increasing from ~425 to
535 °C (Fig. 8a). Following a gap at the schist/gneiss transition, the
gneiss zone exhibits homogeneously higher Tcy values of ~600-660 °C
associated with coarser-grained type IV CM (Fig. 8a). The entire succes-
sion agrees with the Grt-Bt thermometry results of Ikeda (2004) for
samples located away from the influence of granitoids (compare results
on Fig. 8a); combined temperature estimates indicate 450-500 °C
for the Chl — Bt zone, 500-525 °C for the Bt zone, 500-535 °C for the
Ms. — Crd zone and 600-660 °C for the Kfs — Crd zone (Ikeda, 2004;
Table 1). Both RSCM and Grt-Bt thermometry therefore constrain
the well-known N-S regional metamorphic gradient that has also
been described in other parts of the Ryoke belt (e.g. Hokada, 1998;
Kawakami, 2001; Miyazaki, 2010).

7.1.3. Post-DP1 contact metamorphism

The eastern granite intrudes only the schist zone and its boundary
with metasedimentary rocks is subvertical. Its contact aureole is not
easily mapped due to the presence of abundant siliceous lithologies
and is only traced in the north (Fig. 8d). The spatial distribution of Tcy
nevertheless reveals a wide domain of medium temperatures
(540-580 °C) along the southern border of the granite (Fig. 8a). A
post-DP1 contact metamorphic origin is inferred for this domain, as its
outline does not follow the regional metamorphic zones, and because
a limited extension of the eastern granite towards the SW is consistent
with gravity anomaly data (Fig. 8a,c). Regardless of the intrusion that
caused the temperature increase, this case demonstrates the usefulness
of RSCM data for identifying thermal overprints in petrologically “inap-
propriate” lithologies and for tracing the extent of buried magmatic
bodies. These aspects have already been emphasized with XRD (e.g.
Tsuchiya et al., 1987) as well as RSCM (e.g. Hilchie and Jamieson,
2014) data. If the heating event occurred after regional metamorphism,
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the possibility for delayed CM recrystallization (Beyssac et al., 2019)
must be discussed. This is done in Section 8 with the help of both
first- and second-order Raman data.

7.2. Interpretation of results from second-order Raman spectra

Unlike for T¢y, the evolution of the S1 band defines three domains
separated by E — W trending boundaries. A single S1 peak north of
the Iwakuni fault zone is followed by a weak to mostly moderate AS1
in the schist zone and a higher AS1 in the gneiss zone (Fig. 8b). This pat-
tern is parallel to the E — W trending metamorphic zones produced by
the regional overprint, whereas an increase in AS1 towards the sur-
rounding granitoids is not evident (Fig. 8b). It strongly suggests that
the second-order S1 band records the effect(s) of the regional
tectono-metamorphic event DP1.

The transition from a single to double S1 band occurs across the
Iwakuni fault zone (Fig. 8b). For XRD data available along the same tran-
sect, a sharp decrease in the full width at half maximum ((3) of the (002)
peak in CM from 0.40-0.83° to less than 0.36° is reported across the fault
(Ikeda, 1992). Grew (1974) and Itaya (1981) document the same dras-
tic drop in 3 when the C content of CM increases above 90-97%, in
agreement with the commonly observed decrease of H— N — 0 — S
in CM with metamorphic grade (Izawa, 1968; Wada et al., 1994). It
therefore appears that the expulsion of non-C elements, some of them
being known to impede graphitization (e.g. Franklin, 1951), is responsi-
ble for the splitting of the S1 band.

The splitting of the second-order S1 band is explained by the elec-
tronic band structure of CM; a single S1 peak reflects the absence of
electronic interaction between graphene layers, whereas a double S1
peak points to interlayer interaction as the graphene planes become
closer to each other and acquire regular ABAB stacking (e.g. Ferrari
et al., 2006). The mineralogical significance is that 2d CM acquired a
3d structure south of the Iwakuni fault. Increasing AS1 values towards
the south indicate that the 3d structure still evolved, i.e. that both inter-
layer spacing (doo2) decreased and out-of-plane ordering increased to a
maximum value of 42.3 cm ™! (sample EYOSC). For comparison, the av-
erage dog in the Kfs — Crd zone is 3.358 A (Ikeda, 1992) while Lespade
et al. (1984) report maximum values of AS1 =~ 45 cm™~! and dgp, ~
3.355 A for heat-treated graphitizing carbon (dgo, = 3.3539 A for
ideal graphite; Kwiecifiska and Petersen, 2004).

8. General implications for RSCM
8.1. S1 band splitting and the 500 °C isotherm

In the study area, the splitting of S1 occurs together with a hardly de-
tectable lithological transition from weakly-metamorphosed sediment
to schist (Higashimoto et al., 1983), for Tcy between 475 and 511 °C
(Fig. 8a), and across a pressure change from 0.8 to 1.9 kbar (difference
between the Chl — Bt and Ms. — Crd zones; Kouketsu et al., 2014b).
The splitting of S1 is consistently observed above 2200 °C in heat-
treated industrial graphite (Bernard et al., 2010; Pimenta et al., 2007;
Wilhelm et al., 1998), but a higher pressure and longer heating duration
are also able to shift the S1 band to a higher frequency in experiments
conducted at 1000 °C (Beyssac et al.,, 2003a). For metapelites from dif-
ferent metamorphic belts Wopenka and Pasteris (1993) report a shift
of the S1 band above chlorite grade, i.e. for P — T conditions higher
than 500 °C/4 kbar (Pasteris and Wopenka, 1991). Using an extensive
sample set Beyssac et al. (2002a) observe the splitting of S1 above
~500 °C without any apparent link with pressure. In the Gyoja-yama
contact metamorphic aureole (Japan), Nakamura and Akai (2013)
show that the S1 band splits between 510 and 530 °C. The change
from a single to a double S1 band was also recognized between 495
and 500 °C in the Nelson aureole, Canada (Beyssac et al., 2019).

The review of data highlights that the splitting of S1 always occurs at
about 500 °C regardless of lithology, pressure or tectonic setting.
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Accordingly, temperature is considered to be the major factor influenc-
ing the splitting of S1, hence the appearance of 3d CM in metamorphic
rocks. Nakamura (1995) also recognized that a 3 value of 0.3° was con-
sistently attained at 500 °C in both regional and contact metamorphic
settings. The present study therefore emphasizes that a simple, visual
comparison of second-order spectra is a powerful approach to locate
the 500 °C isotherm in metamorphic terrains and to approximately dis-
tinguish between H-N-O-S-bearing and C-richer carbonaceous
material.

8.2. Applicability of RSCM thermometry: Delayed CM recrystallization
or not?

Along the SW margin of the eastern granite a medium-temperature
domain is ascribed to post-DP1 contact metamorphism (Fig. 8b). This
interpretation requires explaining why no delayed CM recrystallization
is observed as in Beyssac et al. (2019). A first possibility is that the
heating event was not younger than regional metamorphism. However,
the occurrence of 96-94 Ma-old microgranite dykes up to the centre of
the metasedimentary belt (Fig. 1) and the gravity anomaly map (Fig. 8c)
support a small extension of the eastern granite at depth, and back the
post-DP1 origin of the thermal overprint. A second possibility is that
the presence/absence of delayed recrystallization depends on the crys-
tallinity of the CM precursor.

Observations from the present study rather agree with those of
Delchini et al. (2016) who showed that samples regionally metamor-
phosed at ~560 °C were still able to record Tcy of 616-628 °C due to sub-
sequent contact metamorphism (their samples J2a and J2.5a). The only
place where Tcy; is somewhat lower than expected lies at the northern
margin of the eastern granite. There, sample EY168A records Ty = 515
°C although the presence of andalusite blasts could hint at a slightly
higher temperature, like in the western aureole (Fig. 8a). Beyssac et al.
(2019) estimate pre-intrusion regional temperatures of ~500 °C in the
Ballachulish Comple, i.e. conditions at which CM is still far from ideal
graphite. A similar difference exists between the northern and southern
margins of the eastern granite; AS1 in the northern Chl-Bt zone is low
(<36 cm™!) and points to limited 3d ordering, whereas constant and
higher AS1 values in the Bt and Ms—Crd zones indicate increased 3d or-
dering, likely acquired during regional metamorphism (Fig. 7c).

In the light of available data, it therefore appears that CM recrystal-
lization during a subsequent thermal overprint is, at least in part, con-
trolled by the 3d structure of the CM precursor. Should 3d CM, yet
with still low out-of-plane ordering (AS1 < 36 cm™!), be thermally
overprinted then could the elimination of in-plane defects remain slug-
gish and lead to a discrepancy with other thermometric estimates (e.g.
Beyssac et al., 2019). Conversely, thermal overprinting of CM with bet-
ter 3d ordering (AS1 > 36 cm™ ') would more efficiently remove in-
plane defects and provide reliable RSCM temperature estimates (e.g.
Delchini et al., 2016; this study). It is similarly expected from transmis-
sion electron microscope observations that in-plane crystallite growth
can further proceed once stacked graphene layers have reached a suffi-
cient degree of out-of-plane ordering (e.g. Rouzaud et al., 1983).

8.3. Discrepancy between first- and second-order Raman data

A key result of the study is the partial discrepancy between first- and
second-order Raman data, namely R2 and AS1 (Fig. 9). The distribution
of R2 and associated Tcy partly matches the extent of contact metamor-
phic aureoles, whereas that of AS1 follows the regional metamorphic
zones (Fig. 8a,b). The question is whether AS1 values are lower or
higher than expected for a local Tey.

From the Iwakuni fault to the schist/gneiss boundary, a north-south
profile in the axial part of the belt reveals increasing AS1 from ~33 to
above 36 cm™~!, whereas Tcy remains nearly constant at ~510 °C
(Fig. 8a,b). Conversely, a west-east profile in the Bt and Ms-Crd zones
shows that AS1 stays constant (~ 36 cm™!) while Ty increases from
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Fig. 9. Plot of AS1 vs. R2 for samples south of the Iwakuni fault, i.e. with a split S1 band (n

= 30). Note the spread of R2 values for samples having a nearly constant AS1 of ~36 cm™".

~500 to 600 °C towards the surrounding granitoids (Fig. 7b,c). This indi-
cates that AS1 is higher than expected for the Tcy; values obtained in the
axial part of the belt, where the influence of contact metamorphism is
thought to be weaker. A similar behaviour is observed with the XRD
data of Ikeda (1992); from north to south the out-of-plane crystallite
size L. increases throughout the Chl-Bt zone (~100 to 230 A) but clus-
ters at a constant value in the Bt and Ms—Crd zones (~280 A; Fig. 10a).
A west-east profile across the Bt and Ms-Crd zones reveals uniform L.
values despite varying Tcy, with a noticeable L. increase only close to
the eastern granite (Fig. 10b).

All observations call for a process that could generate homogeneous
AS1 and L values without a proportional impact on R2 and Tcy. The AS1
parameter relates to the out-of-plane structure of CM (e.g. Beyssac and
Lazzeri, 2012; Cancado et al., 2008; Ferrari et al., 2006), and Lespade
etal. (1984) found a correlation between increasing AS1 and decreasing
interlayer spacing doo». Similarly, the out-of-plane length of coherent
crystallites L. is calculated using the XRD value of 3, which canbe regarded
asameasure of out-of-plane distortion of the graphene layers (Fischbach,
1970). Conversely, R2 involves the area of “disorder” bands in the first-
order Raman spectrum, which arises from the presence of in-plane defects
in CM (e.g. Ferrari and Robertson, 2000). The intensity of defect-induced
bands was also shown to decrease with increasing in-plane crystallite
size L, (e.g. Knight and White, 1989; Tuinstra and Koenig, 1970). In
order words, factors that can lead to homogeneous out-of-plane ordering
despite variable in-plane crystallinity must be sought.

8.3.1. Nature of CM precursor

Numerous works have emphasized that the degree of graphitization
depends on the nature of the CM precursor (e.g. Franklin, 1951; Inagaki,
1996; Rouzaud and Oberlin, 1989). For example, heat treatment of de-
posited carbon films results in faster and more complete graphitization
for thick films compared to thin ones (Rouzaud et al., 1983). Different
CM textures are recognized in the area, with relatively thin CM type |
being found in the axial part of the belt and thicker type Il occurring
next to granitoids (Figs. 3a-d, 8d). This difference likely arises from pre-
D1 contact metamorphism and could have led to contrasted graphitiza-
tion during subsequent tectono-thermal events, but it cannot account
for the uniform AS1 and L. values observed in the Bt and Ms-Crd zones.

8.3.2. Fluids

Fluids are invoked to explain the presence of CM with unusually low
or high crystallinity in metamorphic rock samples. On the one hand,
variable or unexpectedly low CM crystallinities were partly attributed
to the presence of fluid with high methane (Wintsch et al., 1981) or
low oxygen (Large et al., 1994) fugacity, which limited the graphitiza-
tion process. On the other hand, CM grains found in greenschist facies
rocks but indicating higher temperatures were explained by the
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Fig. 10. Evolution of XRD and Raman data along N-S and W-E profiles. (a) N-S variation of
crystallite thickness L. (Ikeda, 1992). The error bars reflect the 0.03° standard deviation
ascribed to 3 by Ikeda (1992) and propagated in the calculation of L.. Note that the
extent of the profile is larger than for the present Raman dataset. (b) Comparison of L.
(Ikeda, 1992) and Ty (this study) data for the Bt and Ms-Crd zones, as a function of W-
E position.

precipitation of higher-crystallinity (lower R2) CM from hydrothermal
fluids (Kfibek et al., 2008). The circulation of C-bearing fluid is particu-
larly well evidenced by the pervasive network of quartz veins oblique or
parallel to the regional schistosity in the Bt and Ms-Crd zones (Mateen
etal, 2015; Terabayashi et al., 2010). This could have promoted deposi-
tion of highly crystalline hydrothermal graphite and could explain the
high R2 values observed next to granitoids, but not the discrepancy be-
tween AS1 and R2.

8.3.3. Heating duration

Mori et al. (2017) showed that short-lived (10? years) heating by less
than 100 m-thick intrusions can noticeably decrease the R2 ratio of CM
butis not sufficient to reach steady-state CM crystallinity. Steady state ap-
pears to be attained in contact metamorphic aureoles around larger plu-
tons, with modelled heating time scales of about 10° years (e.g. Hilchie
and Jamieson, 2014). Nakamura et al. (2017) additionally attempted to
extrapolate the kinetics of graphitization for a sample from the Hidaka
belt (NE Japan), a high-T area similar to the Ryoke belt. Their figure 11 in-
dicates that, at ~500 °C, the dg; of ideal graphite is attained much faster
(10° years) than the complete elimination of in-plane defects (>108
years). These experimental results could suitably explain the discrepancy
between higher out-of-plane and lower in-plane crystallinity.

8.3.4. Pressure
Both tectonic stress and lithostatic loading have a unit of pressure. As
such, they are able to decrease the microporosity of natural CM and
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assist graphitization (e.g. Blackman and Ubbelohde, 1962; Bonijoly
et al.,, 1982; Deurbergue et al., 1987; Nakamura et al., 2020; Noda and
Inagaki, 1962; Ross and Bustin, 1990). Beyssac et al. (2003a) similarly
shows that S1 band splitting is favored by higher hydrostatic pressure
or longer heating duration. Previous geobarometry in the study area
documents distinct steps in pressure between the Chl-Bt (~1 kbar),
Ms-Crd (~ 2 kbar) and Kfs-Crd (~ 2.5 kbar) zones (Kouketsu et al.,
2014b), which could explain the stepwise increase of the out-of-plane
parameters AS1 and L. (Figs. 7c, 10a). The DP1 phase was associated
with the foliation-parallel growth of metamorphic minerals in both
the schist and gneiss zones, which also points to pervasive tectonic
stress, in agreement with the recognition of regional flattening strain
patterns in the area (Okudaira et al., 2009; Okudaira and Beppu, 2008).

8.3.5. Energetic considerations

An important result of some TEM studies about graphitization is that
the transformation of CM starts with L. increase followed by L, increase
(e.g. Rouzaud et al., 1983; Rouzaud and Oberlin, 1989). This is explained
by the energy required to remove interstitial defects being lower than
that required for the coalescence of adjacent crystallites and the re-
moval of in-plane defects. Of the factors discussed above, only heating
duration and pressure (1) provide additional energy during graphitiza-
tion and (2) operate at a regional scale. However, a longer heating dura-
tion will tend to durably change both in-plane and out-of-plane CM
crystallinity (Nakamura et al., 2017). Therefore, it is likely a combination
of moderate temperature (~500 °C), non-protracted heating (10° years)
and increased pressure (tectonic stress and/or lithostatic loading) that
can explain the discrepancy between first- and second-order Raman
data. These conditions were met on a regional scale in the Bt and Ms-
Crd zones during the DP1 event.

9. Conclusions

A Raman spectroscopy study of carbonaceous material affected by
successive contact and regional metamorphic events reveals that the
combination of first- and second-order spectra can help constraining
the tectono-thermal history of complex metamorphic terrains.

- As a complement to RSCM thermometry based on the first-order
spectrum, a rapid inspection of the second-order S1 band should
allow tracing the 500 °C isotherm and distinguishing between H-
N-0-S-bearing (single S1) and C-richer (split S1) CM in metamor-
phic belts.

- RSCM thermometry is able to confidently reveal the influence of
post-regional contact metamorphism. Delayed CM recrystallization
can alter this potential, and likely depends on the crystallinity of
the regionally-metamorphosed CM precursor.

- The AS1 parameter is calculated from peak splitting of the second-
order S1 band; in addition to graphitization temperature, AS1 ap-
pears useful for tracing regional variations in heating duration and
pressure.
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Appendix A. Parameters used for interpolated maps of Tcy and AS1

Interpolated maps of Ty and AS1 presented in Fig. 8a, b were calcu-
lated with the same parameters for direct comparison. Interpolation
was performed with the inverse distance weighting method (GRASS
GIS module v.surf.idw; GRASS Development Team, 2017) and the fol-
lowing input parameters: number of interpolation points = 10 (out of
32 for Ty and 30 for AS1), power parameter = 2 (squared weighting),
output pixel size = 45 m (~ 1/100 of the average distance between data
points).
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