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[1] Geological setting and samples
[1.1] Geological setting

Zircon U-Pb dating shows that the Fengcheng Formation in the Mahu Sag was deposited from 305—
296 Ma (Wang et al., 2020, 2022b), overlapping with a rapid warming event at ca. 304 Ma (Richey et al.,
2020; Chen et al., 2022; Montafiez, 2022), and thus the formation is an important archive for investigating
global warming mechanisms (Cao et al., 2020; Wu et al., 2021; Wang et al., 2022a). The organic-rich,
alkaline lacustrine sedimentary rocks of the Lucaogou Formation (292-288 Ma) in the Jimusar Sag,
southeastern Junggar Basin (Wu et al., 2021; Xia et al., 2021a; Wang et al., 2022a), were deposited during
the end of the LPIA (after ca. 290 Ma) and can be compared with the Fengcheng Formation.

The Fengcheng Formation was deposited in a post-orogenic fault depression developed on Paleozoic
basement in the northwestern Junggar Basin, and it comprises a series of fan—delta—lacustrine sediments
(Fig. 1) (Carroll, 1998; Yu et al., 2018; Cao et al., 2020). The Fengcheng Formation was deposited in an

evaporitic, alkaline lacustrine environment characterized by anoxic, hypersaline, and stratified water



conditions, abundant volcanic ash, and deep hydrothermal activity in a (semi-)arid climate (Cao et al.,
2020; Wang et al., 2021). Evidence for the alkaline lacustrine setting include diagnostic alkali minerals,
including trona (Na,CO3.NaHCO3.2H,0), nahcolite (NaHCOs3), wegscheiderite (NasH3[COs]s), and
shortite (Na,Ca;[COz3]3), abundant spheroidal bacteria-like fossils, low clay mineral contents, and complete
sedimentary evolutionary sequence of an alkaline lake (i.e., the early onset, preliminary, strong, and weak—
terminal stages of alkalinity) (Cao et al., 2020). Previous studies found that the average 8'°N value of the
Fengcheng Formation is 18.4%o, with values as high as 22.6%. (Xia et al., 2020), which are within the
range of 8!°N values for modern alkaline lakes (>10%o; the average and highest values are 13.7%o0 and
28.0%o, respectively) (Stiicken et al., 2015, 2020). The high 3'°N values of the Fengcheng Formation are
due to strong ammonia volatilization that can only occur when the pH exceeds 9.25 (Li et al., 2012, 2021;
Deng et al., 2018), which shows that the Fengcheng Formation was deposited in an ancient, alkaline
lacustrine setting with a high pH. Mineralogical study showed that the anions in the lake water were
mainly HCO3~ and COs?, while [SO4*] was lower than 12.5-13.5 mM (calculated from the gypsum
solubility of 2.4-2.6 g/L under temperature of 10-30 °C) during deposition of the Fengcheng Formation in
the Junggar Basin (Yu et al., 2018; Cao et al., 2020; Wang et al., 2020). This is because the evaporitic
minerals in the Fengcheng Formation are alkali minerals, whereas sulfate minerals such as gypsum (CaSOs.
2H,0) and anhydrite (CaSQs) are rare or absent (Wang et al., 2020).

The Fengcheng Formation is characterized by significant spatial heterogeneity and can be divided into
three major areas (Fig. 1). The lake center, where a large amount of alkali minerals developed, is called the
central salt rock area (CSR) and was sampled by wells F20, FN3, FN5, FN7, and AK1. The transition area
comprises mainly dolomitic rocks and is called the transitional dolomite area (TD, wells F5, FN1, and
FN14). The marginal area consists mainly of tuffaceous mudstone and is called the marginal tuff—
mudstone area (MTM, wells X40, X76, and X87) (Xia et al., 2020; Wang et al., 2021). The Fengcheng
Formation is further divided into First (Fi), Second (F2), and Third (F3) members (from bottom to top)
(Cao et al., 2020; Xia et al., 2020). In the CSR (from bottom to top), the lower part of F is dominated by
mudstone, and the upper part of F; is composed of carbonates in which calcite and then dolomite is
predominant. In the upper part of Fi, the content of dolomitic rocks is high, which reflects the gradual
increase in salinity of the lake water. Moreover, small amounts of transitional Na carbonate minerals, such
as shortite, were deposited locally in the upper part of F;, indicating that it had become an alkaline lake. F,
is characterized by abundant evaporitic Na-carbonate minerals, reflecting the peak of alkalinity. In F3, the
content of dolomitic rocks and alkali minerals decrease gradually, which reflects the weak—terminal stages
of alkalinity (Cao et al., 2020; Xia et al., 2020).

The Lucaogou Formation is mainly located in the Jimusar Sag and other areas in the southeastern
Junggar Basin and was deposited in a dustpan-shaped sag developed on folded basement in the Middle
Carboniferous. The Lucaogou Formation was mainly deposited in a nearshore-shallow to fairly deep
lacustrine setting where abundant volcanic ash was present and hydrothermal activity was occurring (Liu
et al., 2019; Jiang et al., 2020; Wu et al., 2021; Wang et al., 2022a). Compared with the Fengcheng
Formation, the Lucaogou Formation had a lower salinity and was more oxygenated, but it was also
alkaline. Evidence that the Lucaogou Formation was deposited in an early-stage alkaline lake includes
sporadic development of transitional Na carbonate minerals (e.g., shortite) and high 8'°N values (10.6%o—
16.8%0) (Xia et al., 2021a). The Lucaogou Formation consists of fine-grained, multi-source, mixed
sediments including sandstones, mudstones, carbonates, and tuff, which are organic-rich (Su et al., 2019;
Wang et al., 2021).



[1.2] Sample description

Thirty core samples were collected from 5 wells (F20, FN3, FN5, FN7, and AK1) in the CSR; 14
samples were collected from 3 wells (F5, FN1, and FN14) in the TD; and 8 samples were collected from 3
wells (X40, X76, and X87) in the MTM (Fig. 1; Table S2). The CSR area was used to study the temporal
variations in the Fengcheng Formation. The samples from well F20 and one sample from well FN3 are
from F3 (i.e., a total of 13 samples). The samples from wells FN5 and FN7, and one sample from well FN3
are from F; (i.e., a total of 11 samples). The samples from well AK1 are from F; (i.e., a total of 6 samples).
See the detailed sample descriptions from (Xia et al., 2020, 2021b).

[2] Methods
[2.1] Sulfur isotopes

Bulk and pyrite S isotope data were obtained at the School of Earth and Environmental Sciences,
University of St Andrews, Scotland, UK. For the whole-rock analyses, 2 M HCIl was first added to the
dried sample powders (< 200 mesh) at 25°C and left overnight to remove carbonates. The resulting
residues were washed three times in >18 MQ cm! H;O, and then dried in an oven overnight at 60°C.
Pyrite-bound S was extracted using the Cr reduction method on a separate aliquot of powder (Canfield et
al., 1986). The samples were boiled with a mixture of concentrated 6 M HCI (15 mL) and 1 M CrCl; (in
0.5 M HCI; 35 mL) under a constant stream of N, gas for 2 h. The H,S generated during the reaction
between the pyrite and Cr?>" was trapped with a solution of 3% AgNO; in 10% NH4OH. The Ag»S
precipitate was dried at 45°C in a closed oven.

Decarbonated bulk and Ag>S powders were then weighed into Sn capsules and analyzed by flash
combustion in an elemental analyzer (EA Isolink) coupled to an isotope ratio mass spectrometer (Thermo
Finnigan MAT253) via a Conflo IV. IAEA-S1, IAEA-S2, and IAEA-S3 were used as the in-house
standards. The reproducibility was +1.2%o (1 SD). Results are expressed in delta notation relative to VCDT:
8%*S [in %o0] = (****Ssample/****Sstandara — 1) * 1000.

[2.2] Extraction and fractionation of biomarkers

Biomarker analyses were conducted at Nanjing University, Nanjing, China, on large pieces of intact
drill core from which the external surfaces were carefully removed by sawing to isolate inner core portions.
The crushed rock powders were first extracted in a CEM microwave accelerated reaction system (MARS 6)
at 100°C in a 9:1 (v/v) dichloromethane (DCM) and methanol (MeOH) mixture for 15 min with constant
stirring. This yielded the rock bitumen. Elemental S was removed from the rock bitumen using HCI-
activated and solvent-rinsed Cu pellets. The desulfurized rock bitumen was further separated using dry-
packed silica gel (36—70 mesh and activated at 450°C overnight) column chromatography into aliphatic,
aromatic, and polar fractions. The aliphatic hydrocarbon fraction was eluted with n-hexane, followed by
the aromatic fraction with 1:1 (v/v) n-hexane and DCM, and the polar fraction with 3:1 (v/v) DCM and
MeOH (v/v) on dry-packed silica gel microcolumns.

[2.3] Gas chromatography-isotope ratio mass spectrometry

Aliphatic hydrocarbon fractions were analyzed at Nanjing University, Nanjing, China, using gas
chromatography-isotope ratio mass spectrometry (GC-IRMS). GC-IRMS analysis was carried out using a
Thermo Scientific Trace GC 1310 interfaced to a Thermo Scientific Delta Plus V isotope ratio mass
spectrometer. The GC was fitted with a 30 m % 0.32 mm i.d. HP-5 column with a film thickness of 0.25 um
using He as the carrier gas. The initial temperature was 60 °C held for 5 min, and then programmed to 295



°C at 3 C/min, followed by a 30 min isothermal hold. The injection of samples was conducted in the
splitless mode at 310 °C. The instrument stability was monitored by regular analysis of an in-house gas
(CO») standard. Samples were measured in duplicate with a reproducibility of typically <1-2%.. The
isotopic ratios are reported relative to the Vienna Peedee belemnite (V-PDB) standard: 8'3C [%o]=
(312C gumple/"¥'2C standara — 1) ¥1000.

[3] Results
[3.1] Compiled data from previous studies

To investigate the CH4 cycling in ancient alkaline lakes in the Junggar Basin, this study also examined
published total ion chromatograms, MRM-GC-MS chromatograms, and 33-MeHI values of organic-rich
Fengcheng Formation sedimentary rocks (Table S1; Fig. S2) (Xia et al., 2021b), along with organic C
isotopes (8'*Corg), carbonate C isotopes (8'*Cecarv), and total S/total organic C (TS/TOC) ratios (Table S1)
(Xia et al., 2020).

The 3B-MeHI values of the Fengcheng Formation are: CSR mean = 7.0% + 3.3% > TD mean = 5.4%
+ 3.0% > MTM mean = 4.1% + 2.7%). In the CSR, the 33-MeHI values of F3 (mean = 9.5% + 3.0%) are
significantly higher than those of F; (mean = 7.7% =+ 3.6%) and F» (mean = 4.9% =+ 2.3%). §'*Cor, values
do not vary significantly either spatially or vertically, but 8'3Ca values in the CSR (mean = 3.3%o + 1.3%o)
and TD (mean = 4.2%o + 1.4%o) are significantly higher than those of the MTM (mean = —1.4%o + 1.9%o).
8!3Cear values of F3 (mean = 4.5%o + 0.8%o) in the CSR are significantly higher than those of F; (mean =
2.3%o0 + 0.5%0) and F> (mean = 2.3%o £ 0.6%0). TS/TOC ratios do not exhibit significant spatial variability.
In the CSR, TS/TOC ratios decrease gradually up-section with F; (mean = 1.6 = 0.6) > F, (mean = 1.0 +
0.5)>F3 (mean=0.2 £0.1).

[3.2] Sulfur isotope data

The whole-rock S isotope data (8**Spui) of the organic-rich deposits in the Fengcheng Formation do
not exhibit significant spatial variability (Table S1; Fig. S3A). In the CSR, &*Spuk values increase
gradually up-section: F; (mean = —19.3%o = 4.6%0) < F> (mean = —9.1%o0 £ 1.7%0) < F3 (mean = 2.8%o +
10.5%0). 5**Spuic values exhibit a strong negative correlation with TS/TOC ratios (Fig. S3A; r = —0.71).
Fifteen samples with high total S contents were selected for pyrite S isotope analysis (834Syy), and it was
found that the 83*Spuk and 8*Syy values of a single sample were approximately the same (r = +0.99).
Therefore, the whole-rock S contents of the samples is mainly S in pyrite, and 6**Spux approximately
represents the S,y values (Fig. S3B). This good match also provides additional confidence in the
accuracy of our data, despite the relatively large analytical standard deviation for bulk rock analyses.

[3.3] 6°C data for the hydrocarbons

813C values of n-alkanes, isoprenoids, steranes, and hopanes from the Fengcheng Formation samples
are shown in Fig. S1, and there are few differences between the CSR, TD, and MTM. Cis21 n-alkanes,
pristane (Pr), phytane (Ph), and B-carotane are mainly derived from aquatic primary producers such as
green algae and cyanobacteria (Borowitzka et al., 1990; Hayes et al., 1990; Peters et al., 2005), and Cy,
regular isoprenoids (i-Cz1) may reflect the population of halophilic archaea feeding on aquatic primary
producers (McKirdy et al., 1984; Grice et al., 1998). All these compounds have §'3C values of —29%o to —
33%o with no significant spatial and temporal variations (Fig. S1). For the C2,-29 n-alkanes from terrestrial
higher plants or mixed sources with aquatic primary producers (Peters et al., 2005; Correction Pagani et al.,
2006), the 3!*C values in the TD and MTM are slightly lower than those in the CSR. Previous studies have



shown that the regular steranes in the Fengcheng Formation are mainly Cys and Ca9, which may be derived
from haloalkaliphilic green algae (Xia et al., 2021b). §!C values of regular steranes vary from —33%o to —
45%o, with no clear spatial variation, and a slight increase up-section (Fig. S1). 8'*C values of regular
hopanes from the Fengcheng Formation are highly negative. For example, §'3C values of the Cs; regular
hopanes are —44%o to —61%o (Fig. S1), which are similar to the 8'3C values of regular hopanes in the
organic-rich deposits in the Lucaogou Formation in the southeastern Junggar Basin (—44.4%o to —55.6%o)
(Sun et al., 2022).

[4] Mechanisms for proxies to constrain the [SO47] and [DIC]

In this study, TS/TOC ratios and &**S values were used to further constrain the [SO4>"] in the alkaline
lakes and its possible effects on microbial CH4 production. The specific mechanisms are as follows. Firstly,
dissimilatory microbial sulfate reduction (MSR) produces H»S in anoxic bottom waters and sediments by
oxidizing organic matter, which then reacts with highly reactive Fe to produce pyrite (Fike et al., 2015).
Given that most sulfate is deposited in reduced forms such as pyrite S and organic S (as sulfate minerals
are absent), the [SO4?7] in the sedimentary waters can be assumed to correlate with TS/TOC ratios (Berner
and Raiswell, 1984; Wei and Algeo, 2019). Secondly, sulfur isotopes can be used to constrain the relative
size of the sulfate reservoir, as 8**S values tend to increase as a consequence of Rayleigh distillation in
settings where sulfate becomes limiting (Fike et al., 2015). We can thus use these two tools to determine
relative trends in sulfate abundances in our studied sections.

A8"3C values (83 Ceary — 8'3C prpn), where 8'*Cearp, and 8'3Cpr.py are carbon isotopes of carbonates and
average of pristane and phytane, were used to assess the [DIC] in the alkaline lake waters and its possible
effects on microbial CHy production In this study (Hollander and McKenzie, 1991; Freeman and Hayes,
1992; Naafs et al., 2016). The method relies on the observation that higher [DIC] in lake water causes
greater discrimination against '3C during algal photosynthesis, leading to more depleted §'*C values in
aquatic primary producers (e.g., 8" Cpristane (8'°Cp;) and *Cphytane (3'°Cpn) where pristane and phytane is
derived from chlorophylls a and b) as compared with carbonates (8'*Ccarr) (Naafs et al., 2016; Witkowski
et al., 2018).

[5] Evaluation of microbial CH4 emissions

We performed a simple calculation of how much microbial CH4 was emitted to the atmosphere from
the entire lake basin. The widely studied Lake Matano, Indonesia, is a stratified anoxic modern lake with
iron-rich and sulfate-free waters, and can be used as an analogue for the LPIA lakes in the Junggar Basin
(Kuntz et al., 2015). Based on a box model of the carbon cycle in Lake Matano, 9-10% of organic carbon
degraded via methanogenesis (Kuntz et al., 2015), so the microbial CH4 emissions can be calculated by
Ecus=Moc* fmc*1/2*(1-fmo), Ecns=total mass of microbial CH4 emitted; Moc=total mass of organic
carbon buried; fyc= fraction of organic carbon degraded via methanogenesis (9—10%); fmo=fraction of
methane undergoing oxidation by methanotrophs. The term 1/2 accounts for the fact that the
methanogenesis pathway produces CO;, and CH4 in equal amounts. The published field measurements of
fmo ranged from 54% to 94% in lakes (Kankaala et al., 2007; Schubert et al., 2012). The total mass of
organic carbon buried can be calculated by Moc=lake area * stratigraphic thickness * sediment density *
TOC. The Fengcheng Formation in the Junggar Basin covers an area of ~5200 km?, with an average
thickness of ~260 m (well data). Based on an average density for argillaceous carbonates of 2.5 x 10°
kg/m? and an average TOC content of ~2.0 wt.%, the amount of Moc is estimated to be ~68 Gt. The
microbial CH4 emissions from Fengcheng Formation can be as high as ~0.2-2.1 Gt and this could be



considerable CH4 emissions, considering emissions from many other similar terrestrial environments
during the LPIA and the underestimation of buried organic carbon as original sedimentary TOC values
may have been even higher than the TOC remaining of ~2.0 wt.%.
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Fig. S1. Compound-specific C isotopic compositions of organic matter in the Fengcheng Formation. (A)
Spatial variations; (B) stratigraphic variations of n-alkanes, isoprenoids, B-carotane, and regular steranes in
the CSR area; (C) stratigraphic variations of Cs; hopanes in the CSR area. 1 = Czs00020 sterane R; 2 = Ca
000208 sterane; 3 = C29000208S sterane+ Cyo0f hopane; 4 = C3; n-alkane + C3o0f hopane; Cis-29 = Cis-29
n-alkanes; Pr = pristane; Ph = phytane; i-Cy1 = Cy; regular isoprenoid; Csi-H = Cs; hopanes; B-c = B-

carotane.
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Fig. S2. Typical total ion chromatograms and some MRM-GC-MS chromatograms of organic matter in the
Fengcheng Formation (well F20; 3152.3 m depth) (Xia et al., 2021b). (A) Total ion current (TIC) of the
saturated hydrocarbon fraction; (B) m/z = 412-191 (MRM-GC-MYS); (C) m/z = 426205 (MRM-GC-MS)

showing C3; 33-methylhopane peaks near gammacerane.
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Fig. S3. Plots of (A) whole-rock S isotope data (8**Spux) versus TS/TOC ratios and (B) whole-rock S
isotope data (8**Spui) versus pyrite S isotope data (8**Spy). The trend lines were calculated with Origin

2023 software and show 95% confidence intervals (pink shaded areas), with all the p-values are <0.01.

Table S1. Geochemical data for the Fengcheng Formation in the Mahu Sag, Junggar Basin, including 3f3-
MeHI, 8"3Corg, 8"3Cearb, TS/TOC, and 83*Spuic values. A = average, N = number of samples, and SD =
standard deviation. 33-MeHI data are from (Xia et al., 2021b), and 8'*Corg, 8'*Cear, and TS/TOC data are
from (Xia et al., 2020). Fi, F», F3 are the first, second, and third members of the Fengcheng Formation,

respectively.
Area | CSR (Wells F20, FN3, FN5, FN7, AK1) TD (Wells F5, | MTM (Wells X40,
Proxi FN1, FN14) X76, X87)
2.9-14.2, A=7.0,N= 15, SD=3.3
3.1-8.8,A=54,N | 2.3-6.0, A= 4.1, N=
38-MeHI [ F, F, Fs =3,SD=3.0 2,SD=2.7
(%)
3.8-10.8, A= | 2.9-9.5, A= | 58-142, A=
77,N=3,SD | 49,N=7,SD | 9.5, N= 5,
=3.6 =23 SD=3.0
-30.6—25.7, A=-27.7, N=28, SD= 1.2
613C0rg Fi F> Fg, -30.5*—26.1, A= - -30.17—24.8, A= -
(%) 27.7,N=14,SD= | 27.7, N =8, SD =
272-259, | -288-26.7, | -30.6--25.7, 1.2 1.7
A= -26.7, N= | A= -27.9, N= | A= -28.0, N=
6, SD=0.5 10, SD= 0.6 12, SD= 1.5
1.4-5.8,A=3.3, N=28,SD=1.3
2.0-6, A= 42, N= | -3.8-0.5, A= -14,
613Ccarb Fi F> F3 14, SD=1.4 N= 8, SD=1.9
(%o)
1529, A= 1433, A=|3558, A=
23, N= 6, |23, N= 10, | 45 N= 12,
SD=0.5 SD=0.6 SD=0.8
0.05-2.8, A= 0.8, N=28, SD=0.7
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TS/TOC | Fi F2 Fs 0459, A= 19,]0.01-2.7, A= 08,
N=14,SD=1.8 N=8,SD=1.0
1228, A= 0418, 0.050.5, A=
1.6, N= 6, | A=1.0, N=|02, N= 12,
SD=0.6 10,SD=0.5 | SD=0.1
283-159,A=-62,N=28,SD=11.3
534Shulk F F Fs 144277, A 22.0-18.5, A= -3.0,
(%o) 1.9, N= 14, SD = | N=8, SD=12.7
283—16.2, | -11.7—6.3, -11.0-15.9, 123
A= -193, N= | A= 9.1, N= | A= 28, N=
6,SD=4.6 10, SD= 1.7 12, SD=10.5

Table S2. List of samples investigated in this study. F; = First Member of the Fengcheng Formation; F, =

Second Member of the Fengcheng Formation; F3 = Third Member of the Fengcheng Formation.

No. Well Member Depth/m No. Well Member Depth/m
1 F20 F3 31383 27 AKl1 Fi 5663
2 F20 F3 3139.1 28 AK1 Fi 5664.3
3 F20 F3 31513 29 AK1 Fi 5665.9
4 F20 F3 31523 30 AKl1 Fi 5668
5 F20 F3 3162 31 F5 F3 3194.4
6 F20 F3 3187.9 32 F5 F2 3250
7 F20 F3 3188.8 33 F5 F2 3220.8
8 F20 F3 3248 34 F5 Fa 3437
F20 F3 3248.8 35 FN1 F3 4096.5
10 F20 F3 3250.5 36 FNI1 F2 4238.4
11 F20 F3 3251.1 37 FN1 F2 4341.8
12 F20 F3 3268 38 FN1 Fi 4423.1
13 FN3 F3 3958 39 FN1 Fi 4450.6
14 FN3 F2 4127 40 FN14 F3 4065.2
15 FN5 F2 4066.3 41 FN14 F3 4082.3
16 FN5 F2 4065.5 42 FN14 F3 4095
17 FN5 F2 4068.9 43 FN14 F3 4112.6
18 FN5 F2 4069 44 FN14 F2 4166.8
19 FN5 F2 4071 45 X40 F3 4577.7
20 FN7 F2 4590.8 46 X40 F3 4578.5
21 FN7 F2 4595 47 X40 F3 4581.5
22 FN7 F2 4592 48 X40 F2 4638.4
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2 FN7 F> 4596.2 49 X40 F> 4764.5
24 FN7 F> 4598.5 50 X76 Fi 3645.6
25 AK1 Fi 5661.5 51 X76 F3 3455.5
2% AK1 Fi 5662 52 X87 Fi 4154
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