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A B S T R A C T

Metamorphic fluids in subduction zones carry C–H–N–O–P–S species, which are crucial for sustaining subsurface
microbial life at shallower crustal depths in the forearc region. Upwards migration of deeply released fluids to
shallower levels, where temperatures permit the persistence of microbial life, is recorded by metasomatic rocks
formed along the plate interface. Variations in the redox state and component speciation of metamorphic fluids –
from local to secular, and highly dependent on thermal gradients and redox state of subduction inputs – may
strongly control microbial pathways or even the possibility for metamorphic fluids to sustain microbial com-
munities in the subsurface biosphere at convergent plate margins. We show that metamorphic fluids containing
reduced energy sources for microbial life – e.g., CH4, H2 – are common in Phanerozoic, high-pressure/low-
temperature plate-interface metasomatic rocks such as jadeitites and albitites worldwide. Based on the stabil-
ity fields of minerals hosting CH4, H2 and graphite inclusions, we pinpoint the protracted, probably episodic
migration of energy sources in the mantle wedge via fluid circulation being mediated by jadeitites from > ca. 35
km depth, and by their retrogressed counterparts forming from between 35–15 km depth. These fluids can cross
the so-called biotic fringe – whose limit is the depth corresponding to ca. 122–135 ◦C (as deep as ca. 13 km depth
depending on geothermal gradients) – as suggested by previous documentation of slab-derived fluids reaching
subsurface microbial communities. Thermodynamic modeling indicates that cool thermal gradients, possibly
combined with increased inputs of organic matter-rich sediments into subduction, favor the abundance of
reduced energy sources relative to more oxidized species (e.g., CO2), thus promoting the proliferation of sub-
surface microbial life at convergent margins.

1. Introduction

The interplay of geological and microbiological processes accom-
panying chemical cycling at convergent margins is a fundamental

component of biogeodynamics (e.g., Zerkle, 2018; Giuliani et al., 2022),
and has marked key steps in Earth’s evolution (e.g., Hazen et al., 2008).
Although the persistence of microbial life in the lithosphere is limited to
levels shallower than the depth corresponding to maximum ca. 122–135
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◦C (Takai et al., 2008; Heuer et al., 2020; but also higher, see Yanagawa
et al., 2017), C–H–N–O–P–S fluids feeding subsurface microbial com-
munities in the forearc region of convergent margins can be sourced
from greater depths, as pointed out by direct and indirect evidence: At
the Mariana forearc, energy sources such as CH4 and H2, which feed
subsurface microbial communities in a hydrothermal system hosted by a
serpentinite mud volcano, are provided by metamorphic fluids being
released at least 27 km below the seafloor (Mottl et al., 2003), but also as
deep as the slab-mantle wedge interface (Ohara et al., 2012). Indirect
evidence for deeply sourced carbonic fluids feeding subsurface micro-
bial life is encountered at other convergent margins as well – e.g., Peru
and the Central American Convergent Margin (Barry et al., 2019; Full-
erton et al., 2021); Andes (Barry et al., 2022; Rogers et al., 2023; Upin
et al., 2023) –where isotopic and microbiological data of deeply sourced
hot springs point to carbon sequestration mediated by microbial che-
molithoautotrophy (i.e., the conversion of inorganic carbon sources to
biomass in the absence of light) within the subsurface crust.

Fluids rich in CH4 and H2 play an important role in microbiological
processes by promoting energy-conserving microbial redox reactions. In
subduction zones, such reduced metamorphic fluids can be produced in
the down-going slab and in the mantle wedge at great depths through
multiple processes such as metamorphism of organic matter-rich sedi-
mentary rocks, serpentinization, as well as deserpentinization and
devolatilization of carbonated mafic and ultramafic rocks if controlled
by infiltration of reduced fluids (Mullis, 1979; Mullis et al., 1994; Tao
et al., 2018; Piccoli et al., 2019; Vitale et al., 2020; Herviou et al., 2021;
Padrón-Navarta et al., 2023; Boutier et al., 2024b; Harada and Tsuji-
mori, 2024; Suzuki et al., 2024). Although such processes take place at
depths corresponding to temperature (T) conditions that preclude mi-
crobial life (Takai et al., 2008; Plümper et al., 2017; Vitale et al., 2020),
the migration of the resulting fluids towards life-sustaining levels (i.e.,
shallower than the depth corresponding to 122–135 ◦C – the so-called
biotic fringe; Takai et al., 2008; Heuer et al., 2020) would imply that
large sources of energy can feed microbial life in the subsurface
biosphere.

The plate interface and the metasomatic rocks forming along it are
preferential fluid conduits (e.g., Harlow and Sorensen, 2005; Harlow
et al., 2015; Angiboust et al., 2021b, a; Piccoli et al., 2021). Jadeitites
and associated albitites are metasomatic rocks forming along the plate
boundary and, in many cases, as fluid-deposited products in the mantle
wedge (Tsujimori and Harlow, 2012; Harlow et al., 2015). They are
found at multiple paleo-plate interfaces, but the preserved jadeitite re-
cord is exclusively Phanerozoic (Harlow and Sorensen, 2005; Tsujimori
and Harlow, 2012; Harlow et al., 2015). P-type (i.e., “precipitated type”)
jadeitites are fluid-precipitated rocks that are mainly constituted by
jadeite (NaAlSi2O6). The direct precipitation from a fluid – supported by
several lines of evidence (see Harlow et al., 2015; and references
therein) – distinguishes between P-type jadeitites and R-type (i.e.,
“replacive type”) ones, the latter forming as replacement of plagiog-
ranites, metagabbros and eclogites (Tsujimori and Harlow, 2012).
However, recent work suggests that many jadeitites considered as P-type
may be replacive in nature (Angiboust et al., 2021b,a). The fluids
involved in the formation of jadeitites are often interpreted as being
slab-derived serpentinizing fluids based on geochemical data (Chen
et al., 2023) and on their association with exhumed serpentinites
(Harlow et al., 2015). Jadeitites are interpreted to form at a minimum
pressure (P) of, respectively, 1 GPa (quartz-bearing) and 0.7 GPa
(quartz-free) (Harlow et al., 2015). Albitites associated with jadeitites
are their retrogressed counterparts, forming during exhumation of
jadeitite precursors when crossing the jadeite-albite boundary at ca. 35
km depth (< ca. 1 GPa) for quartz-bearing jadeitites (e.g., Harlow, 1994;
Harlow and Sorensen, 2005; Tsujimori and Harlow, 2012; Harlow et al.,
2015). Methane has been detected in fluid inclusions (FIs hereafter) in
some jadeitite localities: South Motagua Mélange in Guatemala (Harlow
et al., 2015), Myanmar (Shi et al., 2005), Japan (Tsujimori and Harlow,
2017), Kazakhstan (Wen et al., 2023), New Idria (Takahashi et al.,

2017), Polar Urals in Russia (Meng et al., 2011) and the Lanzo Massif in
the Western Alps, where H2 was also detected in FIs (Giuntoli et al.,
2024). However, the significance of CH4 and other energy sources in
plate-interface metasomatic rocks (such as fresh and retrogressed
jadeitites) worldwide has not been assessed.

In this study, we use microstructural, geochemical, and geochrono-
logical data to investigate the circulation of CH4, H2 and life-building
blocks such as N species through plate-interface P-type jadeitites, albi-
tites, and other metasomatic rocks from (paleo-)convergent plate
boundaries scattered all over the world (Fig. 1). The investigated sam-
ples span ca. 400Myr within the Phanerozoic eon andmost of the known
jadeitites localities worldwide.

2. Materials and methods

To constrain the occurrence, timing, and duration of deep energy
migration along paleo-plate boundaries, we studied plate-interface
metasomatic rocks from eleven localities worldwide (blue circles in
Fig. 1) for petrographic and FI analyses. All jadeitites studied here are
interpreted as P-type jadeitites (Tsujimori and Harlow, 2012; described
in Supplement C in the Supplementary material). We inspected one
jadeitite sample from the North Motagua Mélange (Guatemala), one
jadeitite and one albitite from Osayama (Japan), jadeitites and one
metasomatized granite from Itoigawa–Omi (Japan), jadeitites and one
diopsidite from Kamuikotan/Hokkaido, and jadeitites from New Idria
(USA), Myanmar, Kazakhstan, the Lanzo Massif (Western Italian Alps),
and the Polar Urals, Chukotka and West Sayan (Russia; Table 1). Three
samples from two localities were selected for titanite U–Pb geochro-
nology to ascertain the protracted circulation of CH4-rich fluids along
the plate interface: one fresh jadeitite (sample GT1) from the North
Motagua Mélange (Guatemala), and one partially retrogressed jadeitite
(sample OSJ1002) and one albitite (sample R5) from Osayama (Japan).
These are the only samples which host sufficient titanite material for ca.
30 U–Pb spot analyses. Titanite is the chosen geochronometer for this
study because, besides zircon (generally proposed to date the formation
of P-type jadeitites; see Sect. 3.2), it is the only dateable mineral that
hosts graphite, CH4 and H2 in the studied samples, it is present in more
than one sample, and it is considered as a secondary phase to jadeitite
formation (Tsujimori and Harlow, 2012). Other geochronometers (i.e.,
garnet and apatite) were not analyzed because grains are too small and/
or too scarce to permit the acquisition of enough datapoints for a Ter-
a–Wasserburg regression. Hence, a comparison between age of jadeitite
formation (if available and reliable; see Sect. 4.1) and titanite formation
can reveal protracted circulation of CH4 and other reduced chemical
species from jadeitite formation to its retrogression.

2.1. Petrography and fluid inclusion characterization

Descriptions of the studied samples are available in the Supple-
mentary material (Supplement C; Figs. S19–S32). Thin sections were
inspected in the laboratory facilities of the department of Biological,
Geological and Environmental Sciences (BiGeA) of the University of
Bologna (Italy). Transmitted-light photomicrographs were acquired on a
ZEISS Axioscope 7 equipped with a ZEISS Axiocam 305 color using the
ZEISS ZEN core software (version 3.6) in the DeepCarbon Lab of the
BiGeA Department. Stacked images and photomicrographs were used to
select FIs to be analyzed by micro-Raman spectroscopy, and to assess the
presence of graphite in the samples.

Micro-Raman spectroscopy was performed at the BiGeA Department,
University of Bologna (Italy), using a WITec alpha300 R system to
identify chemical species in FIs in several minerals, and to obtain spectra
of graphite and rock-forming minerals. The WITec alpha300 R system is
equipped with a 532 nm laser. All analyses were carried out using an EC
Epiplan-Neofluar 100x/0.9 DIC objective after focusing on the FI to be
analyzed, or the vapor bubble therein when present. Grating was 600 gr
mm− 1. Variable laser power of ca. 5–35 mW was employed for FIs, with
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integration times of 40–60 sec and 10–15 accumulations. Lower laser
power was used to avoid graphite precipitating within the FIs from CH4,
then progressively increased to obtain higher-quality spectra. For
graphite, laser power was ca. 3 mW during 4–6 accumulations of 20–40
sec each. Spectra of host minerals were acquired using a laser power of
ca. 5 mW during 5–10 accumulations of 20 sec each. The instrument
contains an Ar-Hg lamp integrated in the optical path to calibrate the
Raman shift through the detection of Ar-Hg calibration lines. Where
possible, the laser beam was focused on gaseous bubbles in biphasic FIs,
hence producing spectra without the H2O band of the liquid phase. Fluid
inclusions smaller than a few microns, although present and sometimes
dominant, could not be analyzed. Therefore, it cannot be unraveled here
if any immiscibility processes produced any CH4-rich, H2O-free FIs
(which is possible at the temperature conditions at which jadeitites
form; see Johnson and Harlow, 1999), in that a sampling bias due to FI
size could not be avoided. The detailed results are reported in Tables 1
and S1 and Figs. S1–S17.

2.2. Titanite and zircon U–Pb geochronology

Measurements of U and Pb isotope ratios for titanite U–Pb
geochronology by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) were performed in three analytical sessions
in two different laboratories. Specific conditions and parameters of each
session are shown in Tables S2–S3 (Supplementary material). The ana-
lyses were carried out on thin sections that were pre-cleaned with
ethanol before being placed in the sample holders. In all sessions,
analytical conditions were optimized using the NIST SRM612 synthetic
glass standard. The first two analytical sessions were carried out at the
Geochemistry, Geochronology and Isotope Geology laboratory hosted at
the Earth Sciences Department of the University of Milan (Italy, ESD-
UniMi), using a 193 nm ATLEX 300 LR ultra-short pulse, compact, air-

cooled excimer laser (Analyte Excimer from Teledyne Photon Machines)
coupled to a single-detector quadrupole ICP-MS iCAP RQ from Thermo
Fisher Scientific. Raw data were treated in Glitter (Griffin et al., 2008). A
third analytical session was performed at the University of Bern
(Switzerland), which is equipped with a Resonetics RESOlutionSE 193
nm excimer laser system (Applied Spectra, USA) equipped with an S-155
large-volume constant-geometry chamber (Laurin Technic, Australia)
coupled to an Agilent 7900 ICP-QMS. Raw data were treated using the
software Iolite and the VisualAge_UcomPbine data reduction scheme
(Chew et al., 2014). TheMKED1 titanite (Spandler et al., 2016) was used
as primary reference material in all three analytical sessions, and several
well-characterized and in-house secondary reference materials (see
Tables S2–S3) were used to assess accuracy of the obtained ages
(Fig. S18). U–Pb isotope ratios returned by Glitter and Iolite after data
reduction are in the supplementary material (Tables S4–S5).

Measurements of U–Pb isotope data for zircon LA-ICP-MS geochro-
nology were carried out at Okayama University of Science, Japan, by
employing a Teledyne Cetac Technologies Analyte G2 ArF excimer laser
ablation system equipped with a HelEx 2 vol sample chamber, coupled
to a Thermo Fisher Scientific iCAP-RQ single-collector quadrupole ICP-
MS. The 91500 zircon (Wiedenbeck et al., 1995, 2004) was used as the
primary standard. Plešovice zircon was employed as the secondary
standard for quality control and returned an age consistent with its
published reference age (Fig. S18; Sláma et al., 2008). U–Pb isotope
ratios used for age calculation after data reduction are in the supple-
mentary material (Table S6).

The U–Pb isotope data used for age calculations (Tables S4–S6) are
not corrected for initial Pb, as the use of Tera–Wasserburg
(238U/206Pb–207Pb/206Pb) diagrams does not require initial Pb correc-
tions. All Tera–Wasserburg diagrams (Figs. 3 and S18) are plotted using
IsoplotR (Vermeesch, 2018).

Fig. 1. Worldwide distribution of energy sources (CH4, H2) and other species (e.g., N2) important for microbial activities in jadeitites and other associated plate-
interface metasomatic rocks all around the world, with micro-Raman spectra and photomicrographs in plane-polarized light of representative fluid inclusions
hosted by higher- and lower-pressure minerals (e.g., jadeite and albite, respectively). PIMRs: plate-interface metasomatic rocks; NH: Northern Hispaniola; SMM:
South Motagua Mélange; WC: Ward Creek. Ab: albite; Anl: analcime; Ap: apatite; Grt: garnet; Jd: jadeite; Pct: pectolite; Qz: quartz; Ttn: titanite. The photomicro-
graphs were acquired using the ZEISS ZEN core software (version 3.6). The base of the map is after Tsujimori and Harlow (2012). See Table 1, and the Supplementary
material (Table S1) for detailed results.
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2.3. Modeling of C-O-H fluid speciation

Fig. 5 was constructed by modeling of C-O-H fluid speciation at
graphite-saturated conditions using the Thermotopes-COH software

(Boutier et al., 2024a). Pressure–temperature (P–T) diagrams showing
CH4/(CH4 + CO2) ratios were constructed by considering fixed fO2
values from − 3 to +1 log units relative to the fayalite-magnetite-quartz
(FMQ) buffer. The carbon activity was set to 1 to impose graphite-

Table 1
Data acquired on the WITec alpha300 R micro-Raman spectroscope. Fluid inclusions are classified as primary only if no relationships are observed between isolated
fluid inclusions and features such as cleavage, fractures or fluid inclusion trails, if they cluster in the core of the host mineral, or if they are aligned consistently with
crystal growth. A question mark is used to indicate uncertainty in whether fluid inclusions are primary or secondary. FIs = fluid inclusions; SIs = solid inclusions. The
timings of jadeitite formation and retrogression reported here are from Tsujimori and Harlow (2012) unless specified. The number of fluid inclusions in which each
species is detected is indicated by “n = x/y”, where “y” is the total number of analyzed fluid inclusions and “x” the number in which the species is detected.

Country Locality Sample Host Chemical species Primary/
secondary

Jadeitite
formation

Circulation of energy sources

Guatemala North Motagua
Mélange

GT1 (jadeitite;
Fig. 2a)

Jadeite FIs: CH4, N2, H2O (all, n =

2/2)
SIs: graphite

Primary?
−

98–95 Ma
(Yui et al., 2010)

Jadeitite
formation–retrogression (77–65
Ma)

Titanite FIs: CH4 (n = 3/3) H2O (n
= 1/3)
SIs: graphite

Secondary
−

Japan Osayama OSJ1002 (jadeitite;
Fig. 2b)

Jadeite FIs: CH4 (n = 1/2), H2O (n
= 1/2)
SIs: graphite

Secondary?
−

523.6 ± 3.5 Ma (
Fig. 3)
Zrn U–Pb (this
work)

Jadeitite
formation–retrogression (? Ma)

Titanite1 − −

Titanite2 SIs: graphite −

Pectolite FIs: CH4 (n = 2/2) Secondary
R5 (albitite; Fig. 2c) Titanite FIs: H2 (n = 3/5), CH4 (n=

4/5) CO2(?; n = 2/5),
NH4(?; n = 1/5)
SIs: graphite

Secondary
−

Albite FIs: H2O (n = 1/1)
SIs: graphite

Primary?
−

Garnet FIs: CH4, N2, H2O (all, n =

2/2)
Primary

Apatite FIs: CH4, H2, H2O (all, n =

1/1)
Secondary

Itoigawa–Omi KYJ3-2 (jadeitite;
Fig. S19)

Jadeite FIs: CH4 (n = 4/4), N2 (n =

1/4), H2O (n = 3/4)
SIs: graphite

Primary
−

ca. 520 Ma
Zrn U–Pb
(Kunugiza and
Goto, 2010)

Jadeitite
formation–retrogression (ca.
350–320 Ma)

KYJ3-4 (jadeitite;
Fig. S20)

Jadeite FIs: CH4 (n = 4/4), H2O (n
= 4/4), N2(?; n = 1/4)

Primary?

Albite FIs: CH4, H2O Primary?
FMAB (metasoma-
tized granite;
Fig. S21)

Quartz FIs: CH4 (n = 1/2), H2O (n
= 2/2)

Secondary?

Garnet FIs: CH4 (n = 2/2), CO2 (n
= 1/2)

Primary

Sk3 (jadeitite; Fig.
S24)

Jadeite FIs: CH4 (n = 1/1) Secondary

Kamuikotan
(Hokkaido)

HKJ3 (jadeitite; Fig.
S22)

Jadeite FIs: CH4, H2O (all, n= 2/2) Secondary? Cretaceous?
(Hirajima, 2017)

Jadeitite formation
Quartz FIs: CH4 (n = 1/2), H2O (n

= 2/2)
Primary

HKJ2 (jadeitite;
Fig. S23)

Jadeite FIs: CH4, H2O (all, n= 1/1) Secondary?

USA New Idria Cfn1 (jadeitite; Fig.
S28)

Jadeite FIs: CH4, H2O (all, n= 6/6) Secondary Cretaceous? Jadeitite
formation–retrogression (? Ma)Albite FIs: CH4 (n = 5/5), N2 (n =

2/5), H2 (n = 2/5), H2O (n
= 5/5)

Primary

NI1
(jadeitite; Fig. S29)

Jadeite SIs: graphite −

Analcime FIs: CH4 (n = 1/1) Primary
Myanmar ​ FI-3-MYAM

(jadeitite; Fig. S25)
Jadeite FIs: CH4 (n = 3/3), H2O (n

= 2/3)
Pseudo-
secondary?

146.5 ± 3.4 Ma
Zrn U–Pb
(Shi et al., 2008)

Jadeitite formation

Kazakhstan ​ KZY-11
(jadeitite; Fig. S26)

Jadeite FIs: CH4, H2O (all, n= 3/3) Secondary ca. 450 Ma
(Wen et al., 2023)

Jadeitite
formation–retrogression (? Ma)

Russia Polar Urals PUL
(jadeitite; Fig. S31)

Jadeite FIs: CH4 (n = 3/3), N2 (n =

2/3), H2O (n = 3/3)
Secondary? 404 Ma

Zrn U–Pb
(Meng et al., 2011)

Jadeitite
formation–retrogression (? Ma)

Chukotka RSA1
(jadeitite; Fig. S32)

Jadeite FIs: CH4, H2O (all, n= 1/1) Primary Late Paleozoic Jadeitite formation

West Sayan SYN
(jadeitite; Fig. S30)

Jadeite FIs: CH4 (n = 3/3), H2O (n
= 2/3)

Primary Early Paleozoic? Jadeitite formation

Western Alps
(Italy)

Lanzo Massif 1Bal17-4e1
(jadeitite; Fig. S27)

Jadeite FIs: CH4 (n = 3/4), H2 (n=
2/4), H2O (n = 4/4)
SIs: graphite

Primary
−

49.6 ± 1.0 Ma (
Piccoli et al.,
2023)

Jadeitite formation

Garnet FIs: CH4 (n = 7/7), H2 (n=
4/7)
SIs: graphite

Primary
−
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saturated conditions. Water-maximum conditions (Fig. 5a) impose equal
proportions of CH4 and CO2 for graphite-saturated fluids throughout the
P–T space (Connolly and Cesare, 1993). The diagrams also report P–T
conditions of a global collection of metamorphic rocks (shown as filled
circles in Fig. 5) used by Brown and Johnson (2019) to derive evolving
geothermal gradients through Earth’s history. In Fig. 6b, for the same
pressure–temperature couples (plotted from 1.2 Ga onwards), fO2 values
relative to the FMQ buffer resulting from Fig. 5 were plotted as a
function of their age (filled circles corresponding to CH4/(CH4 + CO2)
ratios at between FMQ and FMQ-2 in Fig. 6b). Fig. 5 (gray field) also
shows qualitative P–T constraints for the considered jadeitites (from
Harlow et al., 2015). The results of our modeling are presented in the
discussion (Sect. 4.2) to ensure fluent reading of this work, which would
be hampered by presenting them earlier in the text. Output values of our
thermodynamic calculations are in the supplementary material
(Table S7).

3. Results

3.1. Fluid inclusion data and microstructural relations

Jadeitites and their retrogression products are the result of fluid-
–rock interaction. The investigation of FIs in primary (e.g., jadeite) and
retrogression (e.g., titanite and albite) minerals therefore provide direct
information on the chemical composition of fluids circulating in the
mantle wedge at varying depths, from jadeitite formation at > 35 km
depths to shallower crustal depths. Here, we provide data of analyzed
FIs in jadeite (i.e., deeper fluids), and in titanite, pectolite, albite,
analcime, garnet and apatite (i.e., shallower fluids). Our findings are
summarized in Fig. 1 and in Table 1, with detailed results and repre-
sentative spectra shown in the Supplementary material (Table S1, and
Figs. S1–S17) and each studied sample (except for samples GT1,
OSJ1002 and R5 selected for titanite dating, which are described in
detail below) described in Supplement C (Figs. S19–S32). As detailed
below, in three of the studied localities we document, for the first time,
the presence of CH4 in jadeitites: North of the Motagua Mélange in
Guatemala, and at Chukotka and West Sayan in Russia. While CH4 had
been detected in fluid inclusions in jadeite in Osayama jadeitites
(Tsujimori, 2017), we report its occurrence in secondary minerals (i.e.,
titanite and pectolite) in these rocks for the first time here. In addition,
our study is the first documentation of not only CH4, but also H2 and N2
in Osayama albitites (i.e., in garnet, apatite). To our knowledge, the only
jadeitite locality where H2 had been reported before is the Lanzo Massif,
in the Western Alps (Giuntoli et al., 2024), while the other occurrences
presented here are unprecedented. Our study is also the first to report
CH4, H2 and N2 in an albite vein and analcime in a jadeitite sample from
New Idria. Finally, in the Polar Urals and North of the Motagua Mélange,
we document for the first time the occurrence of N2 in jadeitites.

In Japan, CH4 is detected in jadeite-hosted primary and secondary
FIs (Figs. S2–S5 and S7–S9) in samples OSJ1002, KYJ3-2, KYJ3-4, Sk3,
HKJ2 and HKJ3, in agreement with previous work (Tsujimori and
Harlow, 2017). Jadeite in sample KYJ3-2 also hosts graphite (Fig. S4b),
indicating that the circulating reduced fluid that precipitated graphite
was C-saturated. In addition, our investigations reveal that graphite and
CH4(± H2)-bearing primary and secondary FIs are present in other rock-
forming minerals like albite, quartz, apatite, and grossular garnet
(samples R5, FMAB and HKJ3; respectively, Figs. S3, S6–S7), while N2 is
only present in primary FIs in jadeite (sample KYJ3-2; Fig. S4a). Our
data from jadeitites from Myanmar (sample FI-3-MYAM; Fig. S10) and
Kazakhstan (sample KZY-11; Fig. S11) confirm the presence of CH4 and
H2O in jadeite-hosted FIs, consistently with previous studies (Shi et al.,
2005; Wen et al., 2023). In addition to graphite (Figs. S12b and S12d),
jadeite and grossular garnet in one jadeitite (sample 1Bal17-4e1) from
the Lanzo Massif (western Alps, Italy) host CH4 and H2 (± H2O) in pri-
mary FIs (Figs. S12a and S12c), in agreement with Giuntoli et al. (2024).
Secondary and primary FIs in jadeite in one jadeitite from New Idria

(USA; sample Cfn1; Fig. S13) host CH4 (+ H2O). In this sample, albite-
hosted FIs also bear N2 and H2. Analcime in another jadeitite sample
from the same locality (sample NI1; Fig. S14) hosts primary CH4-rich FIs,
and jadeite in the same sample hosts graphite. Analcime is a lower-P–T
mineral compared to jadeite, whose formation is controlled by the re-
action jadeite + H2O = analcime. This is predicted to occur at pressures
below 0.45–0.60 GPa for temperatures between 200 and 300 ◦C (e.g.,
Harlow, 1994; Harlow and Sorensen, 2005; Tsujimori and Harlow,
2012; Harlow et al., 2015), indicating that CH4 circulation occurred at
depths shallower than ca. 15–20 km. Our measurements reveal CH4 in
primary FIs in jadeite in jadeitites from the Russian localities of West
Sayan (sample SYN; Fig. S15) and from Chukotka (sample RSA1;
Fig. S16). In the Polar Urals (Russia), only CH4 had been previously
documented (Meng et al., 2011), while N2 is also revealed by our ana-
lyses (sample PUL; Russia; Fig. S17).

Previously undocumented CH4-rich FIs are also found in one jadeitite
(sample GT1) from north of theMotagua Fault (NorthMotaguaMélange,
Guatemala), which represents the boundary between the North Amer-
ican and Caribbean plates (Harlow et al., 2016). Sample GT1 (Fig. 2a) is
made of jadeite, locally replaced by albite, and it contains minor titanite
and zircon. Jadeite and titanite include graphite (Fig. S1b and S1d), and
they host, respectively, possibly primary and certainly secondary
CH4–H2O ± N2-rich FIs (Fig. 1; Fig. S1a and S1c). This represents the
first documentation of both CH4 and N2 in jadeitites from the North
Motagua Mélange in Guatemala. Graphite is trapped during jadeite
growth, and CH4-bearing fluids are trapped during or after jadeite and
titanite growth in sample GT1 (Fig. 1). Since titanite formed after jadeite
(Tsujimori and Harlow, 2012), this indicates protracted circulation of C-
saturated fluids along the Guatemalan plate boundary, persisting be-
tween the time of jadeitite formation (95–98 Ma; zircon U–Pb; Yui et al.,
2010; see Sect. 4.1) at > 1 GPa (Harlow et al., 2015) and titanite crys-
tallization. Notably, circulation of these fluids ended before jadeite
retrogression to albite, as suggested by the lack of graphite and CH4-
bearing FIs in albite.

Jadeitite OSJ1002 and albitite R5 are from the Osayama serpentinite
mélange in Japan (Tsujimori and Itaya, 1999; Tsujimori et al., 2005). In
jadeitite OSJ1002, jadeite and rutile precipitated together early, and
pectolite and titanite are later phases (Tsujimori et al., 2005; Tsujimori
and Harlow, 2012). The presence of two titanite generations (respec-
tively, titanite1 and titanite2 hereafter) in this sample is suggested by
the color of the crystals and on the presence vs. lack of inclusions:
titanite1 grows on rutile, is brown in color and free of FIs, it includes
jadeite grains, and it is overgrown by titanite2 (Fig. 2b). Titanite2 is
colorless to pale brown, and it hosts solid inclusions. In sample OSJ1002,
graphite is included in jadeite and titanite2 (Fig. 1; Fig. S2b–c), implying
circulation of C-saturated fluids between jadeite precipitation and dur-
ing titanite recrystallization. Secondary FIs (possibly primary FIs as
well) are only observed in jadeite and pectolite, containing CH4 (Fig. 1;
Fig. S2a and S2d) in agreement with Tsujimori and Harlow (2017).
Altogether, secondary FIs in jadeite and pectolite, and graphite in-
clusions in jadeite and titanite2 indicate that C–H(− O) fluids percolated
in the Japanese mantle wedge at conditions of jadeite stability, as well as
during and after jadeitite retrogression during exhumation. This is
supported by graphite and FIs in albitite R5, which is considered as the
retrogressed equivalent of jadeitite OSJ1002. Albitite R5 (Fig. 2c) is
made of albite, rutile, titanite, grossular garnet (see Tsujimori and
Harlow, 2012), apatite and relict diopside. Here, graphite is included in
titanite and albite (Fig. 2; Fig. S3c and S3e). Secondary FIs in titanite
contain CH4, H2, and possibly CO2 and NH4 (i.e., the peaks of CO2 and
NH4 are not clearly identified; Fig. S3a–b), those hosted by grossular
garnet CH4, N2, and H2O (Fig. S3d), and those hosted by apatite CH4 and
H2 (Fig. S3f). To our knowledge, these chemical species had not been
reported before in such metasomatic rocks. No FIs are observed in albite,
indicating that titanite formed before albite during exhumation,
although the time span between titanite and albite crystallization cannot
be constrained.
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Most of the identified FI host minerals are free of or poor in redox-
sensitive elements such as Fe, indicating that the presence of reduced
fluid species such as H2 and CH4 does not result from post-entrapment
interactions of the fluid with the host minerals. The CH4-dominated
composition of FIs in the studied rocks clearly reflects the reduced na-
ture of the trapped metamorphic fluids, although an increase in CH4/
CO2 ratio is expected for graphite-saturated FIs during cooling (Cesare,
1995). The presence of graphite inclusions in jadeite (Guatemala,
Osayama, Itoigawa–Omi, Lanzo Massif), as well as in secondary titanite
(Guatemala and Osayama), pectolite (Osayama) and albite (Osayama;
Fig. 2), implies that C-rich fluids circulated along higher-P jadeitites and
lower-P albitites during multiple events of fluid percolation at varying
depths and across the entire Phanerozoic eon. This is corroborated by
CH4 ± N2-bearing FIs in high-P jadeite in plate-interface metasomatic
rocks at several convergent plate boundaries – i.e., Guatemala,
Osayama, Itoigawa, Kazakhstan, New Idria, Myanmar, Polar Urals, West
Sayan, and the Lanzo massif (Western Italian Alps). The protracted
circulation of energy sources at shallower depths is demonstrated by
their presence in lower-P minerals (e.g., albite, analcime) in similar
rocks from New Idria and Japan.

3.2. Zircon and titanite U–Pb geochronology

U–Pb geochronology by LA-ICP-MS was used to determine the timing

of crystallization of titanite in samples GT1, OSJ1002, and R5, and of
zircon OSJ-T05 from Osayama, already described in Tsujimori et al.
(2005). Titanite in Guatemalan sample GT1 gave an age of 71.8 ± 4.0
Ma (mean square of weighted deviates, MSWD = 1.4; number of ana-
lyses, n = 27) with an initial 207Pb/206Pb ratio of 0.841 ± 0.007
(Fig. 3a).

As for the Japanese samples, zircon U–Pb geochronology returned an
age of 523.6± 3.5 Ma (MSWD= 0.76; n= 26), with no calculated initial
207Pb/206Pb ratio (Fig. 3b). Titanite in sample OSJ1002 (Fig. 3c)
returned an age of 464.8 ± 20.3 Ma (MWSD = 0.95, n = 44) with an
initial 207Pb/206Pb value of 0.861 ± 0.006. No resolvable differences in
age or initial 207Pb/206Pb ratios are revealed by Tera–Wasserburg re-
gressions of titanite1 (475.3 ± 32.0 Ma and initial 207Pb/206Pb ratio of
0.863 ± 0.008; MSWD = 0.95; n = 33) and titanite2 (458.1 ± 28.0 Ma
and initial 207Pb/206Pb ratio of 0.860 ± 0.014; MSWD = 1.1; n = 11)
plotted separately. The MSWD value of 0.95 of a Tera–Wasserburg
regression given by U–Pb isotope data of titanite1 and titanite2 com-
bined confirms that the two titanite generations are coeval within un-
certainty. Titanite in sample R5 yielded an age of 466.1 ± 4.4 Ma
(MSWD= 1.3; n= 28) with an initial 207Pb/206Pb ratio of 0.864± 0.020
(Fig. 3d). One way to test if titanite in samples OSJ1002 and R5 formed
during the same retrogression event is to plot their U–Pb isotope datasets
in one Tera–Wasserburg diagram, and to assess if the MSWD value is
close to 1. In one Tera–Wasserburg plot, titanite from samples OSJ1002

Fig. 2. Transmitted-light photomicrographs of the samples selected for titanite geochronology. (a) GT1 and (b) OSJ1002 jadeitites, and (c) R5 albitite. Ab = albite;
FIs = fluid inclusions; Gr = graphite; Jd = jadeite; Pct = pectolite; Ttn = titanite; U–Pb = craters from U–Pb dating. Photomicrographs on the left-hand side are in
plane-polarized light, while those on the right-hand side are in cross-polarized light. Acquired using the ZEISS ZEN core software (version 3.6).
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Fig. 3. Tera–Wasserburg diagrams of (a) titanite in jadeitite GT1, (b) OSJ-T05 zircon, (c) titanite in jadeitite OSJ1002, and (d) titanite in albitite R5. Age un-
certainties are given at 95 % confidence level and error ellipses are 2σ. Plotted using IsoplotR (Vermeesch, 2018).

Fig. 4. Conceptual sketch of microstructures produced during jadeitite formation and retrogression, with dateable minerals (i.e., zircon and titanite) crystallizing at
different stages/depths, thus dating different events. Ab = albite; FI = fluid inclusion; Jd = jadeite; Pct = pectolite; Ttn = titanite; Zcn = zircon. All envisaged in
plane-polarized light. Not to scale.
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and R5 gave an age of 465.5 ± 3.0 Ma with an MSWD value of 1.0 (n =

72). This indicates that only one titanite generation is resolvable at the
available analytical precision, hinting that retrogression of sample
OSJ1002 and of the protolith of sample R5 were related to the same
exhumation event.

4. Discussion

4.1. Protracted CH4–H2 circulation towards the biotic fringe

Dating jadeitite crystallization is a challenging task (see Tsujimori
and Harlow, 2012; Harlow et al., 2015). While some minerals like
titanite, albite, and analcime are accepted as secondary phases forming
during recrystallization or cooling/retrogression of jadeitites (Tsujimori
and Harlow, 2012), zircon has been variably interpreted as either pri-
mary – thus dating the formation of jadeitites – or inherited – thus
yielding ages that are older than those of jadeitite formation (Fu et al.,
2010; Tsujimori and Harlow, 2012; Harlow et al., 2015). The following
discussion is based on the thorough review of existing geochronological
and petrographic data by Tsujimori and Harlow (2012). The use of our
newly obtained data and those compiled in the cited literature allows us
to evaluate and discuss the time lapses in which C-saturated fluids
precipitated graphite as solid inclusions by considering the proposed
timing of jadeitite formation – and graphite inclusions therein – as the
upper temporal limit, and that of titanite formation as the lower one
(Fig. 4). If secondary FIs are included in secondary minerals (among
which titanite), then the time lapses over which C-saturated fluids
circulated may extend beyond their crystallization (Fig. 4) depending on
whether these secondary FIs were formed by fluid influx after titanite
formation rather than by decrepitation of primary FIs during
deformation.

Because titanite is interpreted as a secondary mineral phase in
jadeitites (Tsujimori and Harlow, 2012), the titanite age of 71.8 ± 4.0
Ma obtained in jadeitite GT1 (Fig. 3a) pinpoints the timing of jadeitite
retrogression. Titanite is hence ca. 20–30 Myr younger than jadeitite
formation, which was dated at 98–95 Ma by U–Pb geochronology of
zircon that was interpreted to have crystallized during jadeitite forma-
tion (Yui et al., 2010). Therefore, the presence of graphite as a solid
inclusion in primary jadeite and secondary titanite, and the presence of
secondary CH4-bearing FIs in titanite in sample GT1 (Fig. 2) testifies
circulation – episodic or continuous – of C-saturated fluids potentially
for at least ca. 20–30 Myr in the Guatemalan mantle wedge.

As noted in the literature (Tsujimori et al., 2005), zircon grains in
jadeitites from Osayama include rutile and jadeite, and they are there-
fore interpreted as dating the timing of jadeitite formation, which
occurred 523.6 ± 3.5 Ma according to our data (Fig. 3b). Titanite in
samples OSJ1002 and R5 indicates that retrogression of jadeitites
occurred 465.5 ± 3.0 Ma, which is ca. 60 Myr after jadeitite formation.
Given the presence of graphite in jadeite and titanite, circulation of C-
saturated fluids in the Japanese mantle wedge began during jadeitite
formation and continued at least until titanite formation, namely for ca.
60 Myr. The presence of primary (in garnet) and secondary (in apatite)
CH4-, H2-, and H2O-bearing FIs in other secondary minerals (Tables 1
and S1), indicates that the circulation of deep energy sources in the
Japanese mantle wedge lasted up to shallower depths when primary and
secondary FIs formed in lower-P minerals.

We cannot obtain our own geochronological constraints on timing
and duration of circulation of energy sources in the other jadeitite lo-
cations due to the lack of dateable CH4-hosting minerals. However, the
timing of jadeitite formation and retrogression is available from the
literature for several of these localities (Table 1) and can be inferred
from microstructural relations between FIs and host minerals (Fig. 4). In
Itoigawa–Omi, jadeitite formation is dated at ca. 536–505 Ma linking
zircon U–Pb ages of 519 ± 17 Ma and 512 ± 7 Ma to the precipitation of
jadeitite (Kunugiza and Goto, 2010; Tsujimori and Harlow, 2012), and
retrogression at ca. 350–320 Ma (Tsujimori and Harlow, 2012). This

indicates that circulation of deep energy sources lasted for up to ca. 200
Myr between the formation of primary CH4-bearing FIs in primary
jadeitite and in secondary albite (Table 1). Methane circulation in the
Lanzo Massif was dated at 49.6 ± 1.0 Ma by perovskite U–Pb geochro-
nology (Piccoli et al., 2023), but no temporal constraints exist for any
retrogression. In Myanmar, the timing of jadeitite formation, hence
entrapment of pseudosecondary CH4-bearing FIs, is dated at 146.5± 3.4
Ma (Shi et al., 2008), and that of retrogression at 147–122Ma (Tsujimori
and Harlow, 2012). For the Polar Urals, only a U–Pb age of zircon of 404
± 7 Ma – interpreted as dating the formation of jadeitite – is available
fromMeng et al. (2011), indicating that migration of CH4± N2 occurred
at this time either in the jadeitite stability field or at unconstrained
similar or shallower depths based on the presence of secondary CH4-
bearing FIs in jadeite (Table 1). The timing of jadeitite formation in New
Idria and in West Sayan is not ascertained, but it may have occurred in
the Cretaceous and in the Early Paleozoic, respectively (Tsujimori and
Harlow, 2012). Thus, CH4 circulation in New Idria must have occurred
either in the Cretaceous during jadeitite formation or at shallower
depths, as indicated by primary FIs in albite and analcime, and sec-
ondary CH4-bearing FIs in jadeite, while in West Sayan primary CH4-
bearing FIs in jadeite indicate CH4 circulation in the Early Paleozoic
(Table 1). Finally, the timing of jadeitite formation in Kazakhstan is
estimated at ca. 450 Ma (Wen et al., 2023). Therefore, CH4 circulation
occurred at this time or shortly after, based on the presence of secondary
CH4-bearing FIs in jadeite (Table 1).

According to literature, C–H–N–O–P–S species produced by deep
geological processes sustain subsurface microbial life at convergent
margins (e.g., Mottl et al., 2003; Ohara et al., 2012; Plümper et al., 2017;
Barry et al., 2019; Fullerton et al., 2021), and the plate interface is a
viable fluid conduit for such deep fluids (e.g., Marschall and Schu-
macher, 2012; Bebout and Penniston-Dorland, 2016; Angiboust et al.,
2021b,a). In order to sustain a subsurface biosphere at convergent
margins, the delivery of deeply sourced energy sources above the biotic
fringe must be protracted over time. Jadeitites are often interpreted as
resulting from infiltration of the mantle by sediment-derived serpenti-
nizing fluids (Shi et al., 2005; Harlow et al., 2015; Chen et al., 2023).
The fact that these rocks form along the plate interface and are pro-
gressively exhumed in subduction complexes implies that they are
flushed by fluids released by dehydration of the subducting slab, which
jadeitites have also been proven to channelize (Tsujimori and Harlow,
2012; Harlow et al., 2015; Angiboust et al., 2021b,a). The evidence
recorded by solid and fluid inclusions in plate-interface metasomatic
rocks (Table 1) indicates that building block elements and energy
sources for microbial life percolate along plate-interface rocks from their
formation at high P to their retrogression at lower-P conditions (Fig. 6a),
potentially for tens/hundreds of millions of years. The presence of CH4
and H2 in lower-P minerals (particularly albite and analcime, as retro-
gression mineral phases in jadeitites) demonstrates circulation of energy
sources at shallower depths as well (Fig. 6a; from depths as shallow as
ca. 20–15 km based on the occurrence of analcime). Hence, such fluid
fluxes may have reached the biotic fringe for a protracted period of time,
thus feeding subsurface microbial communities similarly to several
present-day case studies (Mottl et al., 2003; Ohara et al., 2012; Barry
et al., 2019, 2022; Fullerton et al., 2021; Rogers et al., 2023; Upin et al.,
2023).

4.2. Viability, origins, and amounts of graphite-saturated reduced fluids
in plate-interface rocks

Although our fluid inclusion data already show that trapped fluids
were dominantly reduced (Table 1), hence that the dominant carbon
species was CH4 rather than CO2, the present section provides further
support in this respect by combining thermodynamic data with varying
conditions (e.g., P, T, oxygen fugacity (fO2), carbon input, and geolog-
ical time) possible in subduction as slab-derived fluids are released and
channelized through jadeitites during their formation and retrogression.
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The depths from which metamorphic fluids can rise is dependent upon
slab dip and geothermal gradients, and by the formation of preferential
fluid pathways such as plate-interface discontinuities (e.g., Wilson et al.,
2014) or lithologies such as the studied jadeitites (Harlow and Sorensen,
2005; Harlow et al., 2015; Angiboust et al., 2021b,a). Overall, meta-
morphic regimes have varied progressively towards lower temperature/
higher pressure gradients over geological time (e.g., Gerya, 2014; Brown
and Johnson, 2019; Dewey et al., 2021; Holder et al., 2019). Cooling
thermal gradients over geological time have favored the transfer of slab-
bound water – and thereby the source region of metamorphic fluids
returning to the Earth’s surface – to greater depths (van Keken et al.,
2011), and has necessarily impacted the nature of metamorphic fluids
and their redox state as discussed in the following.

The widespread presence of graphite in jadeitites and albitites
(Figs. 2, S1b, S1d, S2b–c, S3c, S3e, S4b, S12b, S12d and S14a; Tables 1
and S1) indicates that fluids migrating along these domains in subduc-
tion settings are remarkably graphite-saturated. Graphite-saturated
fluids may form either through the evolution of formerly graphite-
undersaturated fluids – for example, during rock hydration reactions
such as serpentinization – or from the infiltration of aqueous fluids
generated from, or equilibrated with, graphite-bearing rocks (Holloway,
1984; Duke and Rumble, 1986). In our case, this second scenario is
supported by the only known carbon isotopic composition of CH4 from
jadeitite-hosted FIs in Myanmar jadeitites (δ13C-CH4 = − 30 to − 26 ‰;
Shi et al., 2005), which suggests the contribution of a biogenic source of
organic matter such as subducted graphitic schists. The involvement of
sediment-derived fluids in the formation of jadeitites is also supported
by Fe isotopes in samples from Myanmar (Chen et al., 2023), and by Li
and O isotopes in samples from New Idria (Sorensen et al., 2006;
Takahashi et al., 2018).

The early metamorphic path of organic matter-rich rocks is expected

to release CH4-rich fluids during carbonization and high-temperature
thermogenic processes (e.g., Mangenot et al., 2021). At higher T,
graphitic carbon resulting from metamorphism of organic matter is ex-
pected to impart a strong buffering potential to aqueous fluids. It has
been proposed that the redox state of fluids released during prograde
dehydration of graphite-bearing pelitic schists maintains H:O ratios
equal to 2:1 – the so-called water maximum for graphite-saturated C-O-
H fluids (Connolly and Cesare, 1993). At water-maximum conditions
(Fig. 5a), graphite-saturated C-O-H fluids contain equal proportions of
CO2 and CH4, with fO2 conditions changing with P and T. This condition
would imply that prograde metamorphism of graphitic schists releases a
substantial amount of CH4, comparable to that of CO2 produced by the
same process. Because the persistence of water-maximum conditions
cannot be verified – for example, for more oxidized or reduced systems
buffered by other rock-forming minerals or in the case of infiltration of
external fluids (Connolly and Cesare, 1993; Huff and Nabelek, 2007) –
we calculated CH4/(CH4 + CO2) ratios in graphite-saturated fluids for
different fO2 conditions spanning from reduced (FMQ-3) to oxidized
(FMQ+1) conditions for the same P–T range (Fig. 5b–f). The range of
redox conditions of FMQ-2 ≤ fO2 ≤ FMQ is consistent with estimates
from natural graphite-bearing metasedimentary rocks and thermody-
namic modeling (Huff and Nabelek, 2007; Padrón-Navarta et al., 2023),
and they also overlap with redox conditions predicted for subduction
zone serpentinization (Vitale Brovarone et al., 2020). The CH4/(CH4 +
CO2) ratio of each of these P–T couples reported in Fig. 5b–f and 6b was
calculated for each fO2 value. According to our modeling, while at
conditions of FMQ-2 or lower graphite-saturated fluids are all CH4-
dominated regardless of thermal gradient (i.e., different P–T conditions
shown as solid circles in Fig. 5e–6b), higher CH4/(CH4 + CO2) mole
ratios are favored by P–T conditions typical of cooler thermal regimes at
FMQ-1 (Fig. 5d) and FMQ (Fig. 5c). Notably, such conditions are more

Fig. 5. (a) Redox conditions (expressed as Δ log FMQ) of graphite-saturated fluids at the water maximum (see Connolly and Cesare, 1993) expected at the P–T
conditions of jadeitite formation. (b–f) P–T diagrams at varying redox conditions – expressed relative to the fayalite-magnetite-quartz (FMQ) buffer – from FMQ+1 to
FMQ-3 for graphite-saturated C-O-H fluids, showing how higher P conditions favor the stability of reduced carbon species (i.e., CH4) over that of oxidized ones (i.e.,
CO2). The filled circles are metamorphic rocks of different ages (different red shades) from Brown and Johnson (2019), whose peak P–T conditions were used to
calculate corresponding CH4/(CH4 + CO2) ratios. The dashed pattern is the superposition of preserved high-pressure rocks (from Brown and Johnson, 2019) and the
stability field of jadeitites from Harlow et al. (2015). The gray field indicates the stability field of jadeitites proposed by Harlow et al. (2015). Plotted using the
Thermotopes-COH software (Boutier et al., 2024b).
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frequently encountered in Phanerozoic metamorphic terranes (Figs. 5
and 6b). More oxidized (FMQ+1; Fig. 5b) conditions show negligible
variations between hot and cold subduction thermal regimes.

Overall, our calculations show that cooler subduction regimes, and
P–T conditions overlapping with jadeitite formation (Fig. 5), stabilize
reduced carbon species (i.e., CH4) relative to oxidized ones (i.e., CO2).
However, because the solubility of graphite increases with increasing T
and decreases with higher P (Connolly and Cesare, 1993), under cooler
plate-tectonic regimes – hence, slab dehydration occurring at lower T
and higher P – the total amount of carbon (including absolute amounts
of CH4) dissolved in a graphite-saturated fluid is lower than under
warmer plate-tectonic regimes. This effect may have been partially
counterbalanced via secular or episodic increases in total reduced car-
bon being subducted in sediments. In fact, a gradual increase in total
carbon contents from the Phanerozoic is documented in the preserved
record of black shales (Sperling and Stockey, 2018), and C isotope data
are consistent with an increase in subducted carbon in this eon (Giuliani
et al., 2022). Earlier in Earth’s history, between 2.0 and 1.7 Ga, the
Paleoproterozoic Shunga event was characterized by maxima in black
shale deposition, with less prominent peaks in the late Neoproterozoic
between 800 and 600 Ma (Condie et al., 2001; and references therein).
However, because of preservation bias due to the formation of the Great
Unconformity at the Neoproterozoic–Phanerozoic boundary, the extent
of the increase in volumes of subducted carbon is not clear. The present
data and earlier work cannot demonstrate or rule out that a large enough
increase in subducted C counterbalanced the smaller amounts of total
dissolved carbon in slab-derived fluids. Nevertheless, our thermody-
namic calculations demonstrate that such fluids were dominantly
reduced and dominated by CH4. Experimental work (Shock, 1990)

indicates that CH4 respeciation during cooling can be kinetically
inhibited, favoring its metastable preservation in uprising fluids and
potentially overstepping local redox heterogeneities. Previous estimates
(Piccoli et al., 2021) indicate the channelized fluid fluxes in subduction
zones (e.g., along the plate interface) may be very high (up to 105–106

m3 m− 2). This, together with the reduced fluid speciation identified in
our global collection of plate-interface metasomatic rocks, suggests that
large amounts of molecules such as CH4 and H2 can be delivered to the
biotic fringe (Fig. 6a).

4.3. Cooler metamorphic gradients and deep biogeochemical cycles

Cold-subduction metamorphism is allegedly typical of the Neo-
proterozoic/Phanerozoic eons (e.g., Gerya, 2014; Brown and Johnson,
2019; Dewey et al., 2021). Although it is outside the scope of this work
to settle ongoing debates regarding subduction styles over geological
time, two points should be mentioned here. Firstly, the transition into
modern-style plate tectonics was gradual (Fischer and Gerya, 2016;
Holder et al., 2019). The occurrence of Archean eclogites argues that
cold-subduction regimes similar to present-day ones may have occurred
in pre-Cambrian times (Perchuk et al., 2019). Secondly, changes in
subduction regimes also occur during the evolution of a single subduc-
tion zone, with warmer gradients during the early stages and cooler ones
as subduction progresses (Holt and Condit, 2021). Therefore, while the
present discussion focuses on the Phanerozoic eon, it cannot be excluded
that similar considerations may apply to colder subduction zones
outside the Phanerozoic eon. One limitation to the present discussion is
that the emergence of large carbonate shelves in the Mesozoic and their
subduction (Müller et al., 2022; Walton and Shorttle, 2024) implies a
change in the redox state of carbon fed to subduction zones.

Important changes occurring over geological time favorably over-
lapped in the Neoproterozoic/Phanerozoic (Fig. 6b): decreasing thermal
subduction regimes over geological time (e.g., Brown and Johnson,
2019) (represented by the purple T/P curve in Fig. 6b) allow rocks to be
subducted to greater depths and lower temperatures than before (Brown
and Johnson, 2019) (depicted as the yellow P curve in Fig. 6b); the redox
state of slab-derived fluids was dominantly reduced (depicted as filled
circles at FMQ-2 to FMQ in Fig. 6b); and fluxes of such fluids from the
slab interface towards the biotic fringe were protracted in time (timeline
in Fig. 6b). As a consequence of the Cambrian explosion, variably larger
amounts of organic, reduced carbon – including not only C and H, but
also other life-building block elements such as N, S and P (Ingall and
Cappellen, 1990; Zerkle, 2018; Walton et al., 2023) –may have been fed
to subduction zones (Husson and Peters, 2017; Walton et al., 2023).
Carbon, H, N, S, and P are also key ligands for metals at varying Eh–pH
conditions and they mediate transport and deposition of metals in ore
deposits (e.g., Seward et al., 2014). Carbon isotope data of CH4 in FIs in
jadeitites from Myanmar indicate an organic source of C in these
Jurassic/Cretaceous samples (Shi et al., 2005). This, along with Fe
isotope evidence (Chen et al., 2023), supports the involvement of sub-
ducted sediments rich in organic matter in the production and cycling of
CH4 detected in plate-interface metasomatic rocks. Reduced redox states
of slab-derived fluids favor transport of transition metals in the litho-
sphere (e.g., Bourg and Loch, 1995). This has far-reaching implications,
because life uses first- and second-row transition metals as key centers in
redox proteins responsible for the utilization of reduced compounds
such as H2 and CH4 as electron donors in energy-conserving microbial
reactions (e.g., Hay Mele et al., 2023; Giovannelli, 2023). Within these
proteins, which are essential for microbial life, the metals are key co-
factors mediating electron transfer and cycling. The diversity of sub-
strates used by microbial life as energy sources (e.g., H2 and CH4) is
directly linked to the diversity and availability of diverse metals, since
different compounds require dedicated proteins containing specific
metals (e.g., Giovannelli, 2023). For example, H2-utilizing proteins are
known to use either a NiFe, FeFe or Fe only metal centers, while CH4-
oxidizing proteins require either Fe, Cu, or Ni depending on the specific

Fig. 6. (a) Schematic of a Phanerozoic subduction zone and redistribution of
deep energy sources from deeper to shallower levels. Acc. = accretionary; Cont.
= continental; (redrawn from Vitale Brovarone et al., 2020). (b) Timeline of
occurrence of dated plate-interface metasomatic rocks (our data combined with
Tsujimori and Harlow, 2012), and comparison with the variation of subduction
thermal gradients (represented as the purple T/P curve redrawn from Huang
et al. (2023) and based on the data of Brown and Johnson (2019)), maximum
pressures recorded by metamorphic rocks (represented as the yellow P curve
redrawn from Huang et al. (2023) and based on the data of Brown and Johnson
(2019)), the occurrence of obducted suprasubduction ophiolites (from Stern
et al., 2013; Dilek, 2003), and the CH4/(CH4 + CO2) ratios calculated at FMQ to
FMQ-2 using the P–T conditions of the compilation of metamorphic rocks from
Brown and Johnson (2019). Kaz. = Kazakhstan; MYAN = Myanmar; NMM =

North Motagua Mélange; P. Urals = Polar Urals; SMM = South Motagua
Mélange; W Sayan =West Sayan. Dashed blue lines indicate uncertainties in the
duration of fluid circulation or in the age or rock formation.
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metabolic pathway (e.g., Hay Mele et al., 2023; Greening et al., 2024).
The interplay between redistribution of C, H, N, O, P and S from the
surface to subduction and from the plate interface to shallower depths,
and the favorable transport of critical biological metals towards the
biotic fringe under reduced conditions (e.g., Bourg and Loch, 1995) may
have promoted the diversification of metabolic pathways and the pro-
liferation of metabolically diverse microbial communities in the sub-
surface of cold subduction settings (e.g., Rempfert et al., 2017; Moore
et al., 2017; Lima-Zaloumis et al., 2022; Giovannelli, 2023; Greening
et al., 2024).

4.4. Obducted ophiolites as evidence for migration of energy sources
through time?

Serpentinization of mantle rocks – and consequent production of CH4
and H2 – has been proposed to be a key mechanism in the origin and
sustainment of microbial life (Russell et al., 2010; Lima-Zaloumis et al.,
2022). Active utilization and/or cycling of CH4 and H2 have been
documented in suprasubduction ophiolites at different convergent
margins: the Tablelands Ophiolite (Newfoundland, Canada; Brazelton
et al., 2012), the Zambales Ophiolite (Philippines; Woycheese et al.,
2015), the Tekirova Ophiolite (Turkey; Neubeck et al., 2017; Schwar-
zenbach et al., 2021; Etiope, 2023) and the Semail Ophiolite (Oman;
Leong et al., 2023). Suprasubduction ophiolites are targeted as a key
environment to search for evidence for microbial activity being affected
by CH4 and H2 formed during active serpentinization (e.g., Brazelton
et al., 2012; Rempfert et al., 2017; Neubeck et al., 2017; Trutschel et al.,
2023). For their structural position and temporal distribution, obducted
suprasubduction ophiolites are also the ideal target for the investigation
of ancient subsurface microbial activity benefiting from the rise of deep
energy sources along paleo-plate interfaces: Fig. 6b shows a fair match
between the temporal distribution of jadeitites and Phanerozoic
obducted suprasubduction ophiolites. Although jadeitite localities do
not provide access to the corresponding obducted suprasubduction
ophiolites, this temporal match supports that the latter may very well
record the transfer of deep metamorphic fluids carrying CH4-H2 iden-
tified in jadeitites and albitites worldwide to habitable conditions in the
subsurface biosphere. Flushing of C-rich plate-interface fluids is
demonstrated at the base of obducted ophiolites, as recorded by the
migration of CO2-rich fluids (de Obeso et al., 2021). In addition to this,
the identification of solid reduced carbon compounds at the base of
ophiolitic massifs (Kelemen et al., 2022) may represent fossil evidence
for the migration of deep reduced fluids acting as energy sources in the
subsurface biosphere of forearcs associated with cold subduction. In
light of the present data and of their match with biogeodynamic events
(Fig. 6b), obducted suprasubduction ophiolites may bear evidence for
the combination of key factors contributing to diversification and
flourish of subsurface microbial activity at convergent margins in a cold
subduction regime.

5. Conclusions and outlook

We have presented chemical and geochronological data, showing
that plate-interface metasomatic rocks record protracted, possibly
episodic, fluxes of reduced chemical species like CH4 and H2 during their
formation and exhumation through the mantle wedge. This implies that
they have the potential to transfer such deeply tapped energy sources to
shallower levels where they can feed subsurface microbial life in forearc
regions, as documented in present-day case studies. Our thermodynamic
modeling confirms that the stability of reduced chemical species is
favored by cooler subduction geodynamics, which – based on the pre-
served geological record – have been suggested to be typical of the
Neoproterozoic/Phanerozoic eons. While the latter point is debated and
the discussion of our study may extend to cold subduction regimes in the
pre-Cambrian, the Neoproterozoic/Phanerozoic geological record
shows overlap among stability of reduced chemical species, variably

larger input of organic carbon in subduction, and colder geodynamics.
Our work offers an explanation to the proliferation of subsurface mi-
crobial life in forearc regions in the Phanerozoic eon. However, it cannot
be excluded that such conditions overlapped in pre-Cambrian times as
well under similarly cool geothermal gradients, hence enhancing the
applicability of our work.

Data availability

Measured U–Pb isotope data (Tables S4–S6) and output values of
thermodynamic modeling (Table S7) are available through Zenodo at
https://zenodo.org/doi/10.5281/zenodo.12680604.

CRediT authorship contribution statement

Veronica Peverelli: Writing – review & editing, Writing – original
draft, Methodology, Investigation, Formal analysis, Conceptualization.
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