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A B S T R A C T

Mélanges, intriguing rock units often found in accretionary complexes, consist of basalt lenses embedded in a 
highly sheared sedimentary matrix. The origin of mélanges remains a subject of vigorous debate, with conse
quences on our understanding of subduction processes. A first line of thought interprets mélanges as mixed li
thologies intertwined by convergent tectonics. Supporters of this interpretation regard mélanges as fossilized 
witnesses of the lower- and upper-plate interface, with their rheological properties reflecting seismogenic sub
duction zones. However, a second line of thought is to consider that basalts and sediments were mixed prior to 
subduction by sedimentary and/or magmatic processes, this mix being only later incorporated into the accre
tionary wedge.

In this study, we present evidence supporting the pre-subduction mixing interpretation for mélanges from two 
paleo-accretionary complexes: the Kodiak complex in Alaska and the Shimanto Belt in Japan. In modern seafloor 
sediments in contact with basaltic submarine magmas, we show that the crystallinity of carbonaceous particles in 
sediments increases toward basalts, indicating a ~1 cm-thick aureole of contact metamorphism. Intriguingly, a 
comparable aureole of increased crystallinity is observed in four mélanges from the two paleo-accretionary 
complexes. Basalts were thus emplaced onto and into sediments by magmatism rather than by tectonics, chal
lenging the notion of mélanges explored in this study as formed along the plate boundary interface. Moreover, 
the studied mélanges are made of mid-ocean ridge basalts, and deposition ages of mélange sediments coincide 
with proposed ridge subductions. This implies that the mid-ocean ridges at the trench were the source of the 
magmas that intruded into and extruded onto the clastic sediments and contributed to form the multilayered 
basalt-sediments architecture.

1. Introduction

Mélanges, characterized by their distinctive block-in-matrix struc
ture with mafic blocks in a weaker sedimentary matrix, are a common 
feature of accretionary prisms (e.g., Festa et al., 2019). These intensely 
deformed rock units are often interpreted as exhumed subduction plate 
interfaces and are as such used to study many subduction-related pro
cesses including mechanical plate coupling, fluid-deformation interac
tion, and earthquake ruptures (Agard et al., 2018; Cloos and Shreve, 
1988; Fagereng and Sibson, 2010; Kitamura et al., 2005; Moore and 
Byrne, 1987; Rowe et al., 2013). Nonetheless, other processes than 
tectonics may account for the mixing of lithologies. Pre-subduction, 

sedimentary mixing processes, where olistoliths originating from older 
accretionary prisms are redeposited in the trench, have been invoked in 
the Franciscan Belt in the USA (Wakabayashi, 2011) and the Nabae Belt 
in Japan (Osozawa et al., 2011). Alternately, the interlayering of mafic 
rocks and sediments might also reflect magmatic processes occurring on 
the seafloor prior to subduction (Kiminami et al., 1992; Kiminami and 
Miyashita, 1992).

In many instances, distinguishing these various processes is difficult 
because penetrative deformation erased the original organization of 
mafic and sedimentary lithologies. Nevertheless, the idea behind our 
study is that the second interpretation of magma emplacement into 
sediments should have left a thermal imprint, which is yet to be found. 
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Often, mélange-forming sediments are shales containing carbonaceous 
material (CM) whose crystallinity is dependent on peak metamorphic 
temperatures (Beyssac et al., 2002; Lahfid et al., 2010). As such, CM may 
serve as a potential record of contact metamorphism in sediments (e.g., 
Hilchie and Jamieson, 2014).

To assess the potential thermal influence of magmatism onto CM in 
sediments, we use a two-steps procedure. In the first validation step, we 
tested the possibility of identifying contact metamorphism from CM 
crystallinity in a simple case of undeformed seafloor sediments intruded 
by basaltic lavas/magmas. In a second step, we probed the existence of 
thermal anomalies at sediment-basalt contacts in five mélanges from the 
two paleo-accretionary complexes. Importantly, a tectonic origin of 
mixing has been invoked for the selected mélanges (Connolly, 1978; 
Ikesawa et al., 2005; Kimura et al., 2012; Kitamura et al., 2005; Moore 
and Byrne, 1987; Rowe et al., 2013; Yamaguchi et al., 2012). These 
mélanges experienced (sub)-greenschist facies metamorphism and were 
buried down to the seismogenic depths of subduction zones. Finally, we 
discuss the implications of our findings as for the formation of these 
low-temperature mélanges (i.e. <200–350 ◦C) and their significance in 
understanding subduction interface processes.

2. Geological settings and sampling strategy

2.1. Recent seafloor sediments intruded by basalts

Unconsolidated seafloor sediments in contact with basalts have been 
selected in three IODP/ODP drilling sites (Fig. A.1): (i) The Ninetyeast 
Ridge (ODP Leg 121, Hole 758A; Frey et al., 1991), (ii) The Shatsky Rise 
(IODP Leg 324, Site U1346; Sager et al., 2010), and (iii) The Hawai’i 
Emperor Volcanic Lineament (IODP Leg 197, Site 1204A; Tarduno et al., 
2002). Basalt layers in these examples show size ranging from tens of 
centimeters up to few meters with an intrusive or extrusive origin (Text 
A.1). The distances of basalt layers near sediments at each site are 
indicated in Table A.1.

2.2. Mélange units from paleo-accretionary complexes

Five mélange units from the two paleo-accretionary complexes were 
selected (Table 1). The sediment-basalt contacts themselves present a 
variety of shapes, from serrated or folded surfaces to foliation-parallel 
planes or fault surfaces (Figs 1-2). As a precaution, we carefully 
selected sediment-basalt contacts in the less deformed parts of mélanges 
with no apparent fault or strain localization between the two lithologies 
(e.g., Figs 1-2), to avoid shear-induced heating as a cause of the thermal 
overprint of sediments (Kirilova et al., 2018; Moris-Muttoni et al., 2022). 
In parallel, reference samples of metasediments were collected as distant 
as possible from any basalts. The summary of each mélange is presented 
in Table 1, whereas the full list of samples is provided in Table A.2.

The Kodiak accretionary complex, Alaska, is a well-studied paleo- 
accretionary complex (Byrne, 1986; Fisher and Byrne, 1992) with 
NE-SW trending of units, parallel to the active Alaskan Trench (Plafker 
et al., 1994). The two mélanges of interest are the Uyak Complex 
(Connelly, 1978) and the Ghost Rocks mélange (Byrne, 1984, 1982). The 
locations of samples are provided in Figure A.3.

The Uyak Complex displays the block-in-matrix structure charac
terized by lenses of greywacke, chert and basalt within sheared argillitic 
layers (Fig. A.4; Connelly, 1978). Occasionally, the mélange displays a 
lack of deformation, with the preservation of pillow lavas (Fig. 1a-b). 
Stratigraphic ages from the Uyak Complex indicate a large time span of 
deposition from the Jurassic up to the Early Cretaceous (Clift et al., 
2005; Connelly, 1978; Pavlis et al., 1988). Deformation and under
thrusting is estimated to have occurred between the Valanginian and the 
Maastrichtian (Connelly, 1978). Fluid inclusion studies in Mode 1 veins 
indicate metamorphic temperatures of 270–290 ◦C and a pressure of 3.3 
kbar (Vrolijk et al., 1988). In parallel, Raman Spectroscopy of carbo
naceous material (RSCM) temperatures, measured at two localities of 
the Uyak Complex (Uyak Bay and Big Waterfall Bay, Fig. A.3), range 
between 240 and 260 ◦C in Uyak Bay (Raimbourg et al., 2021; Rajič 
et al., 2023a), and between 265 and 290 ◦C in Big Waterfall Bay (Rajič 
et al., 2023a). The analyzed pairs of samples come from Uyak Bay and 
Big Waterfall Bay (Fig. A.3).

The Ghost Rocks mélange is the southeastern part of the Ghost Rocks 
Formation otherwise made of coherent units and dated from the 
Paleocene (Byrne, 1982). The mélange consists of basalts and turbidites 
(Fig. 1c), which occasionally form a block-in-matrix structure (Fig. A.5). 
Pillow lavas shapes in basalts are sporadically preserved. 
Peak-metamorphic temperatures inferred from vitrinite reflectance, 
RSCM, and fluid inclusion studies correspond to 220–250 ◦C in Pasag
shak and Sitkalidak areas (Moore et al., 1983; Rajič et al., 2023a; Vrolijk 
et al., 1988; locations in Fig. A.3) and 270–300 ◦C in Chiniak area (Rajič 
et al., 2023a). Based on fluid inclusion studies, pressure was estimated 
around ~3 kbar (Vrolijk et al., 1988). The selected samples of the Ghost 
Rocks mélange come from the Chiniak area (Fig. 1c-e), the Pasagshak 
area, and Sitkalidak Island (Fig. A.3).

The Shimanto Belt, Japan, represents a well-described paleo-accre
tionary complex (Taira et al., 1982, 1988) exposed on the islands of 
Honshu, Kyushu, and Shikoku in Japan (Fig. A.6a). It is composed of 
several parallel units with a general trend parallel to the active Nankai 
Trough (Fig. A.6a) and it contains several tectonic mélanges (e.g., 
Fig. A.6b). Three mélanges from the Shimanto Belt were selected for this 
study: The Foliated Morotsuka and the Hyuga Tectonic mélange were 
sampled at Kyushu Island, whereas the Mugi mélange is exposed on 
Shikoku Island (Fig. A.6).

The Foliated Morotsuka mélange consists of basaltic lenses 
embedded within a pelitic matrix (Fig. A7; Hara and Kimura, 2008; Ujiie 
et al., 2018). Biostratigraphic ages from the matrix range from the 

Table 1 
Summary of samples locations, deposition ages, and regional metamorphic temperatures of each studied mélange. RMT - regional metamorphic temperatures; RSCM – 
Raman Spectroscopy of carbonaceous material; VR - Vitrinite Reflectance; FI - Fluid inclusion studies; Mineral phase equilibria. References: 1 - Connelly (1978); 2 - 
Moore et al. (1983); 3 - Teraoka and Okumura (1992); 4 - Kiminami et al. (1992); 5 - Saito (2008); 6 - Rajič et al. (2023a); 7 - Vrolijk et al. (1988); 8 - Toriumi and 
Teruya (1988); 9 - Palazzin et al. (2016); 10 - Raimbourg et al. (2017); 11 - Rajič et al. (2023b); 12 - Ikesawa et al. (2005); 13 - Matsumura et al. (2003); 14 - Raimbourg 
et al. (2014).

Complex / Unit Locality Sample group Longitude Latitude Deposition age Ref. RMT ( ◦C) Method Ref.

Kodiak complex ​ ​ ​ ​ ​ ​ ​ ​ ​
Uyak Complex Uyak Bay KO20 − 154.00252 57.63912 Mid Permian- 1 240–260 RSCM 6
​ Big Waterfall Bay KO27 − 152.53604 58.40956 Early Cretaceous ​ 265–290 RSCM 6
Ghost Rocks mélange Chiniak area KO4 − 152.20794 57.56351 Late Cretaceous- 2 280–300 RSCM 6
​ Pasagshak area KO13 − 152.46035 57.42999 Early Palaeocene ​ 220–250 RSCM; VR; FI 2, 6, 7
​ Sitkalidak Island KO47 − 153.19103 57.20322 ​ ​ 220–240 RSCM 6
Shimanto Belt ​ ​ ​ ​ ​ ​ ​ ​ ​
Foliated Morotsuka Kyushu 18NOB15–28 32.85311 131.97078 Cenomanian to Turonian 3 300–350 RSCM; MPE 8, 9, 10, 11
Mugi mélange Shikoku HN452–463 33.67068 134.44962 Early Palaeocene 4, 12 130–200 VR; FI 12, 13
Hyuga Tectonic mélange Kyushu 18NOB07 32.52197 131.38422 Palaeocene-Middle 

Eocene
5 220–260 RSCM 9, 14
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Cenomanian to the Campanian/Maastrichtian (Teraoka and Okumura, 
1992). The peak metamorphic conditions derived from mineral assem
blages in metabasalts are 3–5 kbar and 300–350 ◦C (Toriumi and Ter
uya, 1988), while peak metamorphic temperatures inferred by RSCM in 
the pelitic matrix show the same temperature range (Palazzin et al., 
2016; Raimbourg et al., 2017; Rajič et al., 2023b). Two types of 
basalt-shale contacts were sampled: (i) shale lenses surrounded by ba
salts (sample 18NOB28), and (ii) basaltic lenses in shale-dominant 
outcrops (18NOB15, 18NOB19, and 18NOB24). In both types, irreg
ular and locally lobate contacts are observed, with a lack of tectonic 
contact between the two lithologies (Fig. 2a-b).

The Mugi mélange is of Late Cretaceous to Early Cenozoic age 
(Ikesawa et al., 2005; Kitamura et al., 2005; Shibata et al., 2008). The 
mélange consists of sandstone and basaltic lenses within a shale matrix 
(Kiminami et al., 1992; Kiminami and Miyashita, 1992; Yamaguchi 
et al., 2012). Peak metamorphic temperatures are in the range 130–200 
◦C, obtained by vitrinite reflectance and fluid inclusion studies (Ikesawa 
et al., 2005; Matsumura et al., 2003). The sampled contacts are lenses of 
sediments fully surrounded by basalts, often with preserved pillow lava 
shapes indicating limited strain (Fig. 2c).

The Hyuga Tectonic mélange is composed of blocks of sandstones 
and basalts scattered in a shaly matrix that shows a consistent foliation. 
Biostratigraphic ages in the Hyuga mélange range from the Late Eocene 
to the Early Oligocene (Sakai et al., 1984). The size of basaltic blocks 
ranges from mm- to m-scale (Raimbourg et al., 2019). Peak meta
morphic temperatures range between 220 and 260 ◦C based on RSCM 
(Palazzin et al., 2016). Contacts between basalts and sediments are oc
casionally irregular (Fig. 2d). The studied samples (18NOB07C and 

18NOB07D) are composed of basaltic fragments in a pelitic matrix, 
where the shale in contact with the basalt is darker than the shale away 
from the contact (Fig. 2d).

In those five mélange examples, the sediments, for all or a large 
proportion, are silico-clastic trench metasediments originating from the 
accretionary prism (Byrne, 1984; Connelly, 1978; Kiminami et al., 1992; 
Raimbourg et al., 2014; Shibata et al., 2008). In parallel, the basalts from 
the selected mélanges show a mid-ocean ridge (MOR) signature ac
cording to their chemical composition and textures (Byrne, 1984; Con
nelly, 1978; Kiminami et al., 1992; Kiminami and Miyashita, 1992; 
Kusky and Bradley, 1999; Mackenzie, 1989; Moore et al., 1983). These 
contrasted origins of sediments and basalts illustrate the conundrum of 
how mélanges are formed in convergent zones.

3. Methods

As there is no specific CM geothermometer designed for contact 
metamorphism, we employed RSCM methods calibrated for calculating 
regional metamorphic temperatures (Beyssac et al., 2002; Lahfid et al., 
2010) to compare the Raman spectra of CM between contacting sedi
ments and reference samples. RSCM were acquired using two in
struments, a Raman Renishaw InVia Reflex micro-spectrometer at the 
ISTO-BRGM, Orléans, and a Renishaw InVia Qontor 
micro-spectrometer at CEMHTI CNRS, Orléans. The calibration was 
achieved using a silicon standard. The light source was a 514.5 nm Ar 
laser with an approximate power of 1 mV, and it was focused by a Leica 
DM2500 microscope at a magnification of 100x. Signal detection was 
carried out using a CCD NIR/UV detector.

Fig. 1. Various contacts between metasediments and basalts in mélanges from the Kodiak accretionary complex, Alaska: (a) Irregular contact between massive 
sandstone and basalts without any obvious deformation structures, Uyak Complex. (b) A thick section showing sediment-basalt intercalation with irregular contacts 
(Sample KO20A). (c) Pillow lavas interlayered with sediment beds, Ghost Rocks mélange, with (d) small basalt injection within sediment bed characterized by a 
darker layer along the contact. (e) A thick section of the contact shown in (d).
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Spot analyses of CM were performed on 200 µm-thick sections of the 
sampled sediment-basalt contacts. Points were spaced of 20 to 50 µm in 
the sediment matrix, and up to ⁓10 µm when approaching contact with 
the basalt. For reference sediment samples, CM was analyzed randomly 
throughout the thick sections, avoiding regions near shear bands to 
prevent any potential shear-induced effect on the CM (Kirilova et al., 
2018; Moris-Muttoni et al., 2023).

Raman spectra were processed using the software PeakFit 4.12. 
Following the baseline subtraction and fitting of the resulting spectrum 
with five Lorenzian bands (D1 band at ⁓1350 cm-1, G band at ⁓1580 
cm-1, D2 band at ⁓1620 cm-1, D3 band at ⁓1500 cm-1, and D4 band at 
⁓1200 cm-1) or three Voigt functions (D1, D2, and G bands), depending 
on the Raman spectra shape and later processing. The choice of the 
method is extensively described in Rajič et al. (2023a). For points where 
five Lorenzian bands were applied, the RA1 ratio was derived following 
the equation: RA1 = (D1+D4) / (D1+D2+D3+D4+G), from which the 
peak metamorphic temperatures were calculated by RA1 = 0.0008 × T 
(◦C) + 0.3758 (Lahfid et al., 2010). Samples from the Foliated Morot
suka experienced peak temperatures >300 ◦C and thus were treated 

following the method of Beyssac et al. (2002). The R2 ratio was calcu
lated by the equation R2 = D1 / (D1 + D2 + G), later used to decipher 
peak temperatures T ( ◦C) = 445 × R2 + 641. In selected samples from 
IODP/ODP expeditions, the Raman spectra were acquired without any 
additional deconvolution steps.

4. Results

In the three examples of undeformed pelagic sediments away from 
magmatic rocks, CM particles display Raman spectra characteristic of 
immature organic matter (Fig. 3). In sediments heated by a lava flow 
from the Hawai’i Emperor Volcanic Lineament, analyzed CM particles 
show a higher crystallinity within the 1-cm thick observed aureole than 
away from it, with complete graphitization (i.e., maximum crystallinity) 
in some particles (Fig. 3a). In sediments in contact with an intrusive 
basalt from the Ninetyeast Ridge, the analyzed CM particles show a 
higher crystallinity within the ~20-cm thick aureole of contact meta
morphism than outside this aureole (Fig. 3b, Fig. A.2). In the Shatsky 
Rise, where the basalt layer is the thinnest amongst the three examples 

Fig. 2. Examples of irregular contacts observed in mélanges from the Shimanto Belt, Japan: (a) Irregular sediment-basalt contact in the Foliated Morotsuka. (b) A 
thick section showcasing sediment-basalt mixing in the Foliated Morotsuka (Sample 18NOB28B). (c) Lenses of sediments surrounded by pillow lavas, Mugi mélange. 
(d) Sediment-basalt mixed lithologies from the Hyuga Tectonic mélange.
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chosen, there is no visible effect of the basalt onto the CM in adjacent 
sediments (Fig. A.2).

Examples of Raman Spectra of CM in metasediments from paleo- 
accretionary complexes are illustrated in Fig. 4a. In four out of five 
mélanges, CM in metasediments in contact with basalts is characterized 
by notably higher RA1 values and inferred equivalent peak temperatures 
compared to reference samples away from basalts (Fig. 4b). The only 
difference between mélanges is the thickness of the contact rim.

In the Hyuga Tectonic mélange, RA1 values in both the reference and 
contact samples are relatively similar, except for CM located in close 
proximity to the basalt (up to 5 mm from the contact; Fig. 4c). RA1 
values in the reference sample (18NOB7E) are of 0.56–0.60/0.56 (min- 
max/average). In the contact sample 18NOB07D (Fig. 4c), the CM 
within ~5 mm-thick contact with the basalt exhibits notably higher RA1 
values compared to the metasediment further from the basalt, 
0.59–0.66/0.60 compared to 0.56–0.60/0.58, respectively (Fig. 4b). In 
sample 18NOB7C, the ~5 mm-thick contact zone with basalt contain CM 
with RA1 values of 0.59–0.63/0.61, whereas in the section further away 
from the contact, RA1 values are of 0.56–0.60/0.58 (Fig. 4b).

In the Mugi mélange, metasedimentary lenses surrounded by pillow 
lavas (Fig. 2b) exhibit a wider thermal overprint (Fig. 4b). Four refer
ence samples are characterized by the following RA1 min-max/average 
values: 0.46–0.55/0.50 in HN452; 0.46–0.60/0.54 in HN454; 
0.48–0.59/0.53 in HN456; and 0.460.55/0.52 in HN457. Comparing 
RA1 results in reference samples from the Mugi mélange, it becomes 
evident that the thermal impact extends over tens of meters extensive 
basaltic occurrences (Fig. A.6d). In the metasedimentary lenses sur
rounded by pillow lavas (contact samples), average RA1 values are 
higher than in the reference samples (Fig. 4b): 0.550.68/0.59 in HN458; 
0.52–0.70/0.59 in HN459; 0.54–0.67/0.60 in HN462; and 0.47–0.61/ 
0.56 in HN463.

In the Ghost Rocks mélange, the thermal rim is restricted to at least 2 
cm (on the thick section scale), observed in three groups of samples. In 
the Chiniak area, the reference sample (KO4C) has min-max/average 

RA1 values of 0.55–0.61/0.59, as opposed to RA1 values of 
0.60–0.62/0.61 and 0.59–0.63/0.61 in contact samples (KO4B and 
KO4D, respectively). In the Pasagshak area, the reference sample 
(KO13C) displays min-max/average RA1 values of 0.53–0.58/0.55, 
whereas contact samples yield RA1 values of 0.56–0.64/0.59 and 
0.56–0.68/0.58 (KO13A and KO13B, respectively). At Sitkalidak Island, 
the reference sample (KO47) has min-max/average RA1 values of 
0.53–0.56/0.55, notably lower than the RA1 values of 0.56–0.61/0.60 
and 0.57–0.63/0.60 found in contact samples (KO47C-1 and KO47–2, 
respectively).

In the Uyak Complex, RA1 values in the contact and referent samples 
remain similar, except for a few values in the immediate vicinity of 
basalts. Min-max/average RA1 values in the reference sample are of 
0.54–0.58/0.56 (KO23), comparable to those of 0.57–0.59/0.58 in the 
contact sample (KO20A). The situation is similar in Big Waterfall Bay, 
with a reference sample (KO25F) at 0.58–0.60/0.59 min-max/average 
RA1 values. In the contact sample (KO25E), RA1 values are 
0.58–0.60/0.59 away from the contact, whereas in the ~5 mm-thick 
contact with basalt, RA1 values are of 0.59–0.67/0.62 (Fig. 4d).

In the Foliated Morotsuka, regional metamorphic temperatures are 
higher than in other mélanges (>300 ◦C), and thus R2 ratio from Beyssac 
et al. (2002) was calculated. Here, no differences have been observed 
between contact and reference samples, except for a few points with R2 
ratio being below 0.50 (Fig. A.8).

5. Discussion

5.1. Origin of sediment-basalt mixing

Several processes have been proposed for the formation of mélanges 
worldwide (e.g., Festa et al., 2019): (i) along the plate boundary inter
face or during basal underplating, involving tectonic mixing and 
deformation (Agard et al., 2018; Cloos and Shreve, 1988; Fagereng and 
Sibson, 2010; Kitamura et al., 2005; Moore and Byrne, 1987; Rowe et al., 

Fig. 3. (a) Example of sediment-basalt contact from Hawai’i Emperor Volcanic Lineament. The contact is a less than 1 cm-thick glassy margin, where Raman spectra 
of carbonaceous material (CM) suggest almost complete graphitization (red spectra), in contrast to highly disorganized CM in sediment further from the glassy 
margin (black spectra). (b) Examples of Raman Spectra of CM in sediments 20 cm away from the contact with basalt (black spectra) and within 1 cm from basalt (red 
spectra), Ninetyeast Ridge.
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Fig. 4. (a) Examples of Raman spectra of CM from mélanges in Japan (Hyuga and Mugi mélanges) and in Alaska (Ghost Rocks mélange and Uyak Complex). Black 
and red spectra are representative of CM from metasediments away from basalts and in contact with basalts, respectively. (b) The compilation of RA1 ratios of 
analyzed CM and calculated “apparent” temperatures for each mélange. White symbols represent results from reference samples, whereas adjacent gray symbols 
represent samples of sediment in contact with basalt. (c-d) A closer look into RA1 ratios in samples from (c) the Hyuga mélange (18NOB07D) and (d) Uyak Complex 
(KO25E), showing systematically higher values close to the contact compared to a few mm away from the basalt.
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2013); (ii) pre-subduction sedimentary mixing processes with localized 
syn-subduction deformation (Wakabayashi, 2011; Osozawa et al., 
2011); (iii) the interlayering of mafic rocks and sediments by magmatic 
processes on the seafloor prior to subduction with localized 
syn-subduction deformation (Kiminami et al., 1992; Kiminami and 
Miyashita, 1992). For the studied mélanges, it is widely accepted that 
they formed along the plate boundary interface and/or during under
plating, as evidenced by the presence of highly deformed sections 
characterized by noncoaxial deformation with a top-to-the-trench sense 
of shear (e.g., Connolly, 1978; Ikesawa et al., 2005; Kimura et al., 2012; 
Kitamura et al., 2005; Moore and Byrne, 1987; Rowe et al., 2013; 
Yamaguchi et al., 2012). However, some sections of the mélanges 
exhibit minimal deformation with an absence of fault contact between 
the sediments and basalts (Fig. 1-2). This raises a main question: how 
can these mélanges contain both block-in-matrix structure and coherent 
portions with mildly deformed sediments and basalts?

The findings of this study reveal that CM in pelagic sediments cap
tures the thermal effects resulting from interactions with magmas, up to 
extreme cases where CM has undergone nearly complete graphitization 
(Fig. 3a). Two of the three studied seafloor examples (Hawai’i and the 
Ninetyeast Ridge) of pelagic sediment-magma interaction record evi
dence of contact metamorphism, both in mid-ocean ridge and hotspot 
contexts, and both in intrusive and extrusive cases of magma emplace
ment (Text A.1). In the third case study, the Shatsky rise, no evidence of 
increased CM crystallinity was found in the sediments adjacent to ba
salts. This implies that, even though mixing occurred on the seafloor, the 
imprint of contact metamorphism is not systematically recorded in the 
surrounding sediments.

Remarkably, a thermal overprint is also preserved in our selected 
mélange samples from paleo-accretionary complexes, despite undergo
ing low-grade metamorphism. In four out of five mélanges from this 
study, the RA1 ratio is higher in CM in metasediments in contact with 
basalts than in reference samples (Fig. 4b). The scale of the contact 
aureole recorded by the CM ranges from a few millimeters in the Hyuga 
mélange and the Uyak Complex, to a few centimeters in the Ghost Rocks 
mélange, and up to several meters in the Mugi mélange. Our careful 
selection of sediment-basalt contacts, based on the absence of strain 
localization (Figs 1-2), eliminates the eventuality that the crystalline 
structure of the CM has been affected by shear-induced heating along 
fault zones (Kirilova et al., 2018; Moris-Muttoni et al., 2022, 2023; Rowe 
et al., 2005).

Consequently, the RSCM anomalies found in mélange sediments 
adjacent to mafic bodies is best explained by the emplacement of hot 
basaltic magmas into or onto the trench sediments (Fig. 5a). This sce
nario implies that the intermingling of basalts and sediments occurred 
because of magmatic processes during sedimentation in the trench 
rather than due to tectonic or sedimentary processes (Kimura et al., 
2012; Kitamura et al., 2005; Osozawa et al., 2011; Tulley et al., 2020). 
The original contacts inherited from the magmatic emplacement may be 
then erased during subduction burial of these units. During subduction 
or underplating, these mixed lithologies undergo varying degrees of 
deformation (Fig. 5a) influenced by factors such as the 
sediment-to-basalt ratio (Fagereng and Sibson, 2010), and likely their 
proximity to the plate boundary interface where strain is most intense. 
Thus, pre-subduction mixing together with syn-subduction deformation 
provide the most plausible explanation for the presence of both heavily 

Fig. 5. (a) Model of mélange evolution from deep seafloor down to the base of the accretionary prism. (1) Basalt-sediment mixing on the ocean floor occurs in a 
variety of contexts: hotspots, large igneous provinces (LIP), petit-spots, and mid-ocean ridges. (2) Underthrusted sequence experienced varying degrees of defor
mation intensity depending on its proximity to the subduction interface. (3) Stepdown of the decollement and underplating of mélange slices. (b) Deposition ages of 
each mélange from the Kodiak complex and the Shimanto Belt (gray boxes), with previously proposed ridge subduction events in both complexes (red boxes).
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deformed segments and comparatively undeformed sections within 
mélanges found in exhumed complexes.

The main limitation of the method is that the thermal influence of 
basalts on sediments is likely to be overprinted by subsequent regional 
metamorphism. Given the irreversible nature of CM transformation 
(Beyssac et al., 2002), the imprint of contact metamorphism on CM 
persists as long as regional metamorphism does not overprint the record 
of the early contact metamorphism event. All examples where a RSCM 
anomaly was observed were buried down to conditions of regional 
metamorphic temperatures lower than 300 ◦C (Fig. 4). This may explain 
the lack of preserved contact metamorphism in the Foliated Morotsuka. 
In this mélange, the peak metamorphic temperatures range between 300 
and 350 ◦C (Raimbourg et al., 2017; Rajič et al., 2023b; Toriumi and 
Teruya, 1988), higher than in the other studied mélanges. Indeed, the 
CM structure within the contact rim documents temperatures that align 
with regional metamorphism reaching up to 350 ◦C (with only a few 
points corresponding to temperatures of up to 400 ◦C; Fig. 4b). Thus, 
sufficiently high regional metamorphic temperatures may erase the 
thermal anomalies of pre-subduction contact metamorphism.

5.2. The possible sources of basalts

The critical question that arises from our RSCM results is to explain 
how basalts may be emplaced in trench sediments prior to subduction. 
Various sources of magmatic rocks, including hotspots or large igneous 
provinces, produce large quantities of lavas which can mix with nearby 
sediments (Ernst, 2014; Jellinek and Manga, 2004; Fig. 5a). In the 
selected mélanges, however, RSCM results show that the basalts have 
been emplaced within the trench sediments, which limits the possible 
magmatic sources. Among such magmatic sources are petit-spots caused 
by the lithospheric flexure at the nearby trench (Hirano, 2011). In the 
Japan subduction zone for example, petit-spot volcanoes are reported in 
the very vicinity to the trench (Hirano, 2011; Hirano et al., 2019), which 
makes them plausible sources for the emplacement of lavas within 
trench sediments. Moreover, in sediments near the Japan Trench, the 
disturbance of sediment layers by petit-spot magmas is reported, with a 
thermal aureole in sediments in contact with magmas (Akizawa et al., 
2022). Petit-spots are discovered to occur in other subduction zones as 
well, such as in Chile or Java (Hirano and Machida, 2022), meaning that 
they are likely a general feature of subduction zones. Petit-spot lavas 
have been identified as well in the exhumed complex of Central Chile 
(Munoz-Montecinos et al., 2024), indicating the mixing of petit-spot 
lavas and sediments in deep trench environments. However, petit-spot 
lavas are characterized by a distinct chemical composition that differs 
from MOR basalts (Hirano, 2011; Munoz-Montecinos et al., 2024). 
Therefore, additional geochemical analyses of mafic rocks in exhumed 
mélanges are necessary to fully assess their significance.

The last important source of basaltic lavas are mid-ocean ridges. As 
mentioned earlier, basalts from the selected mélanges are all interpreted 
as MOR lavas (Byrne, 1984; Connelly, 1978a; Kiminami et al., 1992; 
Kiminami and Miyashita, 1992; Kusky and Bradley, 1999; Mackenzie, 
1989; Moore et al., 1983). Moreover, in the Uyak Complex and its 
prolongation to the northeast in mainland Alaska (the McHugh Com
plex, Kusky and Bradley, 1999; Plafker et al., 1994), highly deformed 
basaltic lenses are characterized as well by a MOR chemical composition 
and geochemically indistinguishable from massive and pillow basalts in 
the same complex (Connelly, 1978; Kusky and Bradley, 1999), sug
gesting that highly deformed lenses have likely the same origin as un
deformed pillow basalts from the same unit.

The preservation of MOR basalts thermally affecting trench sedi
ments suggests that the studied mélanges represent a record of an active 
mid-ocean ridge in proximity of the trench where the sedimentation 
occurred. The proximity of mid-ocean ridge to the deposition site is 
particularly adapted to explain the very large lateral extent of some 
mélanges, such as in Alaska, running as a trench-parallel continuous 
formation over >500 km from the Uyak Complex to the McHugh 

Complex (Kusky and Bradley, 1999; Plafker et al., 1994). This obser
vation would be otherwise very difficult to explain by another source of 
magmatism.

Indeed, several events of ridge subduction or trench-ridge interaction 
have been proposed in the studied complexes (Fig. 5b). In the Shimanto 
Belt, these events include (1) the Kula-Izanagi ridge subduction at 90–85 
Ma (Aoki et al., 2012; Saito et al., 2014), (2) the Izanagi-Pacific ridge 
subduction at 60–55 Ma (Müller et al., 2008; van de Lagemaat and van 
Hinsbergen, 2023), and (3) the Shikoku Basin ridge-trench interaction at 
20–15 Ma (Ali and Moss, 1999; van de Lagemaat and van Hinsbergen, 
2023). The first two events correspond to the deposition age of the 
Foliated Morotsuka (Maruyama and Send, 1986; Teraoka and Okumura, 
1992) and the Mugi mélange (Kimura et al., 2012), respectively. As 
regards the third, most recent one, the ridge subduction postdates the 
deposition ages of the sediments that constitute the Hyuga mélange 
(Nishi, 1988; Sakai et al., 1984), so the question of the origin of the 
basalts the mélange remains open. In the Kodiak complex, the 
Kula-Farallon ridge subduction was proposed at 60–58 Ma (Farris and 
Paterson, 2009), contemporaneous to the deposition of the Ghost Rocks 
mélange (Moore et al., 1983). Therefore, mid-ocean ridge subduction 
events temporally coincide with the timing of trench sediment deposi
tion in three of the five mélanges examined in this study, indicating that 
the basaltic source was indeed proximal to the deposition site.

5.3. Implications for subduction processes

Within accretionary prisms, the typical sequence of lithologies from 
a basaltic sole to pelagic cherts and clays topped by trench siliciclastics 
upwards, define the oceanic plate stratigraphy (OPS) interpreted as the 
upper level of the lower plate undergoing subduction (Taira et al., 1988; 
Wakabayashi, 2017). OPSs are further characterized by younging 
biostratigraphic ages towards the top of the sedimentary pile. The dis
covery of repeated OPSs, in the Franciscan Complex (Meneghini and 
Moore, 2007), US California, and the Shimanto Belt (Taira et al., 1988), 
has led to the concept of tectonic underplating at the bottom of accre
tionary wedges. This concept involves down-stepping of the decollement 
fault (i.e. the interface between the lower- and upper plates, see Fig. 5a) 
into the top of the basaltic crust (e.g., Angiboust et al., 2021; Menant 
et al., 2020). The step-down, or downward migration of the decolle
ment, scraps off slivers of the down-going plate and add them to the 
upper plate, leading to an imbricated structure of sediment-basalt 
slivers.

Some authors have generalized this concept and proposed to explain 
mélanges by tectonic underplating (Kimura et al., 2012; Kimura and 
Mukai, 1991; Saito, 2008; Sample and Fisher, 1986), even when the full 
sedimentary sequence is not present (such as all examples, but for the 
Uyak Complex treated here, as pelagic cherts are absent or very rare) 
and when the relationship between the mafic and sedimentary layers or 
slivers is obscured by strain. One argument against this model in 
mélanges from the Shimanto Belt is the kinematics of the deformation 
within the mélange, dominated by extension and not by shortening 
(Raimbourg et al., 2019). Furthermore, in the same belt, radiometric 
dating showed that several mélange-bounding faults were active long 
after underplating, and hence could not be interpreted as down-steps of 
the decollement (Fisher et al., 2019). The thermal record of trench 
sediments interlayered with basalts in the examples studied here point 
to an alternative pre-subduction model of formation, where the 
basalt-sediment lithological alternations are inherited from 
magmatic-sedimentary processes at the trench, with syn-subduction 
deformation locally affecting the architecture of such mixed lithologies.

6. Conclusion

In this study, Raman Spectroscopy of carbonaceous material was 
employed to detect a potential record of contact metamorphism in 
sediment-basalt mixed lithologies. In two recent examples of magmas 
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emplaced in pelagic sediments, the thermal impact from basalt caused 
the crystallinity of carbonaceous material to increase almost to full 
graphitization, demonstrating the ability of RSCM to detect short-lived 
contact metamorphism even in seafloor, porous sediments.

Such record is also preserved in four mélanges from two paleo- 
accretionary complexes in Alaska and Japan, suggesting that the ba
salts were emplaced within trench sediments prior to subduction. Given 
the MOR signature of the basalt, our preferred scenario is that the 
selected mélanges represent remnants of active mid-ocean ridges that 
disappeared into subduction. As a result, the studied mélanges retrieved 
from the two accretionary prisms cannot be considered as a direct image 
of the tectonic processes that happen along the subduction plate inter
face, in particular its seismogenic portion. For example, tectonic 
mélanges such as Mugi in Japan and Ghost Rocks in Alaska do not simply 
reflect the structure and thickness of the plate subduction interface, as 
proposed by Rowe et al. (2013), but a complex combination of 
pre-subduction geometry and tectonic processes during burial and 
exhumation. Our study suggests a simpler picture, where the variable 
proportion of basalts may be inherited from the original magmatic 
context on the seafloor.
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