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Abstract

In addition to being an important lacustrine hydrocarbon source rock, the Fengcheng
Formation possesses well-preserved sodium-carbonate evaporite units and tuff beds.
Known ancient alkaline salt-lake deposits bearing sodium-carbonate evaporite minerals
like the Late Paleozoic Fengcheng Formation are limited beyond the modern day.
However, hitherto the absolute age of the alkaline lacustrine Fengcheng Formation of
the Junggar Basin (China) is debated (Late Carboniferous and/or Early Permian), and
therefore its temporal link to a specific stage of the Late Paleozoic Ice Age (LPIA)
remains unclear. Here, new Re-Os geochronology demonstrates that the Fengcheng
Formation is predominately of Late Carboniferous-age (304.4 to 297.3 Ma), and
therefore its deposition coincides with the interglacial climate warming interval
between glaciation C4 and P1 of the LPIA and not the younger interglacial stages as
previously proposed. The Re—Os isotope systematics indicate that the lake water
column during the deposition of the Fengcheng Formation had a relatively unradiogenic
Os (*¥70s/*880s, Os;i) isotope composition (0.32 to 0.36), which is in contrast to the
typical radiogenic Os; recorded for lacustrine deposits throughout geological time. The
unradiogenic Os; for the Fengcheng Formation ties the source of the Os in the lake to
the weathering of adjacent mafic volcanic rocks and/or hydrothermal input (~0.13). As
a result, the penecontemporaneous relationship to the Late Paleozoic interglacial
climate warming (causing enhanced evaporation) coupled with weathering of volcanic

rocks and/or hydrothermal fluid input into the lake is considered to have been
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36  mechanistic in the formation of an alkaline salt lake dominated by sodium and
37  carbonate.

38  Keywords: Re-0Os, evaporite, lacustrine, volcanism, organic matter type
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1. Introduction

Beyond the present-day alkaline lakes (e.g., Mono Lake and Walker Lake, USA;
Chahan Lake, China; Turkana Lake and Magadi Lake, Kenya; Timms, 2022), and the
Paleogene Hetaoyuan Formation (China, Yang et al., 2014) and Eocene Green River
Formation (USA; Lowenstein et al., 2017; Cummings et al., 2012), the Late Paleozoic
Fengcheng Formation of the Junggar Basin in northwestern China, represents one of
the oldest known records of deposition in a saline lacustrine basin (Cao et al., 2020).
The Fengcheng Formation has been assigned an Early Permian-age based on relative
dating techniques such as biostratigraphy, lithostratigraphy, chemostratigraphy and
structural relationships (Feng et al., 2018; Wang et al., 2022). The current absolute age
control of the lacustrine Fengcheng Formation (U—Pb zircon detrital and interbedded
tuff beds) exhibit considerable discrepancy (up to 25 Myrs; Wang et al., 2021; 2022).
Thus, any relationship to global/regional tectonic and deposition processes, in addition
to stratigraphic correlation is hitherto poorly constrained and debated. To date, the
depositional timing of the Fengcheng Formation is considered to broadly overlap with
the stages of the Late Paleozoic Ice Age (LPIA) — an extended ice house event that
spanned ~70 Myrs (Montafiez and Poulsen, 2013) and is recorded by eight glacial and
nonglacial intervals (Fielding et al., 2023). Thus, the absolute age of the Fengcheng
Formation is key to directly link its formation with a specific glacial stage of the LPIA.
Moreover, interbedded tuffaceous sandstone, andesite and basalt of Fengcheng

Formation basal Member 1 suggests an association with active magmatism during
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deposition that ultimately could have controlled the alkalinity of the lake and hence the
formation of the sodium-carbonate-evaporite beds (Tosca and Tutolo, 2023).

Here we apply Re-Os geochronology to directly date the three members of the
Fengcheng Formation to temporally correlate its deposition to the specific interglacial
period of the LPIA (Fielding et al., 2023). Further, we utilise the initial Os isotope
compositions derived from the Re-Os geochronology, together with petrographic
investigations to discuss the role of volcanism with the formation of the saline
lacustrine basin and the associated sodium-carbonate evaporite beds of the Fengcheng

Formation.

2. Geological background

The Junggar Basin, located in the northern part of Xinjiang Uygur Autonomous Region,
northwest China (Fig. 1), is a superimposed basin developed on a basement of
crystalline Precambrian and Carboniferous aged sedimentary strata (Cao et al., 2020).
The Mahu Sag is a secondary structural unit of the Central Depression located in the
northwest sector of the Junggar Basin (Fig. 1). Following the juxtaposition of the
Central Asian Orogenic Belt with the Junggar Basin during the Late Carboniferous, the
basin experienced multiple intraplate tectonic events (e.g., Carroll et al., 1995; Tang et
al., 2015; Yang et al., 2015). As a result, the Mahu Sag evolved from a syn-rift basin
during the Early Permian to a post-rift basin in the Middle Permian, ending with a
tectonic inversion between the Late Permian and Early Triassic (Tang etal., 2021; Yang

etal., 2023). The Lower (Jiamuhe and Fengcheng formations) and Middle (Xiazijie and
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Lower Wuerhe formations) Permian strata were deposited during the syn-rift to post-
rift stages, respectively.

The Fengcheng Formation was primarily deposited in a fan-delta-lacustrine
environment under seasonally alternating humid and arid conditions that was associated
with high salinity. The formation is subdivided into three members. The basal Member
1 unconformably overlies the Jiamuhe Formation that consists primarily of volcanic
rocks. Member 1 is composed of volcanic rocks in its lower part and dolomitic
mudstone interbedded with siltstone in its upper part. Member 2 has limited exogenous
input and was deposited in a highly saline environment. It is characterized by thick
organic-rich dolomitic rocks and mudstones with widely developed sodium-carbonate
(e.g., wegscheiderite, trona, nahcolite) beds ranging from mm- to dm-scale. Member
3 is characterized by lithologies similar to the top part of Member 1, but also records a
decrease in salinity and an increase in exogenous input (e.g., Wang et al., 2021). An
upper Early Permian age, based on biostratigraphy, lithostratigraphy, and structural
relationships, has been assigned to the Fengcheng Formation (e.g., Feng et al., 2018).
A maximum depositional age of the Fengcheng Formation of late to middle Early
Permian is also proposed by detrital LA-ICP—MS zircon U-Pb dates (Lu, 2018; Tang
etal., 2022; Gao et al., 2020). Yet, in stark contrast, zircons from interbedded tuff beds
within Member 1 and 3 yielded LA-ICP—MS U-Pb dates up to 25 Myrs older (Wang

etal., 2022).

3. Sample selection and methodology
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Samples from the Fengcheng Formation were collected from the Maye 1 core in the
Mahu Sag, Junggar Basin (Fig. 1; coordinates not available due to restrictions). Whole
core programmed pyrolysis data of the entire core were used to target intervals for Re-
Os geochronology. Specifically areas of high TOC (thus potentially enriched in Re and
Os), and variable HI values (thus potentially possessing variable organic matter type
that could yield variable '®’Re/!#0s ratios; Cumming et al., 2012; Liu et al., 2020a;
Pietras et al., 2022). Eight samples over an interval of 2—4 m were collected from each
of the three members (Fig. 2). Samples were firstly polished on a silicon carbide plate
to remove any surface and metal contact from the drilling process. Samples were then

broken into chips and crushed to a powder with an agate mill and puck in a shatterbox.

3.1 Organic petrology and geochemistry

Ten samples were analysed for organic petrology. Optical microscopy analyses were
conducted on thin rock sections. Samples were sectioned perpendicular to the bedding
before being embedded in a homogeneous mixture of Buehler's epoxy resin and
hardener (ratio 5:1). The latter were then dried and polished (Taylor et al., 1998;
Amijaya and Littke, 2006). The thin rock sections were examined at different
magnifications and under different light conditions (incident white light and blue light
excitation) to characterize the organic matter using a Nikon LV 100 microscope. The
vitrinite reflectance was measured using a Zeiss Scope Al incident light microscope at

a wavelength (1) of 546 nm. The reflectance of samples rich in vitrinite particles was
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measured from at least 50 points. Samples were point-counted (300-500 points per
sample) to determine relative abundances of mineral matter and macerals.
Twenty-four samples were analysed for total organic carbon (TOC) content using
a LECO carbon analyser. On the same sample set to determine Tmax, oxygen and
hydrogen index values, programmed pyrolysis was performed using a Rock-Eval 6

instrument.

3.2 Evaporite SEM evaluation

The chemical composition of the evaporite minerals was determined from a fresh
surface (coated with gold) using a scanning electron microscope, a TESCAN
VEGA/XMU SEM, fitted with a BRUKER Quantax xFlash 6/30 energy-dispersive X-
ray spectroscopy detector. X-ray powder diffraction (XRD) patterns of the evaporite
minerals were obtained on a Rigaku D/Max 2500 VB2+/PC diffractometer with Cu Ka

radiation. The extracted data were analyzed using Jade software (Version 6.5).

3.3 Re-Os geochemistry

The rhenium-osmium (Re-Os) isotope analysis was carried out at the Durham
Geochemistry Centre (Laboratory for Sulfide and Source Rock Geochronology and
Geochemistry, and Arthur Holmes Laboratory) at Durham University. The analytical
protocol uses the CrV'-H,SO. digestion methodology to preferentially liberate
hydrogenous Re and Os, and to limit incorporation of any detrital Re and Os (Selby and

Creaser, 2003). About 1 g of sample powder with a known amount of mixed *°Os and
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185Re tracer (spike) solution and 8 ml of 0.25 g/g CrV'-H,SO4 solution were placed and
sealed into a carius tube and heated at 220°C for 48 h. Osmium was purified by solvent
extraction (CHCIz) and micro-distillation methods (Birck et al., 1997; Cohen and
Waters, 1996). Rhenium was separated and purified from the Os-extracted Cr¥'-H,SO4
solution using NaOH-C3HsO solvent extraction and anion chromatography. The
purified Re and Os fractions were loaded onto Ni and Pt filaments, respectively (Selby
et al., 2007). Isotopic measurements were determined using a ThermoScientific
TRITON mass spectrometer using static Faraday collection for Re and secondary
electron multiplier in peak-hopping mode for Os. Total procedural blanks during this
study were 15.6 = 0.45 pg and 0.035 £ 0.007 pg (16 S.D., n = 3) for Re and Os,
respectively, with an average 8’0s/*®80s value of 0.18 + 0.01.

The initial "0s/*80s composition (Os;) were calculated from the Re-Os isotope
compositions using the 8’Re decay constant 1.666x10 1! yr* (Smoliar et al., 1996) and
the ages derived from the isochron. Repeat analyses of reference material SDO-1 and
SBC-1suggest < 0.05 variation in calculated Osi (Du Vivier et al., 2014; 2015; Sproson

etal., 2022).

4. Results

4.1 Organic petrology and geochemistry

The Fengcheng Formation Member 1 possesses lower TOC values (0.42 to 0.60 %,
average 0.50 %) than Member 2 (0.55-2.00 %, average 1.03 %) and Member 3 (0.40-

2.14 %, average 1.05 %). All samples are characterised by a Type Il-I11 kerogen based
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on Hydrogen—Oxygen Index plots (Fig. 3), with exceptionally good hydrocarbon
potential. All samples exhibit a moderate thermal maturity (Tmax = 407 — 442 °C, Ro
= 1.05 — 1.30 %). Organic petrology reveals large variations in exinite, vitrinite and
inertinite contributions among the samples (Fig. 4). The samples have exinite amounts
ranging from 0 to 67.7 %, vitrinite ranging from 14.7 to 62.5 %, and inertinite from 9.1
to 53.3 %, respectively (Table S2). Members 1 and 3 have moderate to high exinite
content. In contrast, samples from Member 2 have no exinite. Member 2 has higher

vitrinite contents (29.6 — 62.5%) compared with the other two members (14.7 — 35.7%).

4.2 Evaporite mineral SEM observation

An x-ray diffractogram is used to determine the mineral composition of the bedded
evaporite minerals in the Fengcheng Formation. The analysis shows the presence of
wegscheuderite, trona, natron, pirssonite, nahcolite, and reedmergnerite (Fig. 5b). A
thin evaporite bed observed in a core sample is primarily composed of trona needles
(Fig. 5¢). Columnar trona crystals interspersed with rhombic reedmergnerite crystals is
observed under cross-polarized light (Fig. 5d). The back-scattered electron image of
the evaporite reveals intercalated columnar trona crystals with pirssonite and
reedmergnerite. The evaporite bed also displays ordered to sub-ordered halite (NaCl)
crystals, prismatic nahcolite crystals, and disordered thenardite (Na>SOa) crystals.
These crystals may have formed as secondary minerals during sample preparation, such

as during ion milling. The energy dispersive X-ray spectroscopy analysis of natron and
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pirssonite shows the presence of a gold coating, as indicated by the element Au (Fig.

5e and 5f).

4.3 Re-Os geochemistry
Rhenium and osmium concentrations range from 5.2 — 19.5 ppb and 64.7 — 127.6 ppt
for Member 1, 7.5 — 21.8 ppb and 77.2 — 156.8 ppt for Member 2, 11.9 — 37.4 ppb and
136.3 — 422.7 ppt for Member 3, respectively. These intervals are generally
characterised by a large range in 8’Re/*®80s values (Member 1 = 433.0 to 1652.6,
Member 2 = 404.0 to 1463.4, Member 3 = 558.5 to 866.7). Using the inverse isochron
method in IsoplotR the Re-Os data yield Model 3 Re-Os dates of 304.4 + 1.7 [2.5
including decay constant] Ma (n =4, 26; MSWD = 2.9) for Member 1, 300.1 Ma £ 1.9
[2.6] Ma (n=5, 26; MSWD =4.7) for Member 2, and 297.3 Ma + 4.7 [5.0] Ma (n= 6,
20; MSWD = 4.8) for Member 3 (Li and Vermeesch, 2021; Vermeesch, 2018). Initial
Os isotope compositions are 0.33 = 0.02 for Member 1, 0.36 = 0.02 for Member 2 and
0.32 £ 0.05 for Member 3, respectively. The uncertainty in the Re—Os dates can be
accounted for by the possible duration sampled for each member and the variation in
the initial $370s/*®80s (Member 1 = 0.024, Member 2 = 0.039, Member 3 = 0.026).
Monte Carlo simulations (Li et al., 2019) yielded identical results to those of the
inverse isochron method (Fig. 2). The Monte Carlo simulations suggest that analytical
uncertainties account for 30-61% of the total uncertainties of the final ages (Fig. 2). The

rest of the date uncertainty is a function of the model age uncertainties.
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5. Discussion

5.1 Age reassignment for the Fengcheng Formation

Relative dating techniques (biostratigraphy, lithostratigraphy, chemostratigraphy and
structural relationships) have been used to suggest an Early Permian age for the
Fengcheng Formation (Feng et al., 2018; Wang et al., 2022). Detrital LA-ICP-MS
zircon U-Pb dates from Members 1 and 3 of the Fengcheng Formation from cores FN-
4, JL-17 and DT-1, ~75 kms from the Maye 1 core (Fig. 1) have been used to propose
that the maximum depositional age of the Fengcheng Formation is middle to late Early
Permian ranging between 284 + 4 (Member 1 — FN-4) to 278.9 + 1.3 Ma (Member 1 —
JL-17); 277.4 £ 2.8 Ma (Member 3 — DT-1) (2c; Lu, 2018; Tang et al., 2022; Fig. 2),
which would suggest that the Fengcheng Formation was deposited during the
interglacial interval associated with warm and arid climate conditions across the mid-
latitude of the northern hemisphere between glaciation P2 and P3 (Fielding et al., 2023;
Montafiez and Poulsen, 2013).

In contrast to detrital zircon U-Pb dates, magmatic zircons from volcanic tuff beds
within the Fengcheng Formation of X76, X88, X201 cores ~30 km from the Maye 1
core yielded LA-ICP-MS 2%°Pb/?38U dates up to 25 Myrs older (Wang et al., 2021;
2022). Zircons from a tuff in Member 3, 27 m above the Member 2-3 boundary yielded
a date 296.8 + 2.5 Ma (2o; MSWD = 2 — unknown if the decay constant uncertainty is
included, although its affect is only ~20 - 40 Kyrs). Five LA-ICP-MS 2%°Pb/?38 dates

have been obtained from interbedded tuff beds within Member 1 (including three from
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cores X76, one from, X88 and one from X201). There is broad agreement between three
of the LA-ICP-MS 2°°Pb/2*8U dates (X76-3646.06 = 300.16 + 0.61 Ma; X76-3646.50
= 300.7 + 1.3 Ma; X201-4923.70 = 300.8 + 1.3 Ma), however, another two LA-ICP-
MS 206pp/238Y dates are older (X76-3645.60 = 304.94 + 0.68 Ma; X88-3827.50 = 305.1
+ 1.2 Ma) and do not uphold the law of superposition (Wang et al., 2021; 2022).
Although, a weighted LA-ICP-MS 2°°Pb/?%U date of 302.34 + 0.73 Ma (MSWD = 2.0;
N = 122) for Member 1 has been presented, given that the dated tuff beds are below the
Kasimovian-Gzhelian Boundary Interval §'3C negative excursion (ca. 304 Ma) the
older LA-ICP-MS 2%pp/238U dates (ca. 305 Ma) are proposed to be a more accurate
date of Member 1 (Wang et al., 2022).

Although the magmatic zircon U-Pb ages could be affected by a xenocrystic
component, pre-eruptive closure of the zircon U-Pb systematics, Pb loss, and/or detrital
grains (as discussed by Wang et al., 2022), in contrast Re—Os dates of organic-rich
sedimentary rocks provide direct depositional age constraints. The Re—Os dates are
nominally young from Member 1 (304.4 + 1.7 [2.5] Ma) to 3 (297.3 £ 4.7 [5.0] Ma),
although dates from Members 2 (300.1 Ma * 1.9 [2.6] Ma) and 3 (297.3 + 4.7 [5.0]
Ma), overlap when considering lower and upper age uncertainties (Figs. 2 and 6).
Further there is nominal agreement of the Re-Os sedimentary rock and the LA-ICP-MS
205pp/238Y zircon dates (Fig. 6).

Eight distinct glacial and nonglacial periods have been identified in the

Carboniferous and Permian systems of eastern Australia (Fielding et al., 2023). These

13737



245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

glacial intervals are interspersed with intervals where evidence of glacial episodes are
not preserved. The Carboniferous period has four relatively short-lived glacial intervals
(C1-C4), which were followed by four longer-lived glaciations (P1-P4) during the
Permian period. Between the Carboniferous and Permian glaciations, there was a
significant nonglacial period during the Late Carboniferous. Given that the age of the
Carboniferous—Permian boundary is defined to 298.9 + 0.15 Ma (Schmitz, 2020), the
Re-Os dates of this study imply that the majority of the Fengcheng Formation
(specifically Members 1 and 2; Fig. 6) is uppermost Carboniferous in age and therefore
penecontemporaneous with an interglacial period between glaciation C4 and P1 of
LPIA (Wang et al., 2022; Fielding et al., 2023). The agreement of the U-Pb and Re-Os
dates for Member 3 (296.8 + 2.5 Ma; Wang et al., 2022; 297.3 + 4.7 [5.0] Ma; this
study, respectively), although they overlap within uncertainty with the age of the
Carboniferous—Permian boundary (298.9 £ 0.15 Ma), does imply that Member 3 is
earliest Permian in age. The new Re-Os ages yield a nominal rate of sedimentation

estimate during the deposition the Fengcheng Formation of 13 to 72 m/Myr.

5.2 Initial Os isotope compositions record volcanic input into the Junggar basin

Lacustrine sediments of the geological record are generally characterised by radiogenic
Osi values, as most of the Os is derived from riverine input through continental
weathering, due to the elevated Re/Os ratios compared with mantle materials (average
continental mass 8’0s/*®0s = ~1.4; Peucker-Ehrenbrink and Ravizza, 2000). For

example, lacustrine units of the Toarcian (Jurassic) Da’anzhai Formation of the Sichuan
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Basin (China) have Os; values of ~1.3 (Xu et al., 2017), which are much higher than
the Early Jurassic open marine Os; values of 0.4 — 0.8 recorded from Europe (Kemp et
al., 2020; Percival et al., 2016; Them et al., 2017). The Eocene Green River Formation
has Os; values of 1.4 — 1.5 (Cumming et al., 2012; Pietras et al., 2020) that are also
much higher than the coeval open marine Os isotope value of ~0.6 (Kato et al., 2011).
Likewise, radiogenic *870s/*0s (up to 1.3 at ~36 Ma) compositions are reported for
the Arctic Ocean’s ‘lake stage’ prior to connection of the lake with the global ocean
which is characterized by a decrease in the Os; to the ~36 Ma marine Os signature of
~0.6 (Poirier and Hillaire-Marcel, 2011). The increase in the 8’0s/*®80s (from 0.39 to
0.55) of Arctic Ocean seawater preceding the onset of the Paleocene—Eocene thermal
maximum has been explained by a reduction in the flux of less radiogenic Os into the
Arctic Basin due to hydrological restriction in the basin (Dickson et al., 2015). A highly
radiogenic Os; of 1.97 has been reported for the Ipubi Formation black shales of the
Araripe Basin, suggesting deposition in a highly restricted lacustrine setting (Lucio et
al., 2020).

In contrast, the Os; of the Fengcheng Formation is characterised by very low
values of 0.32 — 0.36 (Fig. 2). An episodic connection with the open ocean has been
proposed during the deposition of the Fengcheng Formation (Zhang et al., 2007).
Marine incursion would encourage the exchange of local water mass with seawater that
would drive the Os isotope values towards the marine Os isotope composition (Poirier

and Hillaire-Marcel, 2011). Available data suggest that the Late Carboniferous ocean
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was characterised by an Os isotope composition of ~0.55 (Tripathy et al., 2015). A
similar Os-isotope composition is reported for the Early and Late Permian ~0.6 (Liu
and Selby, 2021). Although, the Late Permian Os-isotope record displays excursions to
non-radiogenic values associated with the volcanism of the Siberian traps and/or South
China (Liu and Selby, 2021; Liu et al., 2020b).

Assuming a gradual evolution of the marine Os; profile without any major
perturbations, the marine Os; values for the Late Carboniferous and Early Permian
likely fall between 0.55 and 0.61 (Fig. 7). Therefore, any marine incursion during the
deposition of the Fengcheng Formation could only drive the Os-isotope composition of
the water column towards a minimum value of 0.55, assuming total exchange between
the lacustrine water mass with that of seawater, rather than the observed Os;
compositions of 0.32 — 0.36 (Fig. 2). Moreover, any marine incursion during the
deposition of the Fengcheng Formation is suggested to have been only episodic, and
thus our samples could not have coincidentally included these incursions (Zhang et al.,
2007). Furthermore, evidence from nitrogen isotopes, lithofacies, geochemistry of the
associated sediments, and the presence of alkali minerals suggest a lacustrine alkaline
depositional environment for the Fengcheng Formation (Cao et al., 2020). The latter
may indicate a hydrologically closed basin (Lowenstein et al., 2017), with the water
column dominated by Na*, HCO3  and COs? ions (Boros and Kolpakova, 2018). Thus,
we consider any marine incursion unlikely to have caused the unradiogenic Os; values

of the Fengcheng Formation. An alternative and plausible explanation for the
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unradiogenic Os; is the input of unradiogenic Os from the weathering of volcanic
juvenile mafic rocks within the hydrological catchment of the alkaline lake, which are
common to the western Junggar region (e.g., Late Paleozoic [~347 — 287 Ma] granitoids

and volcanic rocks; Tang et al., 2012).

5.3 Implications for soda lake formation

As the oldest known soda lake deposit (Cao et al., 2020), the Fengcheng Formation is
dominated by dolomitic and limy shales, intercalated with cm- to dm-scale sodium-
carbonate beds in Member 2 and the basal section of Member 3 near the centre of the
Mahu Sag. The sodium-carbonate beds consist of several evaporite minerals (Fig. 4),
such as wegscheiderite NasH3(COz), trona (Na2H(CO302:2H,0), natron, nahcolite
(NaHCOs3), natrite (Na2COs), northupite (NasMg(COz)2Cl) and pirssonite
(Na2Caz(C0Oz)3), most of which have been previously identified (Cao et al., 2020).
Interestingly, halite, which is common in the Green River Formation and indicates
higher salinity, is rarely observed in the Fengcheng Formation (Fig. 4e). Most of the
sodium-carbonate minerals of the Fengcheng Formation are typical of soda lake (or
alkaline saline lake) deposits, such as the Green River Formation (Milton and Fahey,
1960) and the Searles Lake deposit (Eugester and Hardie, 1978). Soda lake deposits,
which are unusual deposits that are almost entirely limited to the Cenozoic (Eocene,
Miocene, Pleistocene, Holocene) (Earman et al., 2005; Warren, 2010), typically
precipitate from brines with elevated Na* and COs? ot ([HCO3] + [CO3%] + H2CO37],

where bracketed symbols refer to concentration) relative to Ca** and Mg?* (Earman et
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al., 2005). The rarity of the soda lake deposit of the Permian Fengcheng Formation
makes it a valuable analogue for studying Cenozoic alkaline lake sediments.
5.3.1 Evaporative concentration of brines

The prevailing theory for the formation of trona deposits is the evaporative
concentration of brines whereby Na* and HCO3™ + COs" ions dominate due to silicate
hydrolysis of volcanic rocks or volcaniclastic sediments (Boros and Kolpakova, 2018;
Earman et al., 2005; Jones et al., 1977). The climate associated with the deposition of
massive carbonates of Member 2 of the Fengcheng Formation is consistent with its new
temporal placement based on Re-Os ages to the Late Carboniferous interglacial
between C4 and P1 of the LPIA (Fig. 2). During the warmer climate of the interglacial,
intense evaporation will consequently lead to the precipitation of alkaline earth
carbonates and sodium-carbonates that are common to the Fengcheng Formation. The
warm climate may be linked to elevated atmosphere CO. levels associated with
greenhouse gas emissions from volcanic degassing and/or sill bodies that intruded
organic-rich units (Svensen et al., 2009) around the Central Asian Orogenic Belt
(CAOB) (Sengor et al., 1993). The high atmospheric CO; levels may be indicated by
appearance of nahcolite in Member 2 and 3 of the Fengcheng Formation based on
experimental data (Jagniecki et al., 2015). The decrease of the evaporates in Member 3
might be linked to a shift to a cooler climate during the Early Permian during the onset

of glacial episode P1 of the LPIA (Fielding et al., 2023).
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The deposition of the Fengcheng Formation is accompanied by contemporaneous
mafic volcanism which is indicated by the unradiogenic Os isotope compositions (Fig.
2), and intercalated basalt and tuff beds (Wang et al., 2022) in the Lower-Mid
Fengcheng Formation. The sustained intense volcanism from the Late Carboniferous
to the Early Permian in the Mahu Sag region (or CAOB) (Li et al., 2015) may have
injected abundant volcanic CO; into the atmosphere and paleo-Mahu Lake. During the
migration of CO»-oversaturated hydrothermal fluids from active thrust faults which
developed in the foreland of the West Junggar Orogenic Belt, the reaction of magmatic-
derived COz(aq) with country rocks would result in the formation of waters with excess
alkalinity and Na* (Earman et al., 2005; Lowenstein et al., 2017). The aerobic decay of
organic matter may have also acted as an important source of CO; for the Fengcheng
Formation because most of the sedimentary facies are grey massive mudstones
indicating deposition in a stratified lake frequently interrupted by storm-floods (Gong
et al., 2024). Microbial CH4 production is suggested to have occurred in the paleo-
Mahu lake, with an estimated ~10 — 109 Gt of biogenic CH4 suggested to have been
emitted, which could have been converted to CO (Xia et al., 2023). Although the
existence of nahcolite may indicate an elevated CO> content of the gas phase (1475 to
20,300 ppm between 20-60 °C; Eugster, 1966), it has been proposed that the CO>
sourced from magmatism and aerobic organic decay are more common in the formation
of sodium-carbonate in the Fengcheng Formation. Further, the impact of atmospheric

CO:2 concentration is relatively minor to soils that typically have higher pCO: than the
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atmosphere (~400 ppm) (Eugester and Hardie, 1978), and moreover the average pCO>
of surface water of saline lakes is 5-8 times higher than that of the atmosphere (Duarte
et al., 2008).

5.3.2 Weathering of volcanic rocks

Weathering reactions of volcanic rocks or volcaniclastic sediments are suggested
to typically produce waters that are initially dominated by Na* and HCOs? ions over
Ca?" and Mg?* (Boros and Kolpakova, 2018; Earman et al., 2005), especially via the
hydrolysis of sodium-rich minerals (e.g., albite). The West Junggar region has
extensive subaerial and subsurface intermediate—acidic volcanic rocks (or
volcaniclastics derived from them) of Carboniferous and Permian age (Li et al., 2015),
which could have fed the paleo-Mahu Lake with waters dominated by Na*, HCO3? and
Ca?* ions. The average mole ratio of Na*/(Mg?*+Ca?" of basaltic andesite in the
Fengcheng Formation is ~1 (Table 1), which is greater than the global average value

(~0.7) for andesite (Taylor, 1968), and thus favours the formation of saline waters.

6. Conclusions

New Re-Os dates for the three members of the Fengcheng Formation are in agreement
with zircon ages from volcanic tuffs. The new Re—Os ages place the majority of the
Fengcheng Formation (Member 1 and 2) below the Carboniferous—Permian Boundary
(298.9 £ 0.15 Ma). As such, most of the deposition of the Fengcheng Formation
occurred during the interglacial period C4-P1 of the Late Paleozoic Ice Age that was

associated with high pCO. atmospheric levels. The nonradiogenic initial Os isotope
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compositions of 0.32—0.36 of the Fengcheng Formation are distinct from the radiogenic
initial Os isotope compositions that are typical to lacustrine units of the geological
record. The nonradiogenic Os; compositions of the Fengcheng Formation are
interpreted to be caused by the input of unradiogenic Os through the weathering of
adjacent contemporaneous juvenile volcanic rocks (or volcaniclastics derived from
them). The formation of the sodium carbonates of the Fengcheng Formation may have
been related to intense evaporation induced by climate warming, excess alkalinity from
bacterial sulfate reduction, and brines with high Na/Ca?*+Mg?" ratios due to
interaction with intermediate-acidic volcanic rocks (or sediments derived from them)
and CO- derived from magma degassing and the decay of organic matter by both
aerobic and anaerobic processes. The decreasing abundance of evaporite minerals in
Member 3 is consistent with the shift to a cooler climate during the P1 glaciation of the

LPIA during the Early Permian.
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425  Figure 1. Location of the Junggar Basin, northwest China (a) that comprises both the
426  Western Uplift, Central Depression and Luliang Uplift tectonic zones (b), and location
427  of the Maye 1 drill core utilized in this study (c). Other core sites discussed in the main

428  text are also shown.
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Figure 2. Lithological column of the Fengcheng Formation (Members 1, 2 and 3) of
the Maye 1 drill core together with total organic carbon (TOC; Table S3), hydrogen
index (HI; Table S4), and Re—Os dating (sampled intervals shown by stars) results.
Inverse isochron plots were generated using IsoplotR using the ®’Re/*%0s and
1870s/'880s data (Table S5; Li and Vermeech, 2021; Vermeech, 2018). Uncertainties
are at the 2o level excluding/including the decay constant uncertainty. Monte Carlo
simulations yield identical results to those from the inverse isochron method
(uncertainties are presented as analytical only/model uncertainty included). Hexagons

represent the equivalent locations of U-Pb ages from Wang et al. 2021 and 2022.
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440  Figure 3. Hydrogen-Oxygen index plot showing the kerogen type of the analyzed

441  samples of the Fengcheng Formation (Table S4).
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443  Figure 4. Microscopic petrography of macerals through oil immersion. Images A is
444  under blue light. Images B, C and D are under white light. LD: liptinite debit, CD:
445  vitrinite debit, F: fusinite, Cl: clay mineral matrix, Py: pyrite, MiS: microsporinite, V:

446  vitrinite, ID: inertodetrinite, I: Inertinite. See Table S2 for detail.

447
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Figure 5. Typical evaporite minerals of the Fengcheng Formation in the Mahu Sag. (a)
Typical X-ray diffractogram of the bedded evaporite, indicating mineral composition
of wegscheuderite, trona, natron, pirssonite, nahcolite and reedmergnerite; (b) A thin
bed evaporite observed in the core, composed mainly of trona needles; (c) Thin section
photomicrograph (cross-polarized light) of sample from (b), showing columnar trona
crystals intercalated with rhombic reedmergnerite crystals; (d) Back-scattered electron
image of evaporite from (b), showing columnar trona crystals intercalated with crystals
of pirssonite and reedmergnerite; () Back-scattered electron image of evaporite from
(b), characterized by euhedral-subhedral halite (NaCl) crystals, prismatic nahcolite
crystal, and anhedral thenardite (Na2SOa) crystals, which may occurs as secondary
minerals during sample preparation (e.g. lon milling); (f) Energy dispersive X-ray
spectroscopy of natron from(d), with element Au indicating gold coating; (f) Energy
dispersive X-ray spectroscopy of pirssonite from (d), with element Au indicating gold

coating.
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Figure 6. Age model of the Fengcheng Formation based on different dating methods.
Stratigraphic column A) LA-ICP-MS U-Pb detrital zircon from Member 1 and the
Fengcheng Formation; B) LA-ICP-MS U-Pb zircon from interbedded tuff beds of
Members 1 and 3; C) Re-Os dates from Members 1, 2, and 3 of this study. Glaciation

intervals of C3, C4, P1-3 are from Fielding et al. (2008).
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Figure 7. Published '870s/*880s (Osi) of the seawater throughout the Carboniferous and
Permian (Liu et al., 2020b; Liu et al., 2019; Tripathy et al., 2015; Yano et al., 2022)
and for the Fengcheng Formation of this study. Also shown are the paleo-lake values
from the Jurassic Da'anzhai Formation (Sichuan Basin, Xu et al., 2017), and average

riverine and mantle values (Peucker-Ehrenbrink and Ravizza, 2000). See text for

discussion.
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476  Table 1. Mole ratio of Na*/(Mg?*+Ca?*) of andesites from the Fengcheng

477  Formation and average andesites.

Dataset

Major element (wt. %)

Si0,

AlLOs

F€203

FeO

MgO

CaO

NaZO

KO

TiO,

Mole ratio of
Na/(Mg+Ca)

References

59.500

61.68

17.20

15.84

0.00

8.52

3.42

3.04

7.03

3.52

3.68

4.67

1.60

1.05

0.70

1.20

0.56

1.09

Taylor
(1968)
This study,
compiled
from Shao et
al. (2022)
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