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Thermochemical oxidation of methane by
manganese oxides in hydrothermal sediments
Qin Huang1, Shao-Yong Jiang 1✉, Dao-Hui Pi1✉, Kurt O. Konhauser 2, Xing-Ping Wen3, Liu-Yi Lu4 &

Hao Yan5

Microbial anaerobic oxidation of methane coupled to the reduction of Mn(IV)-oxides, typi-

cally MnO2, derived from continental weathering and riverine transport has been proposed as

a globally important sink of methane. However, the potential role of hydrothermal Mn(IV)

oxide-rich sediments as a methane sink, and the mechanisms of underpinning methane

oxidation at high-temperature hydrothermal fields remain poorly understood. Here, we report

the occurrence of almost pure rhodochrosite with extremely negative δ13CPDB values (as low

as –76.4‰) in direct association with hausmannite formed through hydrothermal activity in

the Late Triassic Heqing Mn deposit in Southern China. Based on detailed petrography and

geochemistry, this rhodochrosite is interpreted as the result of the thermochemical oxidation

of methane by hausmannite during early diagenesis. Given high hydrothermal Mn2+ and CH4

release coupled to low sulfate concentration observed in the Archean oceans, we propose

that hydrothermal Mn(IV) oxides may have been effective methane sinks in Earth’s ancient

oceans.
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Methane, as an important greenhouse gas, is of great
significance to the global carbon cycle and climate
change1. Microbial anaerobic oxidation of methane

(AOM) using dissolved sulfate as the electron accepter is con-
sidered the main methane-consuming mechanism in low-
temperature modern marine sediments, effectively preventing
methane emission into the upper oceans and atmosphere2–4. The
occurrence of the process involves an anaerobic methanotrophic
archaea and sulfate-reducing bacteria interacting in a syntrophic
fashion within anoxic seawater and/or sediments3–6. At tem-
peratures above 90 °C – the known limits of anaerobic methane-
oxidizing microbes7–9 – the reduction of sulfate can be coupled to
the thermochemical oxidation of methane10. Authigenic carbo-
nate with extremely depleted 13C isotopic values, as low as
−30‰, reflect the mixing ratio between ocean dissolved inor-
ganic carbon (DIC) (at 0–2‰), highly negative DIC produced by
the various microbial metabolic pathways that preferentially
oxidize 12C from 13C-depleted biogenic gases (as low as −110‰)
and DIC from the thermogenic pool (−30 to −50‰)11,12.

Microbial AOM may also be coupled to the reduction of Fe(III)
and Mn(IV) oxides or oxyhydroxides13–15; from herein referred to
as Fe and Mn oxides, respectively. Microbial AOM using either
oxides as electron accepters has been widely reported in modern
and ancient sediments13,14,16,17. Most previous studies have
focused on the potential for microbial Fe-Mn oxide-dependent
AOM in continental margin sediments due to metal oxide-rich
sediment supply by riverine transport13,14,18. However, large
amounts of Fe2+ and Mn2+ are also released by seafloor hydro-
thermal vents into the ocean19, where they are oxidized by oxygen
during hydrothermal plume dispersal20,21. Accordingly, hydro-
thermal systems should support microbial metal oxide-based
AOM, but to date, only Sun16 inferred that Fe(III) oxides carried
by hydrothermal plumes might be coupled to AOM in the modern
Okinawa Trough. Perhaps the explanation is that metalliferous
sediment associated with hydrothermal vents formed at high
temperatures (>90 °C)22. Like microbial AOM, there is also a
paucity of information pertaining to TOM by metal oxides. To
date, Kiyosu23 and Pan24 have demonstrated the process in the
laboratory, while Hu25 has suggested evidence for Mn(IV) oxides
dependent TOM in Triassic sandy conglomerates. For much of
geological time, the source of Mn2+ was from hydrothermal
activity26, while the formation of Mn carbonates with an extremely
negative 13C isotope values commonly was considered as microbial
Mn2+ oxidation in the water column using O2 as the terminal
electron acceptor, and then subsequent reduction of Mn(III,IV)
oxides through dissimilatory manganese reduction27,28.

Here, we report the occurrence of almost pure rhodochrosite,
with extremely negative δ13CPDB values as low as –76.4‰, in
direct association with Mn(II,III) oxides deriving from hydro-
thermal activity, in the Late Triassic Heqing Mn deposit in
southern China (Fig. 1, Supplementary Note). However, based on
petrographic and geochemical data, we interpret the formation of
this rhodochrosite as resulting from the thermochemical oxida-
tion of methane coupled to hydrothermal hausmannite, and not
dissimilatory manganese reduction.

Results
Mn ores exhibit a massive black structure with white irregular
blocky masses and fine spherulites distributed throughout the
hand samples (Fig. 2a–d). Microscopic observation found that
irregular blocky masses and fine spherulites show a micro-
crystalline structure (Fig. 2e–f), while the black massive structures
exhibit a concentric layered microstructure resembling modern
marine dendritic and botryoidal Mn nodules (Fig. 3a, b). A
combination of powder and in-situ X-ray diffractometry and

Raman spectroscopy analyses revealed that the nodule-like Mn
oxide is hausmannite (Mn2+Mn3+2O4), the white masses are
rhodochrosite (MnCO3), and the poorly crystallized mineral is
pyrochroite (Mn(OH)2) (Fig. 3e, f and Supplementary Fig. S1).
Scanning electron microscopy observation also revealed similar
structures of manganese carbonate and oxide (Fig. 3c, d). These
concentric layers of hausmannite have varying thicknesses and
the thinnest layers are only micrometers in scale (Fig. 3d). Blocky
mass and spherulitic rhodochrosite are distributed within haus-
mannite and cut through concentric layers of the latter (Fig. 3d).
Furthermore, rare sphalerite debris (~2 μm) also occurs within
Mn oxides masses (Supplementary Fig. S2).

The PAAS-normalized in-situ rare earth element (REE) patterns
of hausmannite show obvious negative Ce anomalies (0.57–0.83)
and positive Eu anomalies (0.98–1.3) (Fig. 4a and Supplementary
Table S1). The total REE content of hausmannite is extremely low
(15–30 ppm). Ce and Eu anomalies of rhodochrosite are similar to
those of hausmannite (Fig. 4b), but the rhodochrosite exhibits
slight enrichment in light REE (the concentration of total light
REE ranges from 27 to 60 ppm, with an average 40 ppm) (Fig. 4b
and Supplementary Table S2). An Electron Probe Microanalyzer
revealed that the rhodochrosites are almost pure, with the CaO
content ranging from only 0.5–2 wt.% (Supplementary Table S3).
The rhodochrosite in our samples are extremely rich in 12C and
have (micro-drill) δ13C-PDB values range from –76.4 to –46.65‰,
with several samples showing values within the –75 to –50‰ range
(Fig. 5a, b and Supplementary Table S4). Rhodochrosite δ18O- PDB

values range from –3.69 to –2.17‰ (Fig. 5a, b and Supplementary
Table S4). Hausmannite δ18O- SMOW values range from 10.1 to
19.7‰ (Supplementary Table S5). The temperature of precipita-
tion of rhodochrosite is predicted to have been between 110 °C and
135 °C (Fig. 5c) according to the clumped isotope date (n= 4;
Supplementary Table S6).

Discussion
The nodule-like structure and mineral composition of hausman-
nite are very similar to those of modern ocean Mn nodules29.
Generally, REE features, including Ce and Eu anomalies, as well as
the concentration of total REE, are the main geochemical proxies
used to identify the genesis of different marine Fe-Mn nodules or
crusts30. REE features of hydrothermal Fe-Mn nodules or crusts
usually exhibit negative Ce anomalies, positive Eu anomalies, and
low concentrations of total REE due to rapid precipitation rates30.
Conversely, REE features of hydrogenic Fe-Mn nodules or crusts
usually exhibit positive Ce anomalies, no Eu anomalies, and high
concentrations of total REE due to it having slow precipitation
rates. The REE features of diagenetic Fe-Mn nodules or crusts are
between hydrothermal and hydrogenic Fe-Mn nodules or crusts.
Furthermore, Bau30 proposed that Ce/Ce* versus Nd and Ce/Ce*
versus (Y/Ho)SN can be used to indicate the origins of Fe-Mn
nodules or crusts. In-situ REE patterns of hausmannite show
extremely low REE concentrations, obvious negative Ce anomalies,
and slight positive Eu anomalies, which are very similar to the REE
patterns of hydrothermal Mn deposits31,32. On a Ce/Ce* versus
Nd diagram, hausmannite values all fall within the hydrothermal
range, while on a Ce/Ce* versus (Y/Ho)SN diagram, the haus-
mannite samples fall within the diagenetic ranges (Fig. 4c, d). The
hydrothermal Fe-Mn deposits trend toward hydrogenic Fe-Mn
deposits in plots of Ce/Ce* versus Nd and Ce/Ce* versus (Y/Ho)SN
due to Fe-Mn oxides surface having been exposed to seawater30.
The hausmannite in our samples that fall within the diagenetic
ranges on the Ce/Ce* versus (Y/Ho)SN diagram may be caused by
its surfaces having had prolonged exposure to bottom seawater.
Furthermore, the REE patterns of hausmannite are consistent with
previous studies (bulk powder)33,34.
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Oxygen isotopic values of hausmannite also support a
hydrothermal origin. In our samples, we subjected the Mn ore to
acidification with hydrochloric (pre-treatment) to eliminate
rhodochrosite and sphalerite. Although rare clay minerals were
not completely extracted from the Mn ores, it is unlikely that
they would significantly impact the δ18O isotope values of
hausmannite (Supplementary Table S5). Such values for oxygen
isotopes are slightly higher compared to those found in modern
marine Mn oxides (5.5~15.8‰)35. The difference possibly
resulted from the oxygen atom in hausmannite primarily origi-
nating from O2 (+23‰), with only a small fraction coming from
seawater. Based on experimental results reported by
Sutherland36, it was suggested that approximately 0.58 atom
oxygen of Mn oxides originate from seawater in the abiotic
pathway, while 0.38–0.62 atom oxygen is derived from O2 in
various biotic pathways. The calculated oxygen isotope range of
hausmannite derived from seawater is between 3.84 and 12.21‰
based on rough estimates. For this study, we assumed that sea-
water during the Later Triassic period ranged from −1 to 1‰
based on research conducted by Sun37. Our sample analysis
indicated that the precipitation temperatures of hausmannite
range from 4.5 to 82 °C using the Zheng’s38 oxygen isotopic
geothermometer, this corroborating our hypothesis that the
hausmannite in the Heqing Mn deposit has a hydrothermal
origin (Supplementary Table S5).

The hydrothermal activity was possibly driven by the eruption
of basic magma in the northern margin of the Heqing sub-basin
during the Late Triassic Norian period33,39. Rare sphalerite debris
in hausmannite imply that hausmannite precipitation occurred
close to hydrothermal vents40. Based on the rock assemblages of
T3sg3, we suggest that the water column of the Heqing sub-basin
is oxic or suboxic in the Late Triassic Norian period. Thus,
hydrothermal fluids are released into oxygenated seawater along a
paleo-fault, where a large amount of dissolved Mn2+ is oxidized
and precipitated by microbial or chemical pathways to form
hausmannite. It is then rapidly buried in marine sediments close
to the hydrothermal vents.

Rhodochrosite is traditionally considered to be a product of
Mn(III/IV) oxide reduction during early diagenesis26,41. The pre-
sence of hausmannite and its cross-cutting relationship with rho-
dochrosite indicates that rhodochrosite formed later by the
reduction of the two Mn(III) atoms in hausmannite. The δ13CPDB

isotopic signal of rhodochrosite has also been used to evaluate the
origin of DIC of sedimentary manganese ore deposits42. Rhodo-
chrosite in the Heqing deposit exhibited δ13CPDB values ranging
from –46 to –75‰, with most falling between –50 and –75‰
(Fig. 5b). Such extremely depleted 13CPDB values of rhodochrosite
are interpreted as methane-derived carbonate (MDCs)11,14,16,17,43.
The cross-cutting relationships between the hausmannite and
rhodochrosite, coupled with the isotopic composition of the latter,

Fig. 1 Schematic geologic map of the Heqing manganese ore deposit. a, b Geological map of the Heqing manganese deposit. c, d Stratigraphic column of
the sampling location: the third member of Triassic Songgui Formation29.
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suggest that the precipitation of rhodochrosite was caused by a
redox reaction between methane and hausmannite (reaction 1):

CH4 þ 4Mn3O4 þ 23Hþ ! HCO3
� þ 12Mn2þ þ 13H2O: ð1Þ

Previous studies proposed that the δ13CPDB values of ancient
MDCs can be as proxy for methane sources11. Thermogenic
methane has light C isotopic values as low as –50‰, whereas
biogenic methane has even lower C isotopic values of −60 to
−110‰44. Generally, the δ13CPDB isotope values of ancient car-
bonate are mixed with various carbon sources such as marine
carbonate, decomposition of organic matter, seep methane and
methanogenesis11. Thus, the δ13CPDB isotope values of MDCs
usually higher than those of the seep methane11. The most
δ13CPDB value in our samples is lower −60‰ (Fig. 5b), which
favors biogenic methane as the main carbon source but does not
preclude methane produced by the thermogenic breakdown of
in situ organic matter in hydrothermal sediments. The negative
covariation of C- and O-isotope and high δ18OPDB values of

rhodochrosite implies that the methane may have been released
through the dissociation of gas hydrates45–47. Indeed, high tem-
peratures caused by magmatic or hydrothermal activity will
compromise the stability of gas hydrates, allowing deep methane
to rise to the seafloor16. Therefore, we infer that methane see-
pages were driven by dissociation of underlying gas hydrates by
frequent hydrothermal activity in Heqing sub-basin.

Microbial AOM by indirect or direct metal oxides (Fe-Mn) has
been suggested in some modern lake and marine
sediments13,48,49. However, metalliferous sediments close to
hydrothermal vents are usually heated by underlying magmatic
or hydrothermal activities3,7, so thermochemical oxidation
methane (TOM) by Mn oxides at high temperature is more likely
than AOM, although this mechanism has only recently been
documented in geological systems25. The carbonate clumped
isotope thermometer (TΔ47) can effectively constrain the tem-
perature of carbonate samples because it is independent of the
oxygen isotope of seawater or porewater during carbonate

Fig. 2 Structural characteristics of manganese-bearing minerals in Mn ores. a–d Hand sample of massive Mn ores (B2530-2) showing blocky mass and
spherulites of manganese carbonate distributed in a Mn oxide (hausmannite) and hydroxide (pyrochroite) matrix. Areas where clumped isotope data were
collected shown by arrows. e, f Microscopic images (transmitted light) of blocky mass and spherulites manganese carbonate (transmission light).
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growth50. Low Δ47 values of rhodochrosite suggest a relatively
high temperature (110–135 °C) for the origin of the Heqing Mn
deposit (Fig. 5c and Supplementary Table S5). In addition to
high temperature, other processes can produce low Δ47 values in
rhodochrosite. For the MDCs, low Δ47 (high TΔ47) may also be
produced by kinetic isotopic effects during methane
oxidation17,51,52. The extremely high oxidation rate of methane
is the main factor which causing kinetic isotopic effects51,52.
Extremely high oxidation of methane rates leads to high MDCs
growth rates51,52. In this case, various sources of DIC (seawater
DIC and methane-derived DIC) would not have sufficient time

to reach equilibrium, and thus produce a low Δ47 value51,52. By
contrast, various DIC species have sufficient time to re-
equilibrate at low oxidation of methane rates. Methane oxida-
tion by metal-oxides occurs at much slower rates than sulfate-
dependent AOM, due to metal oxides being solids which are less
accessible than dissolved sulfate anions13. Correspondingly, the
precipitation rate of rhodochrosite is also slow. Thus, we tenta-
tively suggest that the high TΔ47 values are unlikely due to kinetic
isotopic effects. Furthermore, the impact of fluids during diag-
enesis and solid-state reordering can also lead to low TΔ47

values53,54. But there is no trace of recrystallization in our

Fig. 3 Petrographic and mineralogical characteristics of manganese-bearing minerals in Mn ores. a, b Reflected light microscopy images of blocky mass
and spherulitic rhodochrosite (Rds) cross-cutting a matrix of Mn oxide. c, d Backscattered SEM images showing similar features as in a and b. d locations
indicated with square in c (yellow dotted line). e Characteristic XRD patterns of the Mn ore with peaks indicating hausmannite, pyrochroite, and
rhodochrosite. f Representative Raman spectra of hausmannite (orange), pyrochroite (blue), and rhodochrosite (purple). Sampling locations indicated with
crosses in b.
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rhodochrosite, and C- and O-isotope of rhodochrosite show a
negative covariation (Fig. 5a). Thus, effects of fluid-buffered
during diagenesis (e.g., meteoric fluid buffered and recrystalli-
zation) was excluded. The T3Sg3 strata were buried at a max-
imum depth of 354 m and the Heqing Mn deposit were not
buried more than 100 m during the Later Triassic33. Based on the
geothermal gradient as 30 °C/Km and the surface temperature as
30 °C during Late Triassic55, the calculated peaking burial tem-
perature ranges from 40 to 46 °C. Solid-state recording is unli-
kely to proceed at such burial temperature53.

In addition, we must consider the potential impact of hydro-
thermal fluids on solid-state reordering. The nearest alkaline
porphyry from the Himalayan Period is located ten kilometers
away from the Heqing Mn ore deposit56,57. Using the Raman
geothermometer, the spectra of organic matter in Mn ores agree
with it being amorphous carbon (low-grade organic matter), and
the organic matter’s peak temperature was 128 °C58 (Fig. S3 and
Supplementary Table S6). Clay minerals associated with the Mn
ore sample are predominantly composed of illite and kaolinite,
with a minor presence of chlorite and mixed-layer (illite-

Fig. 4 In-situ geochemical features of Mn ores. a, b REE patterns of hausmannite and rhodochrosite, respective29,30. c, d Ce/Ce* versus Nd and Y/HoSN
respectively26.

Fig. 5 C-O and clumped isotopic compositions in rhodochrosite. a Carbon and oxygen isotopic values of rhodochrosite (samples obtained with a micro-
drill). b Histogram of C isotope values. c Clumped isotopes showing precipitation temperatures of rhodochrosites andδ18OVSMOW values of water, with
black lines showing rhodochrositeδ18OVPDB values.
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vermiculite) minerals (Supplementary Fig. S4). The crystallinity
of illite, known as Kubleri-Index, is temperature-dependent59.
Illite’s Kubleri-Index obtained from Mn ores using the
Gaussian–Lorentzian function is roughly 1.18 Δ°2θ (Supple-
mentary Fig. S5), corresponding to an estimated peak tempera-
ture of 100 °C60 (Supplementary Table S6). The calcite veins
found in the host rock of the Heqing Mn ore deposit exhibit δ18O
isotope values ranging from −12.3 to −7.6‰, which also corre-
sponds to a temperature range of ~89–109 °C61. Collectively, the
available data indicates that the maximum temperatures reached
by the ores was at or below 130 °C. This calculated temperature
agrees with the temperature range determined from clumped
isotope measurements, which falls between 110 and 135 °C.
Although further investigations are required to verify the accu-
racy of Raman spectra and Kubleri-Index geothermometer in
low-temperature zones (<150 °C), there is a lack of clear high-
temperature signal, indicating that magmatic activity has minimal
impact on the Heqing area. Instead, the most parsimonious
explanation is that the temperature range was influenced by
hydrothermal events62. According to the model proposed by
Stolper63 (for calcite), clumped isotope temperatures can be
altered by a maximum of ~40 °C when the environmental tem-
perature is held at 125 °C for a duration of over 10 million years,
and by a maximum of ~25 °C when held at the same temperature
for less than 5 million years. The range of maximum burial
temperature is between 40 °C and 46 °C, and it is observed that
the effect of solid-state reordering is overprinted by the maximum
temperature of diagenetic burial, which ranges from 80 to 86 °C.
This range is considerably lower than the measured clumped
isotope temperature. Additionally, clumped isotope temperatures
may be modified by less than 5 °C when held at 125 °C below 1
million years63. Although precise constraints on the timescale of
hydrothermal events are challenging to obtain, we propose that a
short timescale (between 103 and 104 years) is plausible for the
duration of the heating event. This inference is supported by two
lines of evidence. The first is the distance of over 10 km between
the Himalayan Period alkaline porphyry and the Heqing Mn ore
deposit, which suggests that magmatic activity may have had
minimal influence on the stratum (i.e., <1 million years). It is
possible for long-term heating (>106 years) to occur in the stra-
tum only in proximity to magmatic activity56. The second piece
of evidence is the incursion of heat flow through deep-seated
crustal faults, which are typically transient in nature62. Therefore,
we propose that solid-state reordering resulting from hydro-
thermal events accounts for the observed change in clumped
isotope temperature of less than 5 °C. Based on the above dis-
cussion, we infer that the formation of highly δ13C-depleted
rhodochrosite occurred at high temperatures (105–130 °C),
beyond that which reasonably supports microbes driving AOM.

Notably, if rhodochrosite undergoes equilibrium crystallization
at temperatures ranging from 105 to 130 °C, the isotopic frac-
tionation between oxygen isotopes in the mineral and its parent
fluid (porewater) should range from 16 to 19‰64. Thus, the
precipitation of rhodochrosite is from the parent fluid with an
δ18O-SMOW isotopic value of 9.6–11.8‰. Such δ18O-rich fluid is
rare and far higher than normal marine water (−3 to 3‰).
Consequently, there are two potential explanations for the
observed circumstances: either rhodochrosite was formed
through processes that generated isotopic disequilibrium with its
parent fluid, or alternatively, it was produced from a porewater
source with notably high δ18O values. First, the disequilibrium
crystallization of rhodochrosite should be excluded due to rho-
dochrosite’s slow precipitation rate. Previous studies have
demonstrated that δ18O-rich fluids could possibly serve as sour-
ces for authigenic methane-derived rhodochrosite, arising from
various origins such as gas hydrate dissociation65, clay mineral

dehydration (smectite to illite)66, and Mn oxide reduction67.
Although illite and kaolinite were found in Mn ores, mixed layer
clays (e.g., smectite, illite) were undetected, suggesting that clay
mineral dehydration may not be responsible for enriching the
δ18O isotope of porewater. While gas hydrate dissociation is a
possible contributor, it is not considered a primary source since it
can result in fluid enriched with δ18O isotopic values ranging only
between 2.4 and 3.4‰68. This assertion is also supported by the
negative covariation of C-O isotope values of rhodochrosite.
Furthermore, the process by which initial oxygen isotopic values
are modified through Mn oxides reduction has been documented
in the authigenic Ca-rhodochrosite of the Baltic Sea67. Based on
their findings, those authors speculated that the δ18O isotope may
increase by up to 1‰ due to a mixture of 0.03 mole fraction of
MnO2 with δ18O values of +8.9‰ and 0.97 mole fraction of
porewater with δ18O values of −4.6‰67. In our samples, rho-
dochrosite is likely entirely derived from the reduction of haus-
mannite in closed porewater system. Based on the hausmannite’s
δ18O-rich signal (10.1–19.7‰), we propose that the enrichment
of oxygen isotopes in porewater is due to the reduction of
hausmannite.

In-situ REE patterns of rhodochrosite have slightly lower Ce/
Ce* (0.49–0.60) and Eu/Eu* (0.91–1.23) values than the haus-
mannite (Ce/Ce*: 0.57–0.83; Eu/Eu*: 0.98–1.30). The Ce
anomalies and slight positive Eu anomalies also are very similar
to the REE patterns of hydrothermal fluids, volcaniclastic sedi-
ments, as well as those of the Hollard Mound MDCs69. These
anomalies (Ce and Eu) have main two origins; (1) REE inherited
from hausmannite, or (2) hydrothermal fluid influence. Com-
pared with hausmannite, the rhodochrosite exhibits slight
enrichment in LREEs. The slight LREE-rich rhodochrosite is
possibly influenced by high temperature hydrothermal fluids70.
Thus, we infer that the subsurface high hydrothermal fluid pos-
sibly was involved in the formation process of rhodochrosite (or
reduction of hausmannite) during the early diagenesis. This also
implies that rhodochrosite may have formed in a high tempera-
ture porewater environment. In summary, both the REE and
stable isotopic geochemistry of these Mn minerals are consistent
with frequent hydrothermal activities in Heqing sub-basin during
the Norian period.

The microbial role in AOM is limited in high temperatures
(>90 °C) environments due to the metabolism of anaerobic
methanotrophic microbes, which occur at temperatures below
90 °C7. Thus, methane oxidation is likely dominated by thermo-
chemical reactions in our samples. The absence of Fe-Mn sulfides
(pyrite or alabandite) in our samples implies that rhodochrosite
formed in an environment where sulfate was depleted16,17. Rapid
sediment accumulation of hydrothermal hausmannite may also
indicate that it was buried below the sulfate-methane transition
zone14—poor sulfate zone. Thus, we infer that highly
δ13C-depeted rhodochrosite results from TOM by Mn oxides at
high temperature. Although the laboratory experiments show
TOM by metal-oxides does not proceed at temperatures below
250 °C23,24, this process can occur at lower temperatures at slower
rates of reaction during a longer geological interval25.

Overall, we provide the evidence for the occurrence of TOM by
Mn oxides in hydrothermal metalliferous sediments. Hydro-
thermal activity developed at the Heqing sub-basin during the
Late Triassic Norian period where large amounts of Mn2+ were
partially oxidized, precipitated as hausmannite, and then buried
into the subsurface sediments closed to hydrothermal vents during
the dispersal of hydrothermal plumes. In addition, hydrothermal
activity compromised the stability of underlying gas hydrates,
driving methane seepage. The TOM by hausmannite to form
rhodochrosite occurred as upward-migrating methane encoun-
tered the subsurface high temperature metalliferous sediments.
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Metalliferous sediments composed of poorly crystalline Fe-Mn
oxides or hydroxides are widely distributed in modern hydro-
thermal fields including mid-ocean ridges, back-arc basins and
intraplate volcanoes71,72. Seafloor hydrothermal fluids not only
release large amounts of metal ions (Fe2+ and Mn2+) but also
large amount of reducing gas (CH4 and H2S) into the ocean73. In
addition, most hydrothermal fields coincide with the predicted
distribution of natural gas hydrates16 so that hydrothermal
activity may disrupt the stability of natural gas hydrates, and thus
generates methane seepages. The potential role of metalliferous
sediments as a methane sink in the hydrothermal systems have
largely been neglected so far. In this study, we provide the evi-
dence for the occurrence of thermochemical anaerobic oxidation
methane by hydrothermal Mn oxides (hausmannite) in metalli-
ferous sediments. It is worth noting that the use of Fe-Mn oxides
by microbes as an electron acceptor is not an exclusive pathway
for methane cycling in hydrothermal fields17. Instead, TOM can
also play a vital role in this process. Rhodochrosite and kutno-
horite, two forms of Mn carbonate known to exhibit extremely
negative 13C isotopic values (<–25‰), are commonly found in
the geological record26,27,43. Additionally, manganese carbonate
deposits often have a documented hydrothermal origin26. These
findings suggest that hydrothermal Fe-Mn oxides may
have served as widespread methane sinks in Phanerozoic oceans.
Moreover, it is possible that hydrothermal Fe-Mn oxides could
have played an even more crucial role in methane consumption
during the Archean Era since this period had higher inputs of
hydrothermal metals (Fe2+ and Mn2+) and CH4 and lower
concentrations of sulfate than modern oceans56.

Methods
Mineral analyses. The powders and thin-sections of Mn ore from the Heqing Mn
ore deposit were analyzed using a Bruker D8 ADVANCE X-ray diffractometer, with
data collected over the 2θ range of 5°–75° during counting times of 1° min−1 at the
State Key Laboratory of GPMR, China University of Geosciences (CUG) in Wuhan,
China. To identify the various clay minerals, oriented aggregates were prepared from
the <2 um fraction. This particular fraction was extracted via decantation from a
suspension of 10 g of dried bulk Mn ores previously sieved at 63 um, utilizing distilled
water. Subsequently, each sample underwent solvation with ethylene glycol for a
period of 3 h. Jade 6.0 software was employed for the purpose of mineral identifi-
cation and processing of the data. High-resolution Micro-Raman was conducted at
the State Key Laboratory of Biogeology and Environmental Geology, CUG in Wuhan,
China, using a WITec300 Confocal Raman Imaging system. All Raman spectra were
processed with the WITec Project Five Plus software. The Raman spectra of organic
matter were subjected to peak deconvolution using the WITec Project 5 computer
program. A Gaussian–Lorentzian function with a high degree of fitting (R2 > 0.99)
was employed in this study. The Raman spectrum of organic matter exhibits two
regions of interest, namely the first-order region (1000–1800 cm−1) and second-order
region (2500–3100 cm−1), with specific emphasis on the former. This region is
characterized by up to five distinctive bands for organic matter, namely G, D1, D2,
D3, and D4. Utilizing the peak fitting flowchart proposed by Kouketsu58, we found
that the Raman spectra of organic matter in our samples corresponded to low-grade
(amorphous carbon). In this study, the peak heating temperature (TD1°C) was
computed by means of the full width at half-maximum (FWHM) of a series of
disordered bands, which include D1 and D2-band, via the following equation
TD1°C=−2.15 × (FWHM-D1)+ 478.

Elemental analyses. Microscopic analysis was performed on thin sections of the
Mn ores via optical microscope and field-emission scanning electron microscopy at
the State Key Laboratory of GPMR, CUG in Wuhan, China. Prior to the EF-SEM
observations, the thin sections underwent a coating with a few nanometers of
platinum gold (Au). The analyses were carried out on a Zeiss Sigma 300 instrument
under working conditions that involved a distance from the sample of 8 mm,
voltages of 20 kV, and a beam current of 10 nA. In preparation for analysis,
samples were initially coated with a thin conductive carbon film, with measures
taken to minimize variability in carbon film thickness between specimens and to
achieve an approximately uniform coating thickness of 20 nm; this follows the
protocols outlined by Zhang and Yang74. Operation conditions for quantitative
WDS analyses included an accelerating voltage of 15 kV, beam current of 10 nA,
and a 10 µm spot size. The content of C was calculated based on the mole ratio of
C:O= 1:3, and then involved into the ZAF correction procedure. The peak
counting time was 10 s for Fe, Ca, Mg, Mn. The background counting time was 1/2
of the peak counting time on the high- and low-energy background positions.

Diopside (Ca, Mg), Pyrope (Fe), Rhodonite (Mn) were used in this analysis as
standards.

LA-ICP-MS analyses. Chemical analyses of the Mn ores were conducted by in-situ
methods directly on polished thin sections at the State Key Laboratory of GPMR,
CUG in Wuhan, China. A 193 nm RESOlution S-155 laser-ablation system coupled
with a Thermo iCAP RQ inductively coupled plasma mass spectrometer was used.
Samples were ablated using a 50 μm spot size, 10 Hz repetition rate, and 4 J/cm2

corresponding energy density. In this study, we adopted multiple reference
materials including NIST SRM 610 and 612, BIR-1G, BCR-2G, and BHVO-2G75,76

as external standards without the use of an internal standard for concentration
determination77. The analytical uncertainty is better than 5% for REEs and 10% for
the remaining elements78. Raw data reduction was performed offline using the
ICPMSDataCal software77. In calculating total major element oxides for quantifi-
cation, it was assumed that all Mn in the Mn oxide samples were in the 3+
oxidation states.

Rhodochrosite C-O isotope analyses of micro-drill samples. Isotopic analysis of
carbon and oxygen was performed on the Mn ores utilizing a Finnigan MAT-253
isotope ratio mass spectrometer (IRMS) at the State Key Laboratory of GPMR,
CUG in Wuhan, China. An automated carbonate preparation system known as
Kiel IV was used, where 100% H3PO4 was introduced to the samples for 220 s at a
temperature of 70 °C. Every nine samples including a random repeated sample
were followed by a standard. All isotopic ratios are expressed as per mil relative to
the Vienna Peedee Belemnite (V-PDB) standard. The internal precision (1 SD) was
less than ±0.1 for 13C and 18O values, and the external precision was better than
±0.5 for δ13C and δ18O values.

Hausmannite O isotope analyses. All the samples underwent acidification with
HCl as a pre-treatment process. Acidified subsamples were leached for 3 h in a 10%
HCl solution, rinsed seven times using deionized water, and air-dried overnight in
an oven set at 100 °C to ensure complete dehydration prior to analysis. To liberate
oxygen from hausmannite, pure BrF5 was quantitatively reacted with it and heated
with a CO2 laser, following Clayton and Mayeda79 at analytical laboratory of
Beijing Research Institute of Uranium Geology, China. The δ18O isotope data were
reported relative to Vienna-Standard Mean Ocean Water (V-SMOW), with
internal precisions of better than 0.2‰ for δ18O in a single analysis.

Rhodochrosite clumped isotope analyses of micro-drill samples. Clumped
isotope were analyzed at the State Key Laboratory of GPMR, CUG in Wuhan,
China. Sample pre-treatments involved adding 200 mg of dried bulk powder
samples and 2 ml of analytical grade H2O2 into a centrifuge tube for duration of
1–2 h, followed by subsequent washing and drying of the samples. Clumped iso-
tope (Δ47) analyses were performed using the sample preparation line and dual
inlet-equipped MAT253 IRMS. An aliquot of 18–25 mg rhodochrosite powder was
first digested in phosphoric acid at concentrations of 102–105% and temperatures
of 90 °C, followed by CO2 gas purification through multiple cryogenic traps. The
ensuing CO2 gas underwent purification through multiple cryogenic traps,
including a Porapak-Q gas chromatograph column held at −20 °C. To eliminate
water and low vapor pressure gases, U-shaped cryogenic glass traps were employed.
The process entailed utilizing liquid nitrogen for freezing and CO2 collection at
−196 °C, as well as a combination of liquid nitrogen and alcohol for unfreezing and
releasing CO2 at −90 °C. Furthermore, a U-shaped cryogenic glass trap, measuring
30 cm in length and packed with Porapak Q between 80 and 100 Mesh, was utilized
along with a mixture of liquid nitrogen and ethylene glycol (−20 °C) to further
purify CO2 by removing organic contaminants and sulfides. Glass traps were
ultimately used to transfer the purified gas to a finger tube for confinement before
measurement on the IRMS80.

Ten acquisitions with eight cycles were performed for each sample or standard
analysis, and each sample was subjected to three measurements. Nonlinearity
corrections were carried out using standard protocols, which incorporated
equilibrated gas at temperatures of 10, 25, and 50 °C, as well as heated CO2 gas at
1000 °C81. In addition, the purified CO2 gas’s δ18O isotopic values were analyzed
utilizing this specially modified IRMS (MAT253). The δ18O values were calibrated
relative to the international reference standard NBS-19 (δ18O=−2.20‰) and
Chinese national standard GBW04416 (δ18O=−11.59‰) and expressed in
standard δ-notation as permille deviations from the Vienna Pee Dee Belemnite
(VPDB) international standard. Precision levels for duplicate analyses of GBW04416
and selected study samples exceeded ±0.1‰. Based on clumped isotope temperature,
the oxygen isotope geothermometer proposed by Kim64 was used to calculate the
oxygen isotope values of parent fluid of precipitation rhodochrosite.

The raw clumped isotope data were calibrated to the absolute reference frame
(ARF), by applying +0.082‰ to account for acid digestion at 90 °C-related
fractionation, and subsequently by further calibration utilizing newly determined
clumped isotope values of ETH standards (i.e., ETH-1: +0.258‰, ETH-2:
+0.256‰, ETH-3: +0.691‰, and ETH-4: +0.507‰)80. In previous several studies,
an acid fractionation factor of +0.082‰ is widely accepted, and thus we used it to
calibrate our data82. In order to reduce inter-laboratory bias, we chose the ETH
standards reported in Bernasconi82 to correct our data62. We chose the calibration
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from Petersen83 to calculate clumped isotope-based temperatures (using IUPAC
parameters, new Δ47-TE values, and new Δ*

25-X), although other temperature
calibrations would result in only small differences in TΔ47 values and would not
affect our interpretations84,85. The different mineralogies can use a same
calibration equation, due to full acid fractionation factor vary can cancel out
equilibrium clumping varies between carbonate mineralogies83.

Data availability
The data underlying the research presented in our paper is available in the
Supplementary Information and have been deposited in the Mendeley Data (Huang Qin
(2023), “Huang et al_2023_COMMSENV”, Mendeley Data. V1, https://doi.org/10.17632/
44fj25xmy6.1).
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