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The Aoertuokanashi deposit located in the Western Kunlun Orogen is the first known Late Carboniferous
large high-grade carbonate-hosted Mn deposit in the world and it has been mined since 2018. The
deposit is considered to have formed in a back-arc basin developed during the northward subduction
of the Paleo-Tethys Ocean beneath the Tarim Block. The Re-Os isotope isochron age of Mn ore at the
Aoertuokanashi deposit is 302 ± 9 Ma. The minimum initial 187Os/188Os values obtained from the deposit
is 0.28, which indicates the presence of a mantle source for the mineralization. The Aoertuokanashi
deposit is similar in age to the 301 ± 5 Ma Wajilitag kimberlite in the Tarim Block, which is considered
to be the initial magmatic pulse triggered by the Tarim mantle plume. The Late Carboniferous
Aoertuokanashi Mn deposit was likely promoted by igneous activity from the Tarim mantle plume.
The Aoertuokanashi deposit shows geochemical characteristics of hot water activity in a back-arc basin.

The Mn mineralization is hosted in the restricted platform facies. Framboidal pyrite, typical biomat, and
authigenic quartz are observed in the Mn deposit, indicating the influence of microbial processes. The
sedimentary facies show a starving basin feature that can enhance microbial mediation. The d13CV-PDB

values of mineralized rocks (from �19.5 to �8.2 ‰) are more negative than those of wall rocks (from
�5.3 to + 4.2‰), whereas the d13CV-PDB values (around �29‰) of kerogen for the Mn ore are significantly
lower than those of the whole rock. These compositions indicate that the reducing function of organic
matter played an important role in Mn mineralization. In the inferred extensional tectonic environment,
under the influence of a mantle plume, the stratum with strong hot water activities and a large amount of
organic matter becomes the focal point for the formation of carbonate type manganese ore deposit.
� 2024 The Author(s). Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

Manganese is a strategically critical metal. Most Mn deposits in
China are in southwest and western parts and they are small- (<2
Mt Mn) to medium-sized (2–20 Mt Mn), with only 12 large depos-
its with reserves > 20 Mt of Mn (Jiang et al., 2016; Yu et al., 2016;
Zhou et al., 2016; Xiao et al., 2017; Chen et al., 2019; Ma et al.,
2019; Li et al., 2018; Zhang et al., 2020; Li et al., 2022b). High-
grade (>25 wt% Mn) Mn-carbonate deposits have been recently
discovered in the Western Kunlun Orogen (WKO), such as the large
Aoertuokanashi and Muhu deposits, and the medium-size Malka-
ntu deposit in the Maerkansu Mn belt, which is the first known
Late Carboniferous belt in the world containing high-grade
(>25 wt% Mn) Mn-carbonate mineralization. Mineralization in
these deposits is stratiform with average grades of >35 wt% and
they extend�100 km long trending west towards Tajikistan, which
represents the richest Mn-carbonate ore field in China (Gao et al.,
2017). By the end of 2017, total Mn resource of the belt was esti-
mated to be >45 Mt (Gao et al., 2018).
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In the global perspective, the Carboniferous is not known for
major Mn mineralization (Kuleshov, 2011; Schier et al., 2020).
The Late Carboniferous Mn mineralization in the WKO is therefore
unusual, possibly linked to a special tectonic environment. The
Paleo-Tethys Ocean existed between the Tarim Craton and the
Gondwana continent during the Late Carboniferous (Han et al.,
2016; Ding et al., 2017; Dong et al., 2022). Manganese deposits
have been found in some terranes around the Paleo-Tethys Ocean,
such as the Late Devonian Xialei Mn deposit (360 Ma) in South
China (Chen et al., 2023), the Late Devonian Kawame Fe-Mn
deposit (368 Ma) in Northeast Japan (Kuwahara et al., 2022), and
the Early Triassic Dongping Mn deposit (250 Ma) in South China
(Chen et al., 2023). However, in the Paleo-Tethys Ocean tectonic
domain, Late Carboniferous large-scale Mn deposits have only been
found in theWKO, where the Paleo-Tethys Ocean subducted north-
ward. There was no Mn mineralization during the same period
when the Paleo-Tethys Ocean subducted northward beneath the
North China Block and the Qaidam Block. This leads to the follow-
ing question: what was the tectonic environment in the WKO that
led to Mn mineralization?

Manganese is an element commonly used by microorganisms,
and some famous high-grade Mn deposits are closely related to
microbial mediation (Polgári et al., 2016; Wang et al., 2018; Yao
et al., 2018). Whether a Mn deposit has undergone microbial medi-
ation needs comprehensive support from mineral features, organic
matter composition, whole-rock geochemistry, and isotope data
(Polgári and Gyollai, 2022). According to the occurrences of fram-
boidal pyrite in carbonaceous argillaceous limestone and its sulfur
isotopes, some researchers have suggested that microbial media-
tion happened in the Aoertuokanashi deposit (Zhang et al., 2020).
However, there has been no other report from the Late Carbonifer-
ous Mn deposits in theWKO that indicates microbial mediation, for
instance from the observation of silicate minerals, organic matter
composition, and the oxygen fugacity. This limits the understand-
ing of this high-grade large Mn ore deposit with a unique metallo-
genic age.

To enhance the understanding of the Late Carboniferous high-
grade Mn-carbonate mineralization, we have selected the Aoer-
tuokanashi Mn deposit in the WKO for a detailed study including
sedimentary facies analysis, observation of typical microbial medi-
ation silicate mineral and rock structure, Re-Os and U-Pb dating,
organic geochemistry, and S and C isotope analysis.
2. Regional geology

The Late Paleozoic Maerkansu Mn belt is located in western
China at the junction of a back-arc basin of North WKO and the
Tarim Block (Fig. 1a, b). The Mn belt includes the large Aoer-
tuokanashi and Muhu deposits, and the medium-sized Maerkantu
deposit (Fig. 1c). The WKO is located between the Tarim Basin to
the north and the Tianhuihai-North Qiangtang Terrane to the south
(Fig. 1a, b). It can be divided into two tectonic units: the North
WKO and the South WKO. North WKO and South WKO are sepa-
rated by the early Paleozoic ophiolite-bearing Kudi-Qimanyute
suture zone, which is considered a relic of the Proto-Tethys Ocean
(Pan, 1990; Xiao et al., 2005; Zhang et al., 2019), but this suture
zone is not apparent in the study area. South WKO is a magmatic
arc developed on Precambrian basement. The magmatic rocks con-
sist mainly of Early Paleozoic magmatism and a small part of Late
Paleozoic-Mesozoic magmatism, which represent the subduction
process of the Proto-Tethys Ocean and the Paleo-Tethys Ocean,
respectively (Pan, 1990; Mattern and Schneider, 2000; Xiao et al.,
2002; Wang et al., 2020). The NorthWKO consists of a Precambrian
basement covered by Devonian red molasse and Carboniferous-
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Permian shallow marine carbonate rocks, which is considered an
uplifted part of the Tarim Block (Li et al., 2011).

The study area includes the Tarim Basin to the north, North
WKO, and the Tianshuihai-North Qiangtang Belt to the south,
which are separated by the Wuchibielishankou-Akecheyi and
Kongbeili-Muzhaling faults (Fig. 1b, c). The Wuchibielishankou-
Akecheyi Fault (known as the Kegang Fault to the east, Fig. 1b
and c) is a lithospheric fault that existed during the Early Carbonif-
erous (She et al., 2020; Zhang et al., 2022). The Kongbeili-
Muzhaling Fault is the westward extension of the Kangxiwa Fault
(suture zone) (Fig. 1b, c), which represents the location of the ter-
mination of the Paleo-Tethys Ocean (Mattern and Schneider, 2000;
Li et al., 2011).

The units exposed in the North WKO in the study area include
Devonian-Permian successions and Quaternary sediments
(Fig. 1c). The Devonian succession is composed of sandstone, shale,
and limestone. The Carboniferous rocks consist of the Early Car-
boniferous Wuluate Formation and the Late Carboniferous Kalaa-
tehe Formation. The Wuluate Formation is exposed in the eastern
part of the Mn belt and includes volcanogenic massive sulfide
deposits such as the Aketashi and Saluoyi deposits. The Wuluate
Formation includes pillow basalt, andesite, and a small amount
of rhyolite with minor limestone and feldspathic greywacke, which
is speculated to be formed in the shallow sea environment in the
center of the North WKO back-arc basin (Yun et al., 2015). The Late
Carboniferous Kalaatehe Formation consists of limestone and
sandstone. The limestone hosts Mn-rich layers (Fig. 1c). The con-
tact between the Wuluate Formation and the Kalaatehe Formation
is planar and conformable, whereas the Carboniferous units are
unconformably overlain by Permian rocks. The Early Permian suc-
cession is composed of altered andesite, rhyolitic tuff and monzo-
granitic porphyry. These igneous rocks occur along SE-trending
faults.
3. Geological characteristics of the deposit

3.1. Geology of the Aoertuokanashi Mn deposit

The Aoertuokanashi deposit occurs in the western portion of the
Maerkansu Mn belt (Fig. 1c). The exposed rocks belong to the Late
Carboniferous Kalaatehe, Early Permian Maerkanquekusaishan,
Late Cretaceous Kukebai, and Late Cretaceous Jiangejieer forma-
tions (Fig. 2). The Kalaatehe Formation hosts the Mnmineralization
and is subdivided into a lower member consisting of bioclastic cal-
cirudite, a middle member consisting of carbonaceous argillaceous
limestone hosting the Mn mineralization, and an upper member
consisting of micrite. The Late Permian Maerkanquekusaishan For-
mation is subdivided into a lower member consisting of marble,
purplish-red feldspar sandstone, and some grey to green sand-
stone, and an upper member consisting of grey to green altered
andesite and minor amounts of tuff with brecciated crystals. The
Early Permian Maerkanquekusaishan Formation is unconformably
overlain by the Late Cretaceous Kukebai Formation and is com-
posed of lime-green sandstone, siltstone, mudstone, and purplish
feldspathic sandstone. The formation is >300 m in thickness (Figs. 2
and 3).

The Aoertuokanashi Mn ore layers are situated in an anticline
(Fig. 2). The core of the anticline is in the southern part of the min-
ing area and trends eastward, and comprises Carboniferous rocks.
The northern limb of the anticline dips between 69� and 82� to
the north, and the southern limb dips � 72� to the south (Fig. 2).
The Mn mineralization is located on the northern limb where the
Kalaatehe Formation is exposed (Fig. 2). Minor Late Permian
altered andesite is exposed in the northern limb of the anticline
(Fig. 2). A normal fault in the north of the mining area is the bound-



Fig. 1. Maps showing: a) the study area (image from Google Maps; b) tectonic sketch map of Western Xinjiang in Western China, and the age of the Wajilitage kimberlite
intrusion (Zhang et al., 2013); c) regional geological map and location of Mn deposits in the Maerkansu area of the Western Kunlun Orogen, Western China (modified after
Gao et al., 2018).
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ary between the andesite layer and the Kalaatehe Formation
(Fig. 2), which dips � 54� to the north. There is a reverse fault in
the south of the mining area, which is the boundary between the
Late Permian tuff and the Kalaatehe Formation.

3.2. Characteristics of the lower and upper members of the Kalaatehe
Formation

The Mn mineralization is situated in Kalaatehe Formation,
which extends in an eastward direction and comprises a 395 m
131
thick lower member, 165 m thick middle member, and 86 m thick
upper member (Figs. 3 and 4). Mn ore layers (Mn grade > 15 wt%)
exist in the middle member.

The lower member consists of thick grey to black, medium- to
coarse-grained, layered bioclastic calcirudite, calcarenite, and thick
beds of calcirudite, with a thin interlayer of fine-grained limestone.
About 10 % of the calcirudite contains fragments of ostracods, for-
aminifera, and gastropods, and �80 % of the unit contains frag-
ments of volcanic rocks (Fig. 5a), including andesite and dacite,
and 10 % detrital quartz and feldspar. The above lithology indicates



Fig. 2. Geological map of the Aoertuokanashi Mn deposit, Western Kunlun Orogen (modified after Gao et al., 2018).
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a platform shoal facies as the depositional paleoenvironment
(Fig. 4).

The upper member consists of grey to black, medium- to thickly
bedded micrite interbedded with calcarenite (Fig. 5b) and crys-
talline limestone. The rocks are characterized by shallow-water
organisms such as bivalves and gastropods. The rocks of the upper
member are consistent with the open platform facies (Fig. 4), in an
oxygenated environment under the wave base.
3.3. Characteristics of the middle member of the Kalaatehe Formation

The middle member of the Kalaatehe Formation hosts the man-
ganese ore beds and is subdivided into lower and upper units. The
lower unit includes interbedded light grey thin-layered pyrite-
bearing carbonaceous argillaceous limestone, cyclic interbedded
medium- to thick-bedded calcarenite (Fig. 5c), and thin-bedded
layered silty limestone. The calcarenite contains subrounded
quartz grains, suggesting a distal source or active water movement
during deposition. Herringbone cross-bedding structures are
observed in calcarenite, indicating the lower part of the middle
member is tidal flat facies.

The upper unit is dominated by pyrite-bearing carbonaceous
argillaceous limestone, with light-grey and thinly layered calcaren-
ite, light-grey thinly layered silty limestone containing algae deb-
ris, and Mn-rich bioclastic limestone (Fig. 5d–f). The rocks are
characterized by a high organic content, up to 1.7 wt%. The car-
bonaceous argillaceous limestone with horizontal bedding is dark
and contains pyrite-rich laminae, suggesting deposition in deep-
water reduced environments with a slow sedimentation rate. This
unit belongs to restricted platform facies, the most important Mn-
bearing facies.

The calcarenite in the middle member is composed of 80–90 %
calcite grains, 5–10 % plagioclase, 5–10 % quartz, and < 5 % andesi-
132
tic and dacitic fragments. The sand-size grains (0.1–0.35 mm) are
angular to sub-rounded.

The calcarenite is conformably overlain by carbonaceous
argillaceous limestone containing > 50 vol% fossils, such as cri-
noids, cephalopods, and ostracods (Fig. 5d-f). The carbonaceous
argillaceous limestone contains authigenic quartz grains that are
0.1–0.2 mm in diameter (Supplementary Fig. 1). It commonly hosts
two Mn-rich horizons that are � 50 m apart. The Mn-rich horizons
are composed of � 90 % rhodochrosite with biological debris
(Fig. 5e). The rhodochrosite (0.03–0.25 mm) is subhedral to anhe-
dral in crystal habit. Some of the Mn ores have a primary laminar
layering (Fig. 5e).

The two Mn-rich horizons at the Aoertuokanashi deposit are
locally referred to as the No. I and No. II orebodies. The No. I hori-
zon extends continuously for � 5500 m in an eastward direction
and dips steeply (�80�) towards the north (Fig. 2). The orebody
is on the northern limb of the Aoertuokanashi anticline where its
thickness ranges from 0.4 to 22 m, with an average thickness
of � 4 m and an average grade of 35 wt% Mn.

The No. II horizon is � 50 m north of the No. I horizon (Fig. 2).
The No. II horizon can be followed for � 2500 m, and dips � 80� to
the north. The horizon is 0.6–8.4 m thick averaging 2 m and has an
average grade of 29 wt% Mn.
3.4. Ore and mineral combination characteristics

The ore rocks consist of 80 % rhodochrosite with minor
manganocalcite (or manganoan calcite), sussexite, and sulfides
(Fig. 5g–j). Based on the observations and analyses with polarising
microscopy, electron probe micro-analyser, and scanning electron
microscopy, the Mn-carbonate is laminated and consists of clay-
size particles. There are mainly two metallogenic periods in the
mining area, the sedimentary diagenetic period and the hydrother-
mal reformation period. Minerals in the sedimentary diagenetic



Fig. 3. Representative geological profiles of the Aoertuokanashi Mn deposit showing the sampling numbers and locations.
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period mainly include rhodochrosite, manganocalcite, sussexite,
and bementite. The rhodochrosite is black to brown and is cemen-
ted by manganocalcite and argillite. The rhodochrosite is coeval
133
with manganocalcite, disseminated sulphides, and sussexite
(Fig. 5g–j). The particle size of the rhodochrosite is 2–30 lm in
diameter. The volume fraction of sulfide is less than 0.5 %, which



Fig. 4. Lithofacies comparison and sedimentary facies of the Aoertuokanashi Mn deposit.
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is composed mainly of euhedral cubic pyrite and a small amount of
pyrrhotite (Fig. 5g–i). Occasionally framboidal pyrite occurs, but it
does not form typical rosettes (Fig. 5h). Minerals in the hydrother-
mal reformation period consist of gypsum, manganocalcite, and
manganchlorite. In this period, gypsum vein (Fig. 5k) or
manganocalcite and manganchlorite vein (Fig. 5l) cut through the
rhodochrosite.
134
4. Sampling

Eight Mn ore samples for Re-Os dating were collected from the
Aoertuokanashi Mn mineralization, including four samples
exposed in the mine adit at an elevation of 3760 m, three samples
from geological section E, and one sample from geological section B
(Fig. 2).



Fig. 5. Microscopic characteristics of typical rocks and ore: a) calcirudite from the lower member of the Kalaatehe Formation, with clasts of andesite and dacite, plagioclase,
and quartz (cross-polarized light, XPL); b) calcarenite from the upper member of the Kalaatehe Formation (XPL); c) calcarenite in the middle member of the Kalaatehe
Formation showing detrital calcite and plagioclase (XPL); d) carbonaceous argillaceous limestone in the middle member of the Kalaatehe Formation consisting of argillaceous
components (XPL); e) manganese ore from the middle member of the Kalaatehe Formation, which is composed of rhodochrosite and bioclastic material (XPL); f)
Carbonaceous bioclastic argillaceous limestone containing fine-grained detrial calcite and a small amount of crinoids (XPL); g) coeval rhodochrosite, manganocalcite and
disseminated pyrite and pyrrhotite (under reflected-light); h) coeval rhodochrosite, manganocalcite, disseminated cubic pyrite, and framboidal pyrite (reflected-light); i)
same area with Fig. 5h (under transmitted light); j) coeval rhodochrosite and sussexite (secondary electron image, SEI); k) gypsum cuts throught rhodochrosite (SEI); and l)
manganocalcite and manganchlorite cut through rhodochrosite (SEI). Abbreviations: C = carbon, Qtz = quartz, Cal = calcite, Pl = plagioclase, Lv = volcanic rock fragments,
Bio = bioclasts, Gp = gypsum, Rds = rhodochrosite, Mcal = manganocalcite, Bem = bementite, Py = pyrite, Po = pyrrhotite, Sus = sussexite, and Mgc = manganchlorite.
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Rhyolitic tuff was collected for zircon U-Pb dating from the
Early Permian Maerkanquekusaishan Formation overlying the
Mn-bearing beds on the western side of the Muhu mining area
(Fig. 1c). The sample is composed of pyroclastic rocks,
including � 35 % of lithic debris, �55 % of crystals, and � 10 % of
volcanic ash. The composition of the lithic debris is rhyolitic with
a size between 0.1 x 0.2 mm and 0.5 x 0.6 mm. The crystals include
135
angular and sub-angular quartz, plagioclase, and minor K-feldspar,
with a size between 0.1 x 0.1 mm and 0.5 x 0.5 mm. The lithic deb-
ris and crystal debris are cemented by volcanic ash.

Twenty-three samples were collected from the Aoertuokenashi
Mn deposit for other geochemical analysis (Fig. 3), including seven
from the footwall of Mn ore layer, seven from Mn ore layer, and
nine from the hanging wall of Mn ore layer.
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5. Analytical methods

Details of the methods involved in the analyses of samples are
described in Appendix 1, including the analysis of whole-rock com-
positions, C-isotope compositions, total organic carbon contents,
in-situ S isotope of sulfides, cold-cathodoluminescence features of
quartz, zircon U-Pb geochronology, the Re-Os isotopes composition
of organic matter in Mn ore rocks, and the gas chromatography-
mass spectroscopy (GC–MS) of saturated hydrocarbons.

6. Results

6.1. Whole rock geochemistry

The composition of the major and trace elements for man-
ganese ores and host rocks are listed in Sup. Table 1. The geochem-
istry of the trace elements in the Mn mineralization and the
hanging wall and footwall rocks are listed in Sup. Table S1. The
V/(V + Ni) mass ratio of seven samples of manganese ore is 0.23–
0.62 averaging 0.39. The V/(V + Ni) mass ratios of the surrounding
rocks vary from 0.15 to 0.90, with a mean value of 0.59. The Co/Ni
mass ratios of the manganese ore are 0.20–0.77, with an average of
0.42.

The total rare earth elements (
P

REE) content of manganese ore
samples ranges from 44 to 284 ppm, with a mean value of 151 ppm
(Sup. Table S1). The values of dCe are between 0.94 and 3.25, and
dEu are between 0.45 and 1.23. Most samples have positive Ce
anomalies and weak Eu negative anomalies on the PAAS (Post-
Table 1
Carbon and oxygen isotopes of bulk carbonate for ore and host-rocks from the Aoertuoka

Location Sample No. Rock type

Hanging wall OPM01-7 Carbonaceous argillace
OPM01-8 Micrite
OPM01-9 Calcareous siltstone
OPM01-11 Carbonaceous argillace
OPM01-13 Calcareous siltstone
OPM01-15/1 Carbonaceous argillace
OPM01-15/2 Carbonaceous argillace
OPM01-15/3 Calcareous siltstone
OPM02-3 Micrite

Mn ore OPM01-16 Grey-black Mn ore
OPM01-16/2 Grey-black Mn ore
OPM0-16/4 Grey-black Mn ore
OPM01-16/6 Grey-black Mn ore
OPM02-6 Grey-black Mn ore
OPM02-6/1 Grey-black Mn ore
OR3 Mn ores
OR5
OR6
OR7
OR8
OR9
OR10
OR11
OR16-1
OR16-2
OR16-3
OR16-4
OR17-1
OR17-2
OR17-3
OR17-4

Footwall OPM01-17 Calcirudite
OPM01-21 Calcareous fine sandst
OPM01-25 Calcareous medium sa
OPM02-9 Calcareous siltstone
OPM02-11 Carbonaceous argillace
OPM02-13 Calcareous siltstone
OPM02-15 Carbonaceous argillace
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Archean Australian Shale) normalized REE diagram (Fig. 6). The
P

REE content of the rocks at the hanging wall and footwall is
25–101 ppm (averaging 51 ppm), which is significantly lower than
that of the manganese ore. The hanging and footwall rocks have
dCe values between 0.53 and 1.25 and dEu values between 0.55
and 1.86 (Fig. 6), but the Eu anomaly changes greatly (Fig. 6). On
the PAAS-normalized REE plot, the Mn ore is enriched in light REEs,
showing a slightly left-leaning or flat curve (Fig. 6). In contrast, the
hanging and footwall rocks are relatively low in light REE, showing
a right-leaning curve (Fig. 6).
6.2. Carbon isotope compositions

The carbon isotope compositions of bulk carbonate are listed in
Table 1. The d13CV-PDB (V-PDB = Vienna Peedee Belemnite) values of
carbonate in the manganese ore are –8.2 to �19.5‰, and d13CV-PDB
values of carbonate in the rocks below and above the mineraliza-
tion show predominantly a lower range of values between �5.3
and + 4.2 ‰.
6.3. Bulk composition of organic carbon

The TOC content of the samples and d13CV-PDB values of kerogen
are listed in Table 2. The TOC content of the four Mn ore samples
ranges between 0.2 and 0.6 wt%, with a mean value of 0.5 wt%.
The d13CV-PDB value for kerogen is between �27.9 and �29.9 ‰,
with an average of �29.1 ‰.
nashi deposit.

d13CV-PDB ‰ Reference

ous limestone +2.0 This paper
-1.2
+2.1

ous limestone -3.1
-5.1

ous limestone +1.4
ous limestone -1.8

-2.9
+4.2

-12.1
-17.9
-8.2
-11.3
-19.5
-18.9
-20.2 Gao et al. (2018)
-13.2
-23.2
-23.3
-20.8
-21.6
-21.8
-17.9
-16.1
-15.1
-14.3
-13.5
-13.9
-12.8
-21.4
-21.1

-3.1 This paper
one +1.5
ndstone -4.8

-0.3
ous limestone -3.2

-5.3
ous limestone +1.0



Fig. 6. Post Archean Australian Shale (PAAS)-normalized REE patterns for Mn ore
and wall-rocks from the Aoertuokanashi Mn deposit. PAAS values are from
McLennan (1989).

Table 2
Organic carbon assay and isotopic data for the Aoertuokanashi Mn deposit.

Sample No. Location Rocks type Total
organ
conte

OPM01-8 Hanging wall Micrite 0.2
OPM01-9 Hanging wall Calcareous siltstone 0.5
OPM01-15/1 Hanging wall carbonaceous argillaceous limestone 0.7
OPM01-15/2 Hanging wall carbonaceous argillaceous limestone 0.4
OPM01-15/3 Hanging wall Calcareous siltstone 1.7
OPM01-16 Ore-layer Grey-black Mn ore 0.6
OPM01-16/2 Ore-layer Grey-black Mn ore 0.3
OPM01-16/4 Ore-layer Grey-black Mn ore 0.4
OPM01-16/6 Ore-layer Grey-black Mn ore 0.6
OPM01-17 Footwall Calcirudite 1.6
OPM01-21 Footwall Calcareous fine sandstone 0.5
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The footwall rocks have TOC contents between 0.5 and 1.6 %
and kerogen d13CV-PDB value from �28.5 to �29.1 ‰. The rocks in
the hanging wall have TOC contents between 0.2 to 1.7 % and kero-
gen d13CV-PDB values between �27.9 and �29.6 ‰.
6.4. Molecular composition of organic matter

The pristane/phytane (Pr/Ph) mass ratios of the footwall rocks,
Mn ores, and hanging rocks are 0.29–0.63, 0.18–0.26, and 0.41–
0.61, respectively (Table 2). The Pr/n-C17 mass ratios of the footwall
rocks, Mn ores, and hanging rocks are 0.45–0.75, 0.41–0.59, and
0.62–2.69, respectively, and the Ph/n-C18 mass ratios of the foot-
wall rocks, Mn ores, and hanging rocks are 0.29–0.63, 0.18–0.26,
and 0.41–0.61, respectively (Table 2, Fig. 7a).

The m/z = 85 mass chromatogram of manganese ore shows that
the main peak of n-alkanes is C24 (Fig. 7b), and there is no obvious
difference in odd–even numbered masses. Among the terpanes
(Fig. 7c), C23 tricyclic terpane (C23TT) and C30 hopane (C30H) are
high in content; C19 tricyclic terpane was near the detection limit;
while C24 tetracyclic terpane is low in content, and no biomarker
contributed by higher plants such as orirane are found. Among
the steranes (Fig. 7d), the C27-C28-C29 regular steranes show C27

sterane predominance and display in V-shape.
6.5. In-situ S isotopes

The in-situ sulfur isotope data of sulfides are listed in Table 3.
The analysed sulfides include pyrrhotite, hypidiomorphic granular
pyrite, and globular pyrite (Supplementary Fig. 2). The d34Sv-CDT
values for pyrrhotite are between �8.4 and �5.6 ‰ (n = 4), hypid-
iomorphic granular pyrite are �7.9 to �3.5 ‰ (n = 8), and globular
pyrite are �38.7 ‰ (n = 1).
6.6. Zircon u-pb geochronology

Over 500 zircon grains were extracted from rhyolitic tuff in the
Early Permian Maerkanquekusaishan Formation overlying the
manganese-bearing rocks. Twenty five transparent grains (40–
200 lm) were selected for U-Pb isotopic dating. The zircon grains
show an oscillating zoning in cathodoluminescent images without
obvious inherited cores (Supplementary Fig. 3). The Th/U mass
ratio of all these zircons range from 0.30 to 0.91 (Sup. Table S2).

Twenty five zircon grains of the rhyolitic tuff yielded Concordia
ages between 282 and 309 Ma with a weighted average age of
292 ± 3 Ma (Fig. 8a). The age is considered to be the deposition
age for the base of the Maerkanquekusaishan Formation.
ic carbon
nt (wt%)

Pr/n-C17 Ph/n-C18 Pr/Ph d13CV-PDB (‰) of kerogen

0.45 0.80 0.36 �27.9
0.55 0.99 0.29 �29.5
0.54 1.19 0.34 �28.5
0.46 0.88 0.33 �29.5
0.75 1.19 0.63 �29.5
0.50 0.96 0.18 �27.9
0.59 1.06 0.21 �29.5
0.58 1.25 0.21 �29.9
0.41 1.22 0.26 �29.2
2.69 0.86 0.61 �28.5
0.62 1.39 0.41 �29.1



Fig. 7. A) pr/n-C17 versus Ph/n-C18 plot (after Shanmugam, 1985); b-d) The saturated hydrocarbon’s gas chromatography-mass spectrometry of typical manganese ore.

Table 3
In-situ sulfur isotopes for the Aoertuokanashi Mn deposit, Western Kunlun Orogen.

Point No. Mineral type d34SV-CDT
(‰)

MN-01 Tabular Po �5.6
MN-02 �6.2
MN-03 �8.4
MN-04 �7.4
Py-01 Hypidiomorphic granular Py �4.5
Py-02 �5.1
Py-03 �7.3
Py-04 �7.9
Py-05 �5.3
Py-06 �5.9
Py-07 �5.8
Py-10 �3.5
Py-09 Globular Py �38.7

Py = pyrite, and Po = Pyrrhotite.
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6.7. Re-Os isotope composition

The Re and Os contents of eight Mn ore samples are 1.057–
20.650 and 0.283–1.477 ppb, respectively with a Re/Os mass ratio
of 1.7–59.9 (Table 4). The average content of Re and Os in the Re-Os
dating samples is 8.701 and 0.592 ppb (Table 4), respectively.
Using the ISOPLOT software of Ludwig (2003), the wide range in
the 187Re-187Os values of the eight samples yielded a well-
defined isochron with a weighted average age of 302 ± 9 Ma
(MSWD = 22) and the initial (187Os/188Os)i range from 0.772 to
0.825 with a mean value of 0.789. This is interpreted as the age
of the manganese mineralization (Fig. 8b).
7. Discussion

7.1. Geochronology for the Mn mineralization

The age of the basalt from the Wuluate Formation beneath the
Mn deposit is ca. 313 ± 2 Ma (Yun, 2015; Ji et al., 2018). Thus, the
age of the Mn is younger than this date (Fig. 8c). The age of the rhy-
olitic tuff sample from the Maerkanquekusaishan Formation over-
lying the Mn-rich units is 292 ± 3 Ma (Fig. 8a). Therefore, our data
shows that the Mn mineralization at the Aoertuokanashi deposit is
restrained between 313 and 292 Ma (Fig. 8c). The Re-Os weighted
average age gives a concise date of 302 ± 9 Ma (MSWD = 22) for the
mineralization (Fig. 8b), which is halfway between 313 and
138
292 Ma. This shows that the Mn at Aoertuokanashi was deposited
in the Late Carboniferous.

Li et al. (2022a) reported a Re-Os isochron isotope age of
320 ± 7 Ma fromMn carbonate ores, but their detailed sample loca-
tions are not documented. This date is older than the ca. 313 Ma
basalt in theWuluate Formation at the footwall of the Mn-rich unit
(Yun, 2015; Ji et al., 2018). Three pieces of evidence support the
302 ± 9 Ma Re-Os age for the Mn mineralization. Firstly, the Mn
depositional age must be younger than the underlying volcanic
rocks in the Wuluate Formation dated at 313 Ma. The second point
of consideration is that the old age of the samples used by Li et al.
(2022a) may have been weathered considering low Re and Os con-
tents, 1.380 and 0.376 ppb, respectively in their samples. It is
known that weathering can lead to the loss of Re and Os (Jaffe
et al., 2002). To avoid this problem, fresh ore samples including
four samples from the adit at an elevation of 3760 m were col-
lected for Re-Os dating in this study. The average content of Re
and Os in the Re-Os dating samples in this work is 8.701 and
0.592 ppb (Table 4), respectively, which are much higher than
reported by Li et al. (2022a). The third point is that Re/Os ratios
with a wide range of variation are easier and more accurately dated
(Wu et al., 2021). The Re/Os mass ratio for our samples is 1.7–59.9,
which is much wider that than of Li et al. (2022a) that ranges
between 0.18 and 13.3 (Table 4). Thus, the age of the large Aoer-
tuokanashi Mn deposit is 302 ± 9 Ma (Late Carboniferous).
7.2. Source of the Mn mineralization

The source of Mn-carbonate ore is still in dispute. Several pos-
sible sources of Mn include chemical weathering on continental
margins (Calvert and Pedersen, 1996; Huckriede and Meischner,
1996; Maynard, 2010). Another possible source is from hot water
along active faults and at volcanoes (Renard et al., 2005; Zhou
et al., 2016; Maynard, 2014). Collier and Edmond (1984) estimate
that the annual Mn content brought into the ocean by rivers is
3.4 x 105 t, hydrothermal vents (hot water) is 32–80 x 105 t, and
the atmosphere is 0.6–1.6 x 105 t. Manganese from hydrothermal
vents (hot water) accounts for � 90 % of the Mn sources in modern
oceans, indicating that volcanic activity is a significant source of
Mn into oceans. Maynard (2010) proposes that most economic
Mn deposits come directly or indirectly from hydrothermal vents
(hot water) associated with volcanism on the seafloor.

The enrichment of Fe and Mn in marine sediments is related to
hydrothermal vents (hot water), whereas the Al content is related



Fig. 8. Geochronology diagrams showing: a) zircon U-Pb isotope Concordia plot for rhyolitic tuff; b) Re-Os isochron diagram of organic matter in eight Mn ore samples from
the Aoertuokanashi deposit; c) stratigraphic section of Mn-rich horizons and their country rocks with isotope ages. References for ages or fossil from: (Zhang et al., 2006; Jiang
et al., 2008; Li et al., 2009; GSIHP, 2013; Kang et al., 2015; Ji et al., 2018; Zhang et al., 2020; Chen et al., 2022; Li et al., 2022a; Xia et al., 2023). Please refer to Supplementary
Table 3 for the corresponding relationship between rock type and age.
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to terrestrial sources. Therefore, the Al/(Al + Fe + Mn) mass ratio
can be used to determine the contribution of hydrothermal vents
(hot water). The Al/(Al + Fe + Mn) mass ratio of typical hot water
sediment is < 0.35 (Boström, 1983). The Al/(Al + Fe + Mn) mass
ratios of the Mn ore samples at Aoertuokanashi varies from 0.01
to 0.08 (Sup. Table S1). On the Fe-Mn-10 x (Cu + Ni + Co) diagram
139
and the (Cu + Ni + Co)-Cu/Zn diagram (Fig. 9), all samples plot in
the hydrothermal vents (hot water) field rather than hydrogenic
sedimentary zone, indicating a hot water origin.

Deposits of volcanic or hydrothermal vents (hot water) are
enriched in Cu and Ni and low in Co with Co/Ni mass ratios < 1
(Xie et al., 2006; Yang et al., 2010). Based on the geochemical char-



Table 4
Re-Os isotopic data for manganese ore from the Aoertuokanashi Mn deposit, Western Kunlun Orogen.

Sample No. Sample
Weight (g)

Re (ng/g) Total Os
(ng/g)

Common Os
(ng/g)

187Re (ng/g) 187Os (ng/g) 187Re/188Os 187Os/188Os (187Os/188Os)i Re/Os

Ratio 2r Ratio 2r

OPM01-16 0.30098 20.650 0.420 0.329 12.980 0.099 305.30 3.10 2.335 0.004 0.795 49.2
OPM01-16/4 0.30034 2.714 0.600 0.532 1.706 0.064 24.08 0.26 0.908 0.003 0.787 4.5
OPM01-16/6 0.30091 12.490 0.341 0.267 7.854 0.070 218.00 2.60 1.925 0.016 0.825 36.6
OPM02-6/1 0.30048 6.220 0.496 0.407 3.909 0.063 68.15 1.09 1.088 0.012 0.744 12.5
3760/7/1 0.30055 1.236 0.514 0.463 0.777 0.053 12.71 0.13 0.865 0.002 0.801 2.4
3760/9/1 0.30028 1.057 0.606 0.540 0.665 0.060 9.18 0.12 0.837 0.008 0.791 1.7
3760/11/1 0.30045 8.263 1.477 1.340 5.193 0.166 29.86 0.31 0.951 0.002 0.800 5.6
3760/12/1 0.30090 16.980 0.284 0.213 10.670 0.075 386.50 3.90 2.722 0.004 0.772 59.9
Average 0.30060 8.701 0.592 0.511 5.469 0.080 131.72 1.450 0.789 14.7

Note: The location of samples OPM01-16, OPMO1-16/4, and OPMO1-16/6 is 39�200170 ’N/73�400190 ’E; the location of sample OPM02-6/1 is 39�200310 ’N/73�380360 ’E; and the
location of the other samples is 39�200250 ’N/73�400020 ’E.

Fig. 9. Discrimination diagrams for the Mn); and b) Co/Zn mass ratio-(Cu + Ni + Co) diagrams (after). Source: a) mass ratios of Fe-Mn-10 x (Cu + Co + Ni) (after Bonatti,
1975Toth, 1980
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acteristics of Mn deposits in China, Peng (1991) points out that the
Co/Ni ratio is useful in estimating the distance from Mn sources,
where Co/Ni mass ratios > 1 are considered to be a distal source
and a mass ratio of < 0.55 for proximal sources. The Co/Ni mass
ratio of the Aoertuokanashi Mn mineralization is 0.20–0.77 (only
one sample is > 0.55), suggesting that the source of the Mn is a
nearby volcano or hot water vent.

The basalt in the Wuluate Formation beneath the Mn-rich units
is dated at 313 ± 2 Ma, and contains between 1000 and 1500 ppm
Mn (Gao et al., 2018). The average Mn content of rocks of hot water
precipitates in this formation is 3550 ppm. This is three times
higher than that of the basalt (Gao et al., 2018), indicating that
hot water activity likely contributed to Mn in the Aoertuokanashi
deposit.

7.3. Metallogenic geological setting

Significant accumulations of Mn are reported in (1) Palaeopro-
terozoic, (2) Mesoproterozoic, (3) Neoproterozoic, (4) Silurian-
Devonian, (5) Permian, (6) Middle to Late Mesozoic, and (7) Early
Cenozoic (Roy, 2006; Nakagawa et al., 2009; Kuleshov, 2011; De
Putter and Ruffet, 2020). The Late Carboniferous Aoertuokanashi
Mn deposit is the first large high-grade carbonate-hosted deposit
of such age in the world.
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The tectonic evolution of the WKO has involved the opening
and closing of the Proto-Tethys and Paleo-Tethys oceans during
the Early Paleozoic (Jiang et al., 1992; Matte et al., 1996; Mattern
and Schneider, 2000; Xiao et al., 2002, 2005; Pan and Fang, 2010;
Dong et al., 2021, 2022). Plate collision marked the closure of the
Proto-Tethys Ocean (Jiang et al., 2008; Liao et al., 2010; Jia et al.,
2013; Liu et al., 2014; Zhang et al., 2019). This was followed by
the opening and closure of the Paleo-Tethys Ocean during the Late
Paleozoic (Matte et al., 1996; Mattern and Schneider, 2000; Wang,
2004; Xiao et al., 2005; Jiang et al., 2008).

In the North WKO, the 313 Ma volcanic rocks in the Wuluate
Formation are overlain by the Mn-bearing layers, and the Wuluate
Formation is considered to have formed in a back-arc basin due to
the northward subduction of the Paleo-Tethys Ocean (Yun, 2015; Ji
et al., 2018; Xia et al., 2023) (Fig. 10). The back-arc environment is
considered to be a favorable setting for Mn deposits (West et al.,
2008; Rubinstein and Zappettini, 2015), such as in the modern
southwestern Pacific Ocean (Pelleter et al., 2017). The Qaidam
Block and North China Block were in the northern part of the
Paleo-Tethys Ocean along with the Tarim Block during the Late
Carboniferous (Fig. 10a). A back-arc environment existed at the
Qaidam Block and North China Block due to the northward subduc-
tion of the Paleo-Tethys oceanic crust (Wang et al., 2016; Sun et al.,
2022; Liu et al., 2023a). There is no report, however, of the pres-



Fig. 10. The geological background of the Aoertuokanashi Mn ore deposit: a) the Late Carboniferous paleogeographic reconstruction showing simplified plate boundaries
(modified after Blakey, 2011; Li et al., 2011; Domeier and Torsvik, 2014; Huang et al., 2018); and b) Late Carboniferous tectonic of Gondwana and the Tarim Block.
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ence of Mn deposits in these back-arc basins. There must be a
unique geological factor in the WKO that has resulted in the depo-
sition of Mn in the back-arc setting during the Late Carboniferous.
We propose that the upwelling of a mantle plume may have con-
tributed to the Mnmineralization based on the following evidence:

Ⅰ. The Mn mineralization age of 302 ± 9 Ma is the same within
error as the age of the 301 ± 5 Ma Wajilitag kimberlite intrusions
in the Tarim Block, and the Wajilitag kimberlite intrusion is
believed to be the initial magmatic pulse triggered by Tarim man-
tle plume (Fig. 1b; Zhang et al., 2013).

Ⅱ. Flood basalt has recently been recognized in the North Qiang-
tang region. The basalt erupted during ca. 295–284 Ma covering an
area of 105 km2 with a maximum thickness of 2 km and is thought
to be the result of the Tarim mantle plume (Zhang and Zhang,
2017). The North WKO back-arc basin is between the Tarim Block
and the North Qiangtang (Fig. 10b). It is, therefore, reasonable to
consider that the Tarimmantle plume had an impact on the nearby
North WKO back-arc basin during the Late Carboniferous (Fig. 10a,
b).

Ⅲ. Significantly lower (187Os/188Os)i values of 0.28–0.38 have
been observed for the footwall at the Aoertuokanashi deposit (Li
et al., 2022a). Although the values are higher than the mantle val-
ues (0.1–0.15), they are much lower than average crustal rocks
ranging between 1 and 2 (Reisberg and Meisel, 2002). The data
suggest a contribution of mantle-derived Os into the North WKO
back-arc basin (Li et al., 2022a).

Ⅳ. The Wuzibielishankou-Akecheyi Fault (known as the Kegang
Fault to the east) forms the boundary between the Tarim Block and
the North WKO back-arc basin (Fig. 1b, c). The fault is a litho-
spheric fault that existed during the Early Carboniferous and is
located in the transition zone of the Moho surface in the WKO.
The depth of the Moho surface in the north and south of the fault
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is about 50 km and 70 km, respectively (Zhang et al., 2022), indi-
cating that it can provide channels for mantle-derived materials.

Based on these observations, it is proposed that large-scale Late
Carboniferous Mn mineralization in the WKO was associated with
the back-arc environment, itself influenced by the Tarim mantle
plume. The link between carbonate-hosted Mn deposit and the
mantle plume can be found not only in the area around the Tarim
mantle plume but also within the influence range of the Emeishan
mantle plume. Strontium and Hg isotopes show that the Middle
Permian Zunyi rhodochrosite deposit in China is related to the
Emeishan mantle plume, and the age of this Mn deposit is consis-
tent with that of the basalt in the early stage of the Emeishan man-
tle plume (Xu et al., 2021; Yan et al., 2023; Yang et al., 2023).

7.4. Microbial mediation and redox state of the depositional
environment

Previous studies have shown that Mn deposition is related to
microbial activity (Polgári et al., 2016; Biondi and Lopez, 2017).
Soluble Mn (II) can be oxidized to Mn (III/IV) oxides by a micro-
bially mediated process (Nealson et al., 1988; Tebo et al., 2004;
Webb et al., 2005). Manganese (IV) oxide can be reduced by bacte-
ria to form Mn (II) carbonate or Mn (II) silicate (Thamdrup, 2000;
Johnson et al., 2016). Globular pyrite is developed at the Aoer-
tuokanashi deposit with a d34S value of �38.7 ‰ (Supplementary
Fig. 2f), indicating that sulfate reducing microorganisms played a
role during mineralization and that sulfate concentrations were
higher than 0.2 mM (Habicht et al., 2002). The sedimentary facies
of the lower, middle, and upper members of the Kalaatehe forma-
tion are platform shoal facies, tidal flat facies or restricted platform
facies, and open platform facies, respectively (Fig. 4). It means that
the sedimentary environment gradually becomes deeper, which is
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the feature of a starving basin. Starving basin is favorable for
microbial mediation (Polgári and Gyollai, 2022). Lamina occur-
rence and biomat were observed in Mn ores (Fig. 5d and e), which
also support the microbial contribution. Besides, authigenic quartz
featured by non-luminescence under cathodoluminescence micro-
scopy can be produced in microbially mediated diagenetic pro-
cesses (Marshall, 1998; Amores and Warren, 2007; Polgári et al.,
2019). Authigenic quartz has been observed in Mn ore samples
(Supplementary Fig. 1), supporting the interpretation that micro-
bial mediation existed.

Manganese is a redox-sensitive element as it shows variable
oxidation states, and its mineralization is closely related to redox
condition, which also has an important impact on microbial medi-
ation. The

P
REE content, 44–284 ppm, of the Mn mineralization in

the study area is much higher than that of the footwall and hang-
ing wall and is similar to those of marine sedimentary carbonate
rocks. In Fig. 6, the Mn ore samples collected for this study are pos-
itively anomalous in Ce, which is a typical feature of modern sub-
marine manganese nodules. Under oxidizing conditions, the
soluble Ce3+ ion is easily oxidized by Mn-oxidizing microbes to
insoluble Ce4+ ion. The insoluble Ce4+ ion is adsorbed by fine-
grained nodules containing Fe-Mn hydroxide on the seafloor,
which results in positive Ce anomalies in Fe-Mn nodules
(Høgdahl et al., 1968; Elderfield et al., 1981; Pattan and
Parthiban, 2011; Li et al., 2020; Polgári and Gyollai, 2022). The
Mn mineralization at the Aoertuokanashi deposit shows positive
Ce anomalies (Fig. 6), indicating that Mn was deposited in an oxic
environment.

Hatch and Leventhal (1992) compared V/(V + Ni) mass ratios to
other geochemical redox indicators and suggested ratios greater
than 0.84 for euxinic conditions, 0.54–0.82 for anoxic waters,
0.46–0.60 for dysoxic conditions, and less than 0.46 for oxic envi-
ronment. The average V/(V + Ni) mass ratio of seven Mn ore sam-
ples collected from the Aoertuokanashi deposit is 0.39, which
indicates that the Mn was deposited in an oxic environment. Obli-
gatory oxic conditions are needed for the Mn precipitation from
dissolved Mn(II), because the microbial multicopper oxidase enzy-
matic process during Mn precipitation is active only under aerobic
conditions (Brouwers et al., 2000; Bargar et al., 2005). A biologi-
cally formed Mn(III) or Mn (IV) oxide (e.g., birnessite) is the first
Fig. 11. Distribution of carbon isotopes from manganese deposits in the world. The Zuny
Jixian is from Fan et al., (1999a); the data for Wangfangzi is from Fan et al., (1999b); the d
(2004); Daotuo data is from An et al. (2014); the data for Chiatura is from Kuleshov et al
(2017).
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product of microbial enzymatic Mn(II) oxidation (Butterfield
et al., 2013; Polgári and Gyollai, 2022). This enzymatic Mn oxida-
tion is Cycle I (Mn2+?Mn4+) in Mn ore formation (Polgári and
Gyollai, 2022). According to the Mn2+-Mn4+ coexist oxygen buffer
(Huebner and Sato, 1970), the oxygen fugacity value of Cycle I
was above FMQ + 6.4 (FMQ = fayalite–magnetite–quartz redox buf-
fer, in log fo2) at 2 MPa and 300 K.

Although the manganese ore has undergone an oxic stage (Cycle
I), the organic geochemical characteristics show that there was an
anoxic stage (Cycle II, Mn4+?Mn2+). Phytols formed by microor-
ganisms, such as chlorophyll in higher plants and phycocyanin in
algae, transforms into pristane (Pr) in sub-oxic acidic medium,
and transforms into phytane (Ph) in anoxic alkaline medium
(Peters and Moldowan, 1993). Peters and Moldowan (1993) sum-
marized that Pr/Ph mass ratios < 0.8 indicate a highly-anoxic envi-
ronment, Pr/Ph ranges from 0.8 to 3 represent an anoxic
environment, and Pr/Ph mass ratios > 3 point to an oxic environ-
ment. The Pr/Ph mass ratios of the floor rocks, Mn ores, and roof
rocks are 0.29–0.63, 0.18–0.26, and 0.41–0.61, respectively
(Table 2), which indicates a highly-anoxic environment. On the
cross plot of Pr/n-C17 and Ph/n-C18 (Fig. 7a), all Mn ore samples
and hanging rocks are located in the reducing marine algal organic
matter zone, only one footwall rock plots in the oxidized terrige-
nous organic matter zone. Gypsum was a product of the second
metallogenic period, because it form cross-cutting veins (Fig. 5k),
and both gypsum and sulfides are retained in the ore samples
(Fig. 5h and k), so the oxygen fugacity of Cycle II can be roughly
constrained by the oxygen fugacity represented by the coexistence
of gypsum and sulfides. According to the sulfide-gypsum equilib-
rium oxygen fugacity buffer provided by Liu et al. (2023b), its oxy-
gen fugacity value was FMQ + 4.5 at 2 MPa and 300 K. This oxygen
fugacity is much lower than that of Cycle I (FMQ + 6.4), indicating
that reduction occurred. Reduction perhaps occurred via diagene-
sis, because of organic matter accumulation. Organic matter prob-
ably comes from two sources. One is marine algae, as the GC–MS
result of saturated hydrocarbons in the ore samples shows that
there are organic components of marine algae (Fig. 7a). The second
possible source is microorganisms, because pyrite with a d34S value
of �38.7 ‰ (Supplementary Fig. 2) and typical biomat (Fig. 5e) are
observed in ore samples.
i data is from Jiang et al. (2016); the Xialei data is from Qin et al. (2010); the data for
ata for Jiaodingshan, Taojiang, Tiantaishan, Gaoyan, and Datangpo is from Fan et al.
. (2023); and the data for Baltic Sea, Guatemala Basin, and Karelia is from Kuleshov
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7.5. The role of organic matter at the Aoertuokanashi Mn deposit

Manganese has + 2, +3, +4, and + 7 oxidation states in nature. As
mentioned earlier, the enrichment and precipitation of Mn are
thought to be controlled by redox conditions (Nakagawa et al.,
2009). Under oxic conditions, Mn2+ will dissolve in water, while
Mn4+ will precipitate forming pyrolusite (MnO2) and manganite
(hydroxide). Under anoxic conditions, Mn4+ ions are reduced to
Mn2+ ions which, in the presence of CO3

2–, will precipitate as Mn
carbonate (Canfield et al., 2005; Maynard, 2010, 2014; Nakagawa
et al., 2009; Wang et al., 2018; Yin and Xiao, 2014). In oxic and
anoxic stratified water, Mn2+ ions will precipitate forming oxides
or hydroxides at the oxic-anoxic interface. When organic-rich sed-
iments are deposited, Mn oxides and hydroxides interact with
organic matter, which releases Mn2+ ions in pore waters of the
reducing environment. The ions will then combine with CO3

2– pro-
duced from the oxidation of organic matter which results in the
precipitation of Mn carbonate (Calvert and Pedersen, 1993, 1996;
Roy, 2006; Maynard, 2014).

The d13CV-PDB values of carbonate in the footwall rocks at the
Aoertuokanashi deposit range from �5.3 to 1.5 ‰, whereas the
Fig. 12. Metallogeny model of the Late Carboniferous Aoertuokanashi Mn deposit in
Kalaatehe Formation in the North WKO back-arc basin; b) the deposition of the middle
middle to the upper member of the Kalaatege Formation. Note: The unit deposited in
Carboniferous, the Tarim Basin was shallow to the north and deep in the southwest (Li
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Mn carbonate in the mineralization unit are much more 13C-
depleted and range from �19.5 to �8.2 ‰. This is also more 13C-
depleted than the hanging rocks, which have d13CV-PDB values from
�5.1 to + 4.2 ‰ (Table 1). The overall d13CV-PDB values of normal
Late Carboniferous marine carbonates vary from �2.5 to + 5 ‰

(Grossman et al., 2008; Liu et al., 2017). Fig. 11 shows that the d13-
CV-PDB values of the rock bordering the Mn mineralization are
within this expected marine Mn-carbonate range. Hence, the d13-
CV-PDB values of the Mn mineralization are significantly 13C-
depleted compared to normal marine carbonate, and instead are
in the range of organic matter. This indicates that organic matter
played a role in the formation of the Mn deposit. After its oxidation,
organic matter can cause a strong negative shift in carbon isotope
values (Frimmel, 2010). The kerogen (organic matter) d13CV-PDB
value is around �29 ‰, which is significantly lower than that of
the whole rock (Tables 1 and 2, Fig. 11). A reasonable explanation
is that pre-existing Mn oxide (or hydroxide) was reduced by
organic matter (Veglio and Toro, 1994; Morad and Al-Aasm,
1997; Johnson et al., 2013). Thus, it is reasonable that the Mn ore
at Aoertuokanashi was deposited according to the reaction Mn2+

+ CO3
2– ? MnCO3 (rhodochrosite). The d13CV-PDB values of the large
the Western Kunlun Orogen showing: a) the deposition of the lower member of
member of Kalaatehe Formation in the back-arc basin; and c) transitions from the
the Tarim Basin in the above figures is the Xiaohaizi Formation. During the Late
et al., 2014).
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Aoertuokanashi and Taojiang deposits (grading between 25 and
35 wt% Mn) are lower than those grading < 25 wt% Mn, such as
the Zunyi, Xialei, Jiadingshan, Tiantaishan, Gaoyan, Datangpo,
Wafangdian, and Daotuo deposits, but they are similar to Mn
deposits with high Mn grades elsewhere in the world, such as
the Karelia and Chiatura deposits (Fig. 11). In summary, the reduc-
tive power of organic matter is an important mechanism for the
formation of the high-grade carbonate-hosted Aoertuokanashi
Mn deposit.
8. Proposed model

The WKO had a complex history since the Early Carboniferous.
The North WKO back-arc basin was formed during the Late Car-
boniferous with the initial widespread deposition of a thick mafic
volcanic sequence (Yun, 2015). During this period, the lower mem-
ber of the Kalaatehe Formation (platform shoal facies) formed in
the back-arc environment. The Xiaohaizi Formation representing
carbonate shoals and lagoons in a mixed siliciclastic-carbonate
platform deposited in the Tarim Basin to the northeast (Zhu
et al., 2002; Li et al., 2014). This shows that a shallow sedimentary
sequence was deposited in the northeast and a deeper sedimentary
sequence in the southwest. The Late Carboniferous sedimentary
units in the Tarim Basin were deposited in a restricted and open
platform environment (Zhu et al., 2002; Li et al., 2014). During
the Late Carboniferous, the Tarim mantle plume probably caused
significant submarine hydrothermal activity (hot water), which
delivered a large amount of Mn2+ into the North WKO back-arc
basin (Fig. 12a).

During gradual subsidence, the sea level in the North WKO
back-arc basin area slowly rose, and restricted platform or tidal-
flat facies formed (Fig. 12b). Organic matter and Mn2+ were contin-
ually enriched in the back-arc basin. Fluid circulation in the basin
resulted in the movement of dissolved Mn into the upper
oxygen-rich environment where the Mn2+ ion was transformed
to Mn4+ by microbial mediation. In this way, Mn oxides or hydrox-
ides were deposited (Fig. 12b).

As the sea level continued to rise, the redox front also rose, and
deeper waters became anoxic or dysoxic (Fig. 12c). In this environ-
ment, the carbonaceous argillaceous limestone with high organic
matter content and framboidal pyrite were deposited. The Mn oxi-
des reacted with organic matter converting Mn4+ to Mn2+ and
reacted with the organic matter forming CO3

2– ions. The subsequent
reaction of Mn2+ with CO3

2– resulted in the deposition of rhodo-
chrosite (Fig. 12c).
9. Conclusions

The age of the Aoertuokanashi Mn deposit is 302 ± 9 Ma
(MSWD = 22). This is the first Late Carboniferous high-grade and
large carbonate-hosted Mn deposit recognised in the world. Man-
ganese was deposited in the North WKO back-arc basin during
the northward subduction of the Paleo-Tethys Ocean. The Tarim
mantle plume promoted Mn mineralization through hydrothermal
activity. The restricted platform or tidal flat facies is favorable sed-
imentary environment for carbonate-hosted manganese deposits.
Microorganisms played an important role in the formation of
tetravalent manganese. The reduction of marine organic matter
led to the formation of carbonate manganese ore.

In an extensional environment within the influence range of a
mantle plume, the strata with strong hot water activities and a
large amount of organic matter is the priority position for the for-
mation of carbonate type manganese ore.
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