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Abstract
Sedimentary manganese carbonate deposits, the major economic source of Mn globally, are the product of com-
plex interactions that occur in the marine environment, including both biological Mn(II) oxidation and Mn(IV) 
reduction. Precise and accurate age constraints for Mn carbonate deposits have been difficult to obtain, hinder-
ing the understanding of possible correlations between Mn metallogenic and paleoenvironmental processes 
at regional to global scale. The involvement of organic matter during Mn carbonate mineralization, however, 
allows for the Re-Os system, an ideal geochronological tool for determining the depositional or alteration ages 
of organic-rich rocks, to be applied. Here we present the first Re-Os systematics of Mn carbonate ores from 
the giant Ortokarnash Mn deposit in the West Kunlun orogenic belt, Xinjiang, China. The use of the Re-Os 
geochronometer, along with petrographic, whole-rock total organic carbon, and major element analyses, allows 
for the depositional age and mineralizing processes to be directly constrained. The Mn carbonate ores with 
relatively homogeneous initial 187Os/188Os values yield a robust mineralization age of 320.3 ± 6.6 Ma (Model 1; 
Isoplot regression) or 321.8 ± 14.5 Ma (Monte Carlo simulation). This age correlates well with U-Pb ages of 
the youngest detrital zircon group from the footwall volcanic breccia-bearing limestone and a newly obtained 
Re-Os age from the hanging-wall marlstones. Enrichment of hydrogenous Re and Os in the Ortokarnash Mn 
carbonate ores is likely related to the variable redox environments during Mn carbonate mineralization, where 
Re tends to be preserved in the organic matter that persists following the diagenetic reduction of the Mn(IV) 
oxyhydroxides in suboxic or anoxic sediment pore water. Conversely, Os was likely absorbed by Mn(IV) oxyhy-
droxides in oxic seawater during Mn(II) oxidation. Elevated Osinitial(i) for the Mn carbonate ores relative to that 
of the coeval global seawater value suggests that an increased riverine flux may have been a contributing factor 
leading to Mn mineralization. 

Introduction
Sedimentary manganese carbonate deposits are Earth’s most 
significant source of Mn (Maynard, 2010). The importance of 
Mn carbonate deposits is exemplified by numerous studies 
that provide key insights into processes such as paleoclimatic 
fluctuations, volcanic and hydrothermal activity, as well as re-
dox changes that have contributed to shaping the Earth’s sur-
face (Calvert and Pedersen, 1996; Liu et al., 2006; Maynard, 
2014; Johnson et al., 2016). Understanding the mineralization 
age of Mn carbonate deposits is a prerequisite to reconstruct-
ing the relationships between mineralization and regional or 
global geologic process. However, age control in most sedi-
mentary Mn deposits is often hampered by the lack of reliable 
biostratigraphic constraints and/or the absence of tuff hori-
zons suitable for zircon U-Pb dating, making the direct dating 
of these deposits a challenge.

Rhenium-osmium geochronology has been demonstrated 
to be a powerful tool for constraining the depositional age of 
sedimentary rocks, such as marine mudrocks (Creaser et al., 
2002; Selby et al., 2009), organic-rich limestones (Rooney et 
al., 2012; Kendall et al., 2013), lacustrine shales (Cumming 
et al., 2012; Pietras et al., 2020), and marine-influenced coals 
(Tripathy et al., 2015; Rotich et al., 2021). Simultaneously, the 
Re-Os system is also able to provide critical information on 
the Os isotope composition of coeval seawater, and how it re-
sponds to either localized or global environmental impacts, 
including the Great Oxidation Event (Hannah et al., 2004; 
Kendall et al., 2013), glacial and interglacial cycles (Finlay 
et al., 2010; Rooney et al., 2020), and biotic crises (Selby et 
al., 2009; Xu et al., 2014). Normally, organic-rich sediments, 
which are deposited and underlie suboxic or anoxic bottom 
waters, represent ideal rocks for Re-Os dating because high 
concentrations of Re and Os, as well as variable isotopic com-
positions controlled by organic matter and/or sulfides, are 
common (Hannah et al., 2006; Tripathy et al., 2014). In oxy-
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genated marine environments, elevated Os concentrations are 
typical in ferromanganese crusts and Mn nodules, and thus 
their Os isotope compositions can be used either as paleoma-
rine environmental tracers or to develop model ages (Burton 
et al., 1999; Tokumaru et al., 2015; Conrad et al., 2017; Josso 
et al., 2019). 

Although distinct from the deposits mentioned above, 
sedimentary Mn carbonate deposits are widely accepted as 
being a diagenetic product of Mn(IV) oxyhydroxides reduc-
tion (Calvert and Pedersen, 1996; Johnson et al., 2016). This 
means that Mn carbonate deposits commonly form via a two-
stage process: (1) Mn(II) oxidation in the water column, fol-
lowed by (2) Mn(IV) reduction coupled to organic matter 
oxidation in anoxic pore waters of the sediment pile (Tebo 
et al., 2004; Dick et al., 2009; Hansel et al., 2012). Given 
that organic matter is essential for the diagenetic formation 
of massive Mn carbonate ores, it should be possible to ap-
ply Re-Os geochronology to Mn carbonate ores; however, this 
possibility has yet to be thoroughly evaluated. Furthermore, 
seawater initial 187Os/188Os (Osi) values reflect the balance be-
tween radiogenic continental runoff and aeolian dust, mantle-
derived unradiogenic hydrothermal solutions or cosmic dust  
(Peucker-Ehrenbrink and Ravizza, 2000). These isotopi-
cally distinct inputs, in combination with the short marine 
residence time (103–104 yr) of Os (Peucker-Ehrenbrink and 
Ravizza, 2020 and references therein), makes it a favorable 
tracer to probe rapid variations in response to a variety of 
environmental fluctuations (Ravizza and Peucker-Ehren-
brink, 2003; Finlay et al., 2010). Taking this into account, 
the Osi values of Mn carbonate ores also have the potential 
to provide further insights into the processes driving Mn  
mineralization. 

In this study, we present whole-rock Re-Os isotopes, major 
element chemistry, and total organic carbon (TOC) contents 
for the Mn carbonate ores of the Ortokarnash Mn deposit and 
its associated host rocks in the Xinjiang province, China. We 
evaluate the potential of Re-Os systematics to yield geochro-
nological information for Mn carbonate ores. Further, insights 
into the mineralization processes are gained by evaluating Osi 

values relative to select elements (Mn, Al, Re, and Os) in both 
the Mn carbonate ores and associated rocks. Overall, this 
study demonstrates the utility in using Re-Os systematics to 
constrain the mineralization age and ore-forming processes of 
sedimentary Mn carbonate deposits.

Geologic Background
The Ortokarnash Mn deposit, an important part of the Mal-
kansu Mn metallogenic belt, is located in the northern sec-
tion of West Kunlun orogenic zone in western China (Fig. 
1A). The orogen is bounded to the north by the Tarim ba-
sin and to the south by the Tibetan plateau. From north to 
south, it can be divided into three main units, the North 
Kunlun, South Kunlun, and Tianshuihai terranes (Fig. 1B) 
(Yin and Harrison, 2000; Pan and Fang, 2010). The Mal-
kansu Mn metallogenic belt is 60 km in length and 2 km in 
width, and is situated in the North Kunlun terrane (Gao et 
al., 2018; Zhang et al., 2018). This metallogenic belt encom-
passes the active Ortokarnash Mn deposit and two prospects 
(Muhu and Malkantu), as well as several smaller occurrences 
of Mn mineralization. 

The Mn deposits occur mainly as part of a Carboniferous to 
Permian volcano-sedimentary back-arc basin sequence in the 
North Kunlun terrane (Gao et al., 2018). These stratabound 
Mn-rich lithologies and their associated host rocks can be 
grouped into three formations with unconformable or fault 
contacts. The lowermost Wuluate Formation consists of early 
Carboniferous basalt flows and associated pyroclastic rocks, 
which mainly occupy the eastern portion of the Malkansu 
Mn metallogenic belt. The overlying Upper Carboniferous 
Kalaatehe Formation is composed of (volcanic) breccia lime-
stone, sandy limestone, and marlstone (Zhang et al., 2020). 
The uppermost Permian Maerkanque-Kusaishan Formation 
unconformably overlies the Carboniferous Kalaatehe Forma-
tion, which consists of a gray-purple conglomerate, andesitic 
tuff, and minor andesite, and is capped by a thick-bedded 
crystalline limestone (Zhang et al., 2018, 2020).

The Ortokarnash Mn deposit is located at the westernmost 
end of the Malkansu Mn metallogenic belt. The stratabound 
deposit is approximately 5 km long and less than 2 km wide 
(Fig. 1C). Exposed strata in this area include Mn-bearing sed-
imentary rocks of the upper Carboniferous Kalaatehe Forma-
tion, volcano-sedimentary rocks of the Permian Maerkanque-
Kusaishan Formation, and terrigenous sedimentary rocks of 
the Cretaceous Kukebai Formation. In addition, there is a 
large Quaternary cover in the south-central mine area. An ap-
proximately E-W–trending fault (F1) runs through the mine 
and NE-trending secondary faults (F2) also developed to pro-
duce a minor offset between the orebody and the host rocks 
(Fig. 1C). The ore-bearing Kalaatehe Formation, for which 
the deposition corresponds to a marine transgression, can be 
further divided into three members (Fig. 2). In ascending or-
der these are as follows: (1) Member 1, which consists mainly 
of volcanic breccia-bearing limestone; (2) Member 2, com-
posed of sandy limestone with occurrences of fossils such as 
corals and crinoid debris, and (3) Member 3, which includes 
marlstone, limestone, and two layers of Mn carbonate ores 
(Gao et al., 2018; Zhang et al., 2018). The fossil occurrences 
in Member 2 provide some biostratigraphic evidence of Late 
Carboniferous deposition (Zhang et al., 2018). Two intervals 
of Mn mineralization are interbedded with organic-rich marl-
stone: the lower, main layer is stratigraphically continuous 
with an average thickness of 6 m and an average Mn content 
of more than 37% by weight. In contrast, the upper layer is 
discontinuous and occurs as an outcrop with a limited thick-
ness of 1 m.

Sample Preparation and Analytical Methods

Sample preparation

A suite of 22 samples, including seven marlstones from the 
footwall, nine Mn carbonate ore samples, and six marlstone 
samples from the hanging wall, were collected from a ~20-m-
thick, continuous Mn-bearing sequence in Member 3 of 
Kalaatehe Formation. This is the major Mn layer at the Or-
tokarnash mine. The collected marlstones can be further di-
vided into organic-rich and organic-poor groups. The former 
includes nine samples with TOC >1%, six from the hanging 
wall and three from the footwall. The organic-poor group, in 
contrast, is composed of four samples from the footwall char-
acterized by a TOC <1%.
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Three representative polished thin sections (namely, organ-
ic-rich and/or -poor marlstone and Mn carbonate ore sam-
ples) were prepared and examined using transmitted and re-
flected light microscopy in order to determine the mineralogy 
and textural relationships of the Mn ore and the associated 
host rocks. A high-resolution field emission scanning electron 
microscope (FE-SEM; FEI Nova NanoSEM 450) operating 
at 15 kV and spot size of 5.5 was used to perform visualization 
and imaging of the microstructure of Mn carbonate ore sam-
ples. To reveal the elemental distribution of samples, energy-
dispersive X-ray spectroscopy (EDS) data were collected with 
Oxford X-MaxN80mm2 EDS detectors attached to FEI SEM 
at 15 kV. The SEM analyses were conducted at the Institute of 
Geology and Geophysics, Chinese Academy of Sciences (IG-
GCAS) in Beijing.

Geochemical methods

Samples were broken into small chips and only fresh piec-
es were selected for analyses. Selected chips for geochemi-

cal analyses were then cleaned with alcohol in an ultrasonic 
cleaner, then dried and crushed to fine powder (<200 mesh) 
using an automated agate mill. Importantly, a concerted effort 
was made to avoid direct contact with metal during all sample 
preparation procedures.

Major elements and TOC: Major elements and TOC analy-
sis were carried out at ALS Chemex Lab (Aoshi, Guangzhou, 
China). Major elements were determined using X-ray fluores-
cence (XRF) spectrometry with a PANalytical Axios instru-
ment. The analytical precision is generally better than 3%. 
TOC contents were analyzed using decarbonated material 
(carbonates were reacted with an excess of 50% HCl at 105°C 
to ensure decarbonation) by a LECO CS-844 analyzer. The 
precision was better than 0.1% based on the analysis of the 
GGC-09 standard.

Re-Os isotope analysis: Rhenium-osmium isotope analyses 
were carried out at the Metallogenic Chronology Lab at the 
IGGCAS, Beijing. About 0.5 g of fine powder from Mn carbon-
ate ores was loaded into a Carius tube cooled in an ice-water 

Fig. 2. Stratigraphic section of Carboniferous-early Permian sedimentary rocks of Malkansu, highlighting the Kalaatehe  
Formation composed of three members and the interval of manganese mineralization. Isotope data of samples indicated with 
red stars are presented in Table 2 and Figure 5. Previous published age constraints are from U-Pb zircon ages:     Gao et al., 
2018,     Zhang, 2020 and biostratigraphic age,     Gao, 2015. 
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bath and treated with 2 mL HCl to release CO2. Thereafter, 2 
mL HCl, 6 mL HNO3, along with the 185Re-190Os spike, were 
added to the Carius tube and reacted at 220°C for 48 h (Zhao 
et al., 2015). For the marlstone samples, 0.2 to 0.5 g power and 
a known amount of 185Re-190Os tracer solution were loaded in 
the Carius tube and treated with 8 mL CrO3-H2SO4 solution 
(made from 0.25 g of CrO3 per 1 mL of 4 N H2SO4) and then 
reacted at 220°C for 48 (Selby and Creaser, 2003).

Osmium was extracted as OsO4 from the inverse aqua re-
gia and CrO3-H2SO4 solutions, respectively, by distillation in 
a steam bath (Jin et al., 2013), then trapped in 3 mL HBr, and 
ultimately purified by microdistillation. Osmium isotope ratios 
were measured by negative thermal ionization mass spectrom-
etry (Thermo, Triton plus). The 187Os/188Os measurement was 
monitored by repeat analysis of the Johnson-Matthey standard 
from the University of Maryland (UMD) of 0.11378 ± 4 (2 SD, 
n = 20). After Os extraction, ethyl alcohol was added into the 
Re-bearing solution for 20 min to reduce Cr6+ completely to 
Cr3+. Re was then purified by column chromatography using an 
anionic resin (AG1x8 100-200 mesh) (Morgan et al., 1995; Jin 
et al., 2013). Rhenium isotope ratios were determined by high 
resolution-inductively coupled plasma-mass spectrometry 
(HR-ICP-MS) (Thermo Fisher Element XR), used with mass 
fractionation corrected by the standard bracketing method. 
The average procedural blank for Re and Os in CrO3-H2SO4 
digestion was 44 ± 5 pg and 313 ± 154 fg, respectively, with an 
average 187Os/188Os value of 0.51 ± 0.16 (2σ, n = 8). For the 
inverse aqua regia procedure, the blank was 4.5 ± 0.6 pg and 
305 ± 101 fg for Re and Os, and 187Os/188Os was 0.46 ± 0.11 
(2σ, n = 4). All uncertainties are determined through an error 
propagation of uncertainties in Re and Os mass spectrometer 
measurements, total blank abundances, spike calibrations, and 
187Re decay constant of 1.666e–11 ± 5.165e–14 a–1 (Smoliar et al., 
1996). The Re-Os isotope data is calculated with 2σ uncertain-
ties for 187Re/188Os, 187Os/188Os, and associated error correla-
tion function (rho) to regress the isochron line using Isoplot  
(Ludwig, 2012).

Results
The organic-rich marlstones are composed of carbonate and 
siliciclastic layers, with some intercalated organic matter lami-
nae (Fig. 3A). The organic-poor marlstones mainly consist of a 
mud matrix and micritic calcite (20–30%), with minor, evenly 
dispersed subangular quartz grains (less than 5%) (Fig. 3B). 
By comparison, the massive Mn ores are primarily composed 
of microparticle Mn carbonate aggregates and minor alaban-
dite intergrown with disseminated organic matter (Fig. 3C). 
SEM and EDS analyses indicate that the Mn carbonate ag-
gregates are dominated by pure rhodochrosite, with little Ca, 
Mg, and Fe (Fig. 3D).

TOC, major elements, and Re-Os composition data for Mn 
carbonate ores and host rocks from the Ortokarnash Mn de-
posit are provided in Tables 1 and 2. Geochemical trends are 
shown in a stratigraphic context in Figure 4. 

The Mn carbonate ores are characterized by high Mn3O4 
abundances (>50 wt %), low Al2O3 (0.29–3.72 wt %; avg 1.31 
wt %) and TOC (0.12–0.62 wt %) contents. By comparison, 
the marlstone samples have low MnO (0.14–1.65 wt %) but 
high Al (4.81–12.61 Al2O3 wt %; avg 9.93 wt %) and TOC 
(0.54–1.19 wt %) concentrations.

The Mn carbonate ores have Re and Os abundances of 
0.10 to 5.35 and 0.25 to 0.51 ppb, respectively, together with 
187Re/188Os and 187Os/188Os ratios of 0.98 to 73.15 and 0.81 
to 1.19, respectively. Linear regression of the Re-Os data for 
these samples yields a Model 1 age of 320.3 ± 6.6 Ma (mean 
square of weighted deviates [MSWD] = 1.4, n = 10, 2σ) with 
an Osi value of 0.7959 ± 0.0029 (Fig. 5A1). By contrast, the 
hanging-wall marlstones are characterized by higher Re con-
centrations (12.65–38.38 ppb) but similar Os abundances 
(0.24–0.60 ppb) relative to the Mn carbonate ores, result-
ing in higher 187Re/188Os ratios (234–536) in the former. The 
187Os/188Os compositions range from 1.84 to 3.43. Accord-
ingly, the regression of isotopic data yields a Model 3 isochron 
age of 316.3 ± 8.0 Ma (2σ, n = 6, MSWD = 8.4) with an Osi 

value of 0.609 ± 0.049 (Fig. 5B). Rhenium and Os concentra-
tions in the footwall marlstones are comparable to those in 
the hanging-wall marlstones, varying from 6.83 to 31.87 and 
0.13 to 0.54 ppb, respectively. The 187Re/188Os ratios of the 
footwall marlstones range from 302 to 889 and show a linear 
covariation with their corresponding 187Os/188Os ratios (range: 
2.1–5.1; Table 2). Linear regression of the Re-Os data yields a 
Model 3 age of 296 ± 32 Ma (MSWD = 554, Osi = 0.66 ± 0.27, 
n = 7, 2σ; Fig 5C).

Discussion

The inverse aqua regia digestion method and the Mn  
carbonate ores

The digestion method is vital for obtaining precise and accu-
rate Re-Os radiometric ages for sedimentary rocks (Ravizza 
et al., 1991). The CrO3-H2SO4 digestion protocol is consid-
ered the ideal approach for minimizing incorporation of Re 
and Os from detrital materials into hydrogenous components 
to obtain a precise Re-Os age and a homogeneous Osi for 
most sedimentary rocks (Selby and Creaser, 2003; Rooney et 
al., 2011; Kendall et al., 2013). In this study, an Re blank of  
44 ± 5 pg from the CrO3-H2SO4 method is likely to contribute 
less than 1% of the marlstone but up to 46% to the Mn carbon-
ate ores (avg 18%). Therefore, the CrO3-H2SO4 protocol is ap-
propriate for the marlstones but not for Mn carbonates samples. 
Given low Re abundance of the Mn carbonate coupled with low 
Al2O3 (0.29–3.72 wt %; Table 1, Fig. 4), which is an indicator of 
clastic input (Maliva et al., 1999; Brumsack, 2006), the low Re 
blank for the inverse aqua regia digestion method (4.5 ± 0.6 pg) 
is reasonable for the treatment of Mn carbonate ores resulting 
in an only 0.1 to 5.85% Re blank correction (Table 2.).

By using the inverse aqua regia digestion method we ob-
tained a Model 1 regression age of 320.3 ± 6.6 Ma (MSWD 
= 1.4) for the Mn carbonate ores. The MSWD value is close 
to the ideal value of ~1, suggesting that the scatter of the iso-
chron age is only linked to the uncertainties of the individual 
data, and is not controlled by geologic factors (Ludwig, 2012). 
The Osi values of 0.7959 ± 0.0029 are highly consistent and 
indicate that Os in Mn carbonate ores was contributed by a 
common component. Additionally, it is noted that Re contents 
of 0.10 to 5.35 ppb obtained by this method largely overlap 
with values for the upper continental crust (0.2–2.0 ppb) (Es-
ser and Turekian, 1993; Peucker-Ehrenbrink and Jahn, 2001). 
The absence of a correlation between Al2O3 and Re abun-
dances indicates that the possible dissolution of the detrital 
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Fig. 3. Photomicrographs of the Mn-bearing sequence in Ortokarnash manganese deposit. (A) Organic-rich marlstone (Ort-
93.6) showing the organic matter (OM) lamination intercalated within the carbonate and siliciclastic layers (plane-polarized 
light); (B) The organic-poor marlstone (Ort-81.0) is primarily composed of micritic calcite and minor evenly dispersed sub-
angular quartz grains (plane-polarized light); (C) The Mn ore (Ort-87.3) showing alabandite intergrown with disseminated 
organic matter flakes within the Mn carbonate aggregates (reflected light); (D) Mn carbonate aggregates as dominate pure 
rhodochrosite, with little Ca, Mg, and Fe (backscattered electron image). Abbreviations: Ala = alabandite, Cal = calcite, Qtz 
= quartz, Rds = rhodochrosite.

Fig. 4. Stratigraphic variations of the studied elements (Mn, Al, Re, P, and 192Os), TOC, 187Re/188Os, and Osi composition 
according to Tables 1 and 2.

1,200
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fraction by inverse aqua regia has an insignificant influence on 
our analysis. In summary, our results confirm that the inverse 
aqua regia digestion is a potential approach to dissolve Mn 
carbonate ores for Re-Os analysis.

Re-Os geochronology of the Ortokarnash Mn  
carbonate deposit

Samples from the ~6-m-thick ore interval yield a Re-Os age 
of 320.3 ± 6.6 Ma (Model 1, MSWD = 1.4; Fig. 5A1). Given 
the consistent results over this thickness, we interpret this as 
the mineralization age of the Ortokarnash Mn carbonate de-
posit, and therefore this age represents the first time a Mn 
carbonate ore has successfully been dated using Re-Os iso-
tope analysis. The uncertainty that arises from the Model 1 fit 
is always underestimated and does not incorporate geologic 
uncertainties into the age uncertainties (Li et al., 2019). The 
Monte Carlo method, however, propagates uncertainties (2σ) 
from both analytical measurements and model assumptions 
in a consistent manner irrespective of the probability of fit 
(Li et al., 2019). With both uncertainties, collectively termed 
total uncertainty, an age of 321.8 ± 14.5 Ma and Osi value of 
0.7951 ± 0.0079 are calculated using the beta version of the 
Isochron program (see Fig. 5A2; Li et al., 2019). The Monte 
Carlo results suggest that analytical uncertainty accounts for 
about 65% of the age uncertainty and 63% of the Osi uncer-
tainty (Fig. 5A2). Owing to the highly homogeneous Osi value 
yielded in both fitting approaches, we interpret this large age 
uncertainty (4.5%, 2σ) to be the result of limited spread in the 
187Re/188Os value (1–73). The limited range of low 187Re/188Os 
ratios is likely related to variable redox conditions during Mn 
carbonate mineralization, leading to low Re and relatively 
high Os (see next section).

This newly obtained Re-Os age for Mn carbonate ore sam-
ples from the Ortokarnash Mn deposit agrees well with a re-
cent U-Pb zircon age (322.9 ± 1.8 Ma [Zhang, 2020]) from the 
volcanic breccia-bearing limestone that conformably under-
lies the calcareous mudstones by ~65 m and provides a robust, 
maximum depositional age constraint on the Mn carbonate 
(Fig. 2). Regionally, the limited zircon U-Pb ages from the 
basalts of Wuluate Formation, which unconformably under-
lies the ore-bearing Kalaatehe Formation, yield 206Pb/238U 
ages of 326.6 ± 1.3, 327.3 ± 2.6, and 331.5 ± 1.5 Ma (Gao et 
al., 2018), suggesting that the Kalaatehe Formation is younger 
than ~326 Ma. In the absence of geochronological dates, the 
overlying Maerkanque-Kusaishan Formation is considered 
to have been deposited in the lower Permian based on the 
observed fusulinds Dunbarinella sp. and brachiopods Ste-
noscisma sp. fossil occurrences (Gao, 2015). These constraints 
place deposition of the Kalaatehe Formation between 326 
and 300 Ma, which is fully consistent with the Re-Os age of 
Mn carbonate ores determined here. This good correlation 
between direct and indirect age constraints demonstrates that 
the Re-Os isotope system can be successfully applied to sedi-
mentary Mn carbonate ores in order to provide robust, direct 
ore-forming ages that are needed to understand the genesis 
of these deposits.

In this sedimentary sequence, regression of hanging-wall 
marlstones yields a Model 3 age of 316.3 ± 8.0 Ma (MSWD 
= 8.6; Osi = 0.609 ± 0.049, Fig. 5B), representing a minimum 
mineralization age for this deposit. The age uncertainty de-

termined is considered to be controlled by the variation in 
individual Osi ratios, which range from 0.591 to 0.619 when 
calculated at 316.3 Ma. Furthermore, the imprecise Re-Os 
age (296 ± 32 Ma; MSWD = 554; Fig. 5C) from the footwall 
marlstone samples is considered to relate to the variation in 
Osi values (0.66 ± 0.27). The variation in Osi values suggests 
that either fluctuations in the balance and/or flux of Os inputs 
or alteration prior to Mn mineralization. Additionally, sam-
pling from a large stratigraphic interval of ~8 m is also likely to 
increase variations in Osi. Despite this expanded uncertainty, 
the Re-Os isotope age is consistent, within uncertainty, with 
that of the Mn carbonate ores and hanging-wall marlstone. 
Significantly, we demonstrate that Re-Os geochronology is an 
effective way to directly date Mn carbonate ores.

Re and Os uptake and fractionation in Ortokarnash Mn  
carbonate ores

Rhenium and Os in marine black shales can exhibit positive 
correlations with TOC contents (Rooney et al., 2010). In this 
study, the Re shows a strong correlation with TOC for both 
hanging-wall marlstones (R2 = 0.91) and Mn ores (R2 = 0.57) 
(Fig. 6A), indicating that Re was likely incorporated into the 
Mn ores and sediments along with the organic matter. Fur-
ther, it has been shown that Mg can largely suppress Re ab-
sorption by TOC in the water column (Miller et al., 2011), and 
as such, the correlation of Re versus TOC + 1/MgO is favored. 
Using this method, we obtain a strong linear relationship with 
R2 = 0.91 (Fig. 6B) for the ore samples and marlstones (R2 
= 0.98; Fig. 6B), confirming that Re uptake is dominated 
by organic matter for the Mn carbonate ores as well as the 
marlstone samples. On the other hand, the poor correlation 
between Os and TOC contents for Mn carbonate ores (R2 = 
0.36, Fig. 6C) contrasts with that of hanging-wall marlstones 
(R2 = 0.91, Fig. 6C), suggesting different chelation mecha-
nisms from Re. As noted above, these results indicate that Re 
is strongly associated with the organic matter, while Os may 
not be as tightly controlled by organic matter abundance in 
Mn carbonate ores.

The enrichment of Re and Os in sediments is also controlled 
by the redox conditions of the depositional environment (Du-
bin and Peucker-Ehrenbrink, 2015; Lu et al., 2017). Rhe-
nium, a redox-sensitive trace metal, behaves conservatively 
in oxygenated conditions and is prone to being enriched in 
sediments that are anoxic or overlain by an anoxic water col-
umn (Sheen et al., 2018), whereas Os removal can take place 
under a range of water column redox conditions (Yamashita et 
al., 2007; Sheen et al., 2018). As indicated by previous studies 
(Calvert and Pedersen, 1996; Johnson et al., 2016), the depo-
sition of Mn carbonate in the sediment normally requires two 
steps, each occurring under distinct redox conditions. Briefly, 
Mn(II) is first oxidized to form Mn(IV) oxyhydroxides in sea-
water via abiotic (Huckriede and Meischner, 1996; Yu et al., 
2016) and/or biotic (Tebo et al., 2004) oxidation. The Mn(IV) 
oxyhydroxides are then diagenetically converted to Mn(II) 
carbonates in anoxic pore water through the coupled oxida-
tion of organic matter (Thamdrup et al., 2000; Kristin et al., 
2013).

During the first stage of Mn(II) oxidation, Re would mainly 
be present in the form of ReO4

- in oxic seawater (Anbar et 
al., 1992) and is decoupled from the Mn(IV) oxyhydroxides 
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(Colodner et al., 1993; Crusius et al., 1996; Sheen et al., 2018). 
This results in low concentrations of Re associated with the 
Mn(IV) oxyhydroxide precipitates. By comparison, the solu-
ble OsCl62-, which is readily subjected to hydrolysis and ab-
sorbed onto mineral surfaces, tends to concentrate on Mn(IV) 
oxyhydroxide precipitates (Burton et al., 1999; Yamashita et 
al., 2007). Hence, modern ferromanganese crusts and Mn 
nodules that are formed by Mn(II) oxidation are generally 
characterized by high Os but low Re abundances (Burton et 
al., 1999; Peucker-Ehrenbrink and Ravizza, 2000; McDaniel 

et al., 2004). This pattern is also observed in the Mn carbonate 
ores of the Ortokarnash deposit presented here.  

During diagenesis, Mn(IV) oxyhydroxides are commonly 
reduced to dissolved Mn(II) in the presence of organic matter 
in anoxic pore waters leading to the precipitation of Mn(II) 
carbonates (Konhauser, 2007; Johnson et al., 2016). Consider-
ing that dissolved Re(VII) is scavenged by organic complex-
es under anoxic conditions in the form of insoluble Re(IV) 
(Morford et al., 2005), its enrichment in the sediments can 
occur when there is an abundant reductant available. Notably, 
as Mn(IV) oxyhydroxides have a higher electrode potential 
than Re(VII) (Johnson et al., 2016; Dickson et al., 2020), it 
preferentially reacts with organic matter. In other words, the 
presence of excess organic matter in the sediments is likely to 
be a prerequisite for the subsequent enrichment of Re in Mn 
carbonates during diagenesis, because on one hand organic 
matter may prevent the oxidation of Re(IV) by Mn(IV) oxy-
hydroxides, and on the other hand the surplus organic matter 
may chelate Re(IV) during authigenic Mn carbonate forma-
tion. The above discussion is in line with the observed positive 
correlation between the amount of residual organic matter 
and Re abundances in the Mn carbonate ores (Fig. 6A, B). 

The enrichment process of Os in Mn carbonates during 
diagenesis is not yet fully understood. The weak relationship 
exhibited between 192Os and TOC in Mn carbonate ores (R2 

= 0.36, Fig. 6C) suggests that Os released by Mn(IV) oxyhy-
droxides in the early stages of diagenesis is not completely ab-
sorbed by TOC, and may be partly inherited by self-generated 
Mn carbonate and authigenic sulfides such as alabandite (Ya-
mashita et al., 2007). As mentioned above, Os fixation is close-
ly related to and controlled by Mn(II) oxidation in the water 
column. We suggest that the absorbed Os would be released 
to the pore waters during the reduction of Mn(IV) oxyhydrox-
ides, and subsequently be captured during the precipitation 
of authigenic Mn(II) carbonates. Therefore, it is highly possi-
ble that the Os in our Mn carbonate ores is inherited from the 
Mn(IV) oxyhydroxide precursors where the initial Os compo-
nents were adsorbed from coeval seawater (McDaniel et al., 
2004; Klemm et al., 2005).

The different chelating mechanism coupled with variable 
redox conditions during Mn carbonate mineralization seems 
to be the cause of the limited spread in the observed low 
187Re/188Os ratios. Still, remnant organic matter in the Or-
tokarnash Mn carbonate ores would have captured and pre-
served Re during authigenic Mn carbonate formation. As a 
result, these deposits have the potential to allow for the di-
rect dating of mineralization by Re-Os. At the same time, the 
preservation of seawater Os via the adsorption to the Mn(IV) 
oxyhydroxide precursors provides a unique snapshot into the 
isotopic compositions (Osi) at the time of deposition, thereby 
providing insights into the paleomarine environmental condi-
tions during Mn ore deposition.

Implications for the genesis of the Ortokarnash Mn  
carbonate ores

The Osi ratio derived from the hydrogenous fraction of sedi-
mentary rocks has long been considered to reflect the sea-
water Os isotope composition contemporaneous to deposition 
(Ravizza and Turekian, 1989, 1992; Ravizza et al., 1991). Since 
those early studies, large variations in seawater 187Os/188Os 

Fig. 6. Covariation between (A) Re abundance and total organic carbon 
(TOC), (B) Re abundance and TOC + 1/MgO, and (C) 192Os abundance and 
TOC are shown. Red dashed lines represent Mn carbonate ore samples and 
blue dashed lines represent hanging-wall marlstones, respectively. 
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compositions through time have been revealed by analyzing 
various marine sediments, including hydrogenic Fe-Mn crust, 
organic-rich mudrock, and oxic pelagic sediment (Paquay et 
al., 2014; Josso et al., 2019; Rooney et al., 2020). These varia-
tions are proposed to reflect changes in the balance between 
radiogenic and unradiogenic Os input fluxes to seawater. The 
principal radiogenic Os source (187Os/188Os ~1.4) is riverine 
input derived from the continental crust; possible sources of 
unradiogenic Os (187Os/188Os ~0.12) include the hydrother-
mal alteration of ultramafic rocks and the dissolution of cos-
mic dust (Allègre and Luck, 1980; Oxburgh, 1998; Sharma et 
al., 2000). Collectively, it is reasonable to assume that varia-
tions in seawater Os isotope compositions are related to and 
controlled by changes in the relative contributions of these 
isotopically distinct sources.

As shown in Figure 4, our isochron age for hanging-wall 
marlstones from the Ortokarnash Mn deposit returned Osi 
values of 0.609 ± 0.049. This value is similar to the initial ra-
tio of 0.55 ± 0.02 at 317 ± 2 Ma for the contemporary black 
shales in West Virginia, USA (see Tripathy et al., 2015). Con-
sidering there is no evidence to support a connection between 
these two basins at the Mississippian-Pennsylvanian bound-
ary (Yin and Harrison, 2000), we tentatively suggest that the 
187Os/188Os value of ~0.6 represents the Os isotope composi-
tion of global seawater at ~320 Ma, which is also supported 
by the identical initial ratios of 0.54 to 0.61 (calculated at 323 
Ma) for three footwall marlstones neighboring the Mn ores. 
On the other hand, it is noted that the calculated Osi ratios 
of all seven footwall marlstone samples increase from 0.28 to 
0.61 in an ascending order. In this respect, the critical ques-
tion becomes, how did seawater in the Ortokarnash basin 
generate such low 187Os/188Os values (0.28–0.38) during the 
deposition of the footwall marlstones and, crucially, why did 
the Osi of the Ortokarnash basin increase from 0.28 to 0.61?

The significantly lower Osi values for the lower interval of 
the footwall marlstones indicates that the Os influx to the Or-
tokarnash basin at that time was dominated by an unradiogen-
ic input, likely from a mantle-derived source. In other words, 
it is likely that submarine volcanism and related hydrothermal 
vents as well as the halmyrolysis of the underlying basalts, 
which tend to have low 187Os/188Os ratios, were the dominant 
Os source to the basinal water. This conclusion is supported 
by the presence of volcanic breccia in the Member 1 lime-
stone of the Kalaatehe Formation that underlies the studied 
samples (Zhang et al., 2020). Moreover, mafic to intermediate 
volcanic rocks (326–327 Ma) have been widely identified in 
the Wuluate Formation, thus indicating the development of 
extensive volcanism prior to regional carbonate sedimentation 
(Fig. 7A). Accordingly, the increasing 187Os/188Os ratios of the 
water column, as indicated by increasingly radiogenic Osi val-
ues for footwall marlstones (Fig. 4), likely reflects the dimin-
ished supply of unradiogenic Os to the Ortokarnash basin dur-
ing volcanic quiescence or weakened basalt halmyrolysis once 
capped with a carbonate succession (Fig. 7B). Furthermore, 
rock assemblages of the Upper Kalaatehe Formation are in-
dicative of a transgression event, with the manganese deposi-
tion occurring during the highstand systems tract (Zhang et al., 
2020). During the transgression, the relative rise in sea level 
would lead to an increase in the seawater component within 
the basin (with a 187Os/188Os value of ~0.6), which would ac-

celerate mixing with global seawater. In turn, this would result 
in the masking of Os isotope signatures from earlier volcanism 
and moving the basin’s Os isotope composition toward that of 
global seawater (Fig. 7B).

In comparison to the footwall marlstones, the isochron-de-
rived Osi ratio of Mn carbonate ores rose abruptly and signifi-
cantly to a relatively homogeneous value of 0.7959 ± 0.0029 
(Fig. 4). This value is higher than that expected for global 
seawater (~0.6) recorded by the underlying marlstone. As dis-
cussed above, the Osi ratios of the Mn carbonate ores were 
inherited from the Mn(IV) oxyhydroxide precursors, which 
obtained their Os isotope compositions through the adsorp-
tion of Os in the water column. Thus, the observed increase in 
these ore samples indicates that the seawater 187Os/188Os val-
ue must have risen significantly during the deposition of the 
Mn(IV) oxyhydroxides. Considering that the riverine input is 
the main radiogenic Os source, which possesses an187Os/188Os 
ratio of ~1.4, we conclude that the elevated Osi values for the 
Ortokarnash Mn carbonate ores were caused by an increasing 
supply of radiogenic Os from continental runoff. 

Enhanced riverine Os input was likely the result of in-
creased chemical weathering and/or riverine supply. During 
the late Carboniferous (ca. 320 Ma), the rapid expansion of 
paleotropical land plants, and vascular land plants in particu-
lar (Cleal and Thomas, 2005; Goddéris et al., 2017; Chen et 
al., 2018), would have enhanced the soil CO2 inventory and 
led to an increase in the chemical weathering of the conti-
nents (Tripathy et al., 2015). In addition, the Ortokarnash 
Mn carbonate deposit was formed during the Late Paleozoic 
ice age (~340–285 Ma), and to be exact, approximately coin-
cides with the end of the Serpukhovian-Bashkirian glaciation 
(319.57 ± 0.086 Ma) (Gulbranson et al., 2010). Hence, it is 
possible that the profound effect was caused by this paleocli-
matic event, such that an increased supply from continental 
runoff and/or a shift in the style of fluvial channels (Finlay et 
al., 2010), could have led to the increased riverine Os input 
at this time.

Significantly, the187Os/188Os ratio returns to the global sea-
water value of ~0.6 following deposition the Ortokarnash de-
posit, as evidenced by the Osi value of the hanging-wall marl-
stones (0.609 ± 0.049, Fig. 5). This suggests the cessation of 
enhanced riverine input to the basin. This hypothesis match-
es well with the classic Baltic Sea model, where a large num-
ber of Mn carbonate layers formed following the injection 
of oxygenated inflows of denser water from the North Sea to 
the Baltic Sea (Huckriede and Meischner, 1996; Dellwig et 
al., 2018; Häusler et al., 2018). Following this model, it can 
be inferred that the riverine waters, enriched in O2, mixed 
with seawater to disturb and lower the Mn(III/IV)/Mn(II) re-
doxcline. In this regard, we propose that both the enhanced 
mixing of O2-enriched river water and sea level rise coincid-
ing with the transgression facilitated interactions between 
dissolved Mn(II) and O2, and thus promoted the deposition 
of Mn(IV) oxyhydroxide precursors along the slope of the 
basin. Moreover, it should also be noted that both elevated 
riverine influx and upwelling associated with the transgres-
sion would have provided abundant nutrients to the surface 
waters, as evidenced by relatively high P2O5 abundances in 
the Mn carbonate ores (avg 0.56%; Table 1, Fig. 4) relative to 
the associated marlstones (avg 0.09%), leading to an increase 
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in primary productivity and consumption of dissolved O2 in 
the water column. The subsequent burial of excess organic 
matter, together with Mn(IV) oxyhydroxides, in turn, would 
have created conditions favorable for the formation of authi-
genic Mn(II) carbonates during diagenesis (Fig. 7C) (Marin 
and Giresse, 2001; Neumann et al., 2002; Meister et al., 2009; 
Zhang et al., 2020). In summary, we suggest that enhanced 
riverine input during the transgression is an important fac-
tor for Mn mineralization in the Ortokarnash area, although 
more detailed paleogeographic data are needed to further 
test our model. 

Conclusions

This study confirms the potential for the Re-Os system to be 
applied as a geochronometer for constraining mineralization 
ages and processes for sedimentary Mn carbonate deposits. 
Following the inverse aqua regia digestion method, the Re-
Os age obtained here for the Mn carbonate ores of the Or-
tokarnash Mn deposit is indistinguishable, within analytical 
uncertainty, from the youngest detrital zircon U-Pb age of the 
underlying volcanic breccia-bearing limestone and the Re-Os 
depositional age of the overlying marlstone. This provides a 

Fig. 7. Model for deposition of Mn minerals during the late Carboniferous (~320 Ma) leading to the formation of the Orto-
karnash Mn carbonate deposit (modified from Zhang et al., 2020), based on variations in the Osi of basinal seawater. (A) Osi 
= 0.28-0.35; initially a high abundance of hydrothermal inputs results in a low Osi in the basin. (B) Osi = 0.6; a transgression 
brings in more seawater and accelerates the mixing process between basinal seawater and the global ocean. (C) Osi = 0.8; 
enhanced riverine input during the transgression process creates conditions favorable for the Mn mineralization formation, 
including the input of oxygenated riverine water that promotes Mn(II) oxidation. This influx of continental runoff and global 
seawater also brings nutrients into the basin, leading to increased primary productivity and organic matter deposition, which 
in turn promotes the diagenetic production of Mn(II) carbonates in the sediments.
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strong case for Re-Os geochronology of Mn carbonate ores as 
a viable tool for constraining their mineralization ages.

In addition, Re-Os systematics of the Mn carbonate ores 
provide an important glimpse into the Re and Os cycle, as 
well as changes in basinal water initial 187Os/188Os values con-
temporaneous to the deposition of the Ortokarnash Mn de-
posit. We suggest that Re was preferentially enriched in the 
organic matter residue and retained following the diagenetic 
reduction of the Mn(IV) oxyhydroxide precursors in suboxic 
or anoxic sediment pore waters. Conversely, the Os is likely to 
have been adsorbed from seawater by Mn(IV) oxyhydroxides 
following Mn(II) oxidation in the oxic portion of the water 
column and subsequently accumulated with the precipitation 
of authigenic Mn(II) carbonates following the reduction of 
Mn(IV) oxyhydroxides during organic matter oxidation in the 
sediment pile. More radiogenic Osi values from the Mn car-
bonate ores, relative to those of the associated marlstones, are 
inferred to reflect an increased riverine influx that may have 
played a significant role in controlling the Mn mineralization 
of the Ortokarnash Mn deposit; however, more detailed pa-
leogeographic data are required to fully evaluate that aspect 
of our model.
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