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Although the distribution of mono-, di- and trimethylated 2-methyl-2-(4,8,12-Trimethyltrideeyl) chromans (MTTCs) is well un-
derstood as an indicator of water salinity, their origin and formation mechanism are still ambiguous and under debate. In this pa-
per, abnormally high levels of MTTCs were detected in Cenozoic saline lacustrine source rocks from the Western Qaidam Basin.
Using a two-step column chromatography method, the MTTCs and naphthalenes were separated from other aromatic compounds
and concentrated in one fraction, so that the stable carbon isotope compositions of these compounds could be accurately measured.
Similar carbon isotope ratios for the mono-, di- and trimethylated 2-methyl-2-(4,8,12-Trimethyltrideeyl) chromans in a given
sample suggest the MTTCs may share the same biological source(s). The MTTCs from the Western Qaidam Basin have similar
carbon isotope compositions to primary producer-derived pristane and phytane. However, the §'°C values for the MTTCs showed
significant differences with other primary producers-derived biomarkers (e.g. Cy; and C, steranes), probably indicating a distinct
microalgae source from specific niches for the MTTC compounds. We speculate that the MTTCs distribution patterns may be

controlled by the water chemistry dynamics in niches, which, in turn, is affected by hypersaline bottom water.
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Aromatic hydrocarbons are one of the most important frac-
tions in soluble sedimentary organic matter, although they
are less used in organic geochemistry than aliphatic frac-
tions because of their complexity in terms of source, diage-
netic processes, and secondary alterations. However, aro-
matic compounds with distinct biological precursors or re-
lated to thermal process (e.g. aromatic terpenoids from
higher plants, aromatic steroids, methyl-phenanthrene, al-
kylated naphthalene, and aromatic isoprenoids compounds),
have been widely used as indicators of organic source, dep-
ositional environments and the thermal maturity of organic
matter. In particular, a series of methylated isoprenoid
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chroman compounds (methylated 2-methyl-2-(4,8,12-
trimethyltridecyl) chromans (MTTCs)) present in aromatic
fractions, have been given considerable attention because of
their application to water paleosalinity evaluation [1-10].
The MTTCs can be regarded as dehydroxy products of to-
copherol. Based on the number of methyl groups on the aro-
matic ring, the three main MTTC compounds are 8-methyl-
MTTC (6-MTTC), 7,8-dimethyl-MTTC (y-MTTC), and
5,7,8-trimethyl-MTTC (a-MTTC). Previous studies showed
that the distribution patterns of these MTTC compounds can
be indicative of water paleosalinity during the source rock
deposition. In hypersaline settings, -MTTC tends to domi-
nate, whereas a-MTTC is more abundant than other MTTC
compounds in normal salinity settings [4—7]. Although the

csb.scichina.com  www.springer.com/scp



1014 Zhang Y D, et al.

relationship between the MTTCs distribution and water
paleosalinity has been verified by other geochemical data, it
is still an experienced judgment for the MTTCs salinity
indicator because the biological source of MTTCs and the
processes involved in their diagenetic transformation are
still unclear [6].

Although methylated MTTCs are structurally related to
tocopherol, they are unlikely to originate from tocopherol
during diagenesis on chemical grounds [2]. Sinninghe
Damsté et al. [2] found abundant 6-MTTC in a stratified
hypersaline water body, and initially ascribed non photo-
synthetic bacteria as the biological sources of MTTCs. After
further investigation, Sinninghe Damsté et al. [6] provided
an alternative suggestion of photosynthetic organisms in the
upper part of the water column as the sources of MTTCs
based on a molecular geochemistry study of organic matter
from marl in the Oligocene Mulhouse Basin. In particular,
the similarity in stable carbon isotope values between
MTTCs and photosynthetic organism biomarkers were used
as evidence for this source. Further evidence supporting the
photosynthetic organism source of MTTCs was also pro-
vided by Grice et al. and Lu et al. [11-13]. A further study
by Van Kaam-Peters and Sinninghe Damsté [14] revealed
another potential source for MTTCs: photosynthetic bacte-
ria via the Calvin cycle; which was evidenced by the mo-
lecular distributions and stable carbon isotope compositions
of MTTCs and other biomarkers. In contrast to the results
reported by the Sinninghe Damsté group, Li et al. [8] sug-
gested that the MTTCs may be derived from condensation
of alkylphenols and phytol from chlorophyll during diagen-
esis, and this was supported by the chemical synthetic
routes of the artificial MTTCs. The problem associated with
this hypothesis is that there are limited numbers of structur-
al isomers of MTTCs in geological setting, and conse-
quently, this hypothesis is less attractive [9]. Therefore, the
sources of MTTCs in sediments are still unclear.

The Oligocene source rocks of Western Qaidam Basin
are typical saline lacustrine deposits, with significant
amounts of MTTC compounds detected [15]. In general, the
source rock depositional environments and biological inputs
in this study are consistent with previously reported saline
lacustrine deposits [15,16]. The biomarker assembles and
molecular stable carbon isotope compositions change con-
siderably through the profile, as do the special biomarkers
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detected, such as highly branched isoprenoids with 25 car-
bon atoms (C,sHBI), which may be related to the diatom
blooms and highly reducing conditions [16]. This study
focused on the sources of MTTCs and factors controlling
the distributions and stable carbon isotope compositions of
MTTCs in sedimentary organic matter.

1 Samples and experimental

Six core samples of calcareous mudstone were collected
between 2831 and 3056 m from well Yuehui-103 in the
Western Qaidam Basin, NW China. The samples were col-
lected within the Oligocene Upper Section of the Lower
Ganchaigou Formation. The location of the well is de-
scribed in the published literature [17]. The six samples
were numbered as CDM1 to CDM6 from the top to the bot-
tom (Table 1).

The core samples were ground into powder, and used to
determine total organic carbon (TOC) content, and to con-
duct Rock-Eval pyrolysis analyses. About 100 g of powered
sample was extracted with dichloromethane and methanol
(97:3) for 72 h in a Soxhlet apparatus. The asphaltenes
were removed from the extracted organic matter by precipi-
tation with petroleum ether, followed by filtration. The de-
asphaltened extracts were then separated into aliphatic, ar-
omatic and polar (NSO) fractions by column chromatog-
raphy. The column was packed with a mixture of pre-
activated silica gel and alumina (9:1, v/v), and eluted se-
quentially with petroleum ether, benzene, and ethanol, re-
spectively, for the three fractions.

To measure the carbon isotope compositions of MTTC
compounds accurately, the MTTCs were separated from the
aromatic fractions by two step column chromatography.
Alumina was packed in the column as the stationary phase,
with petroleum ether and dichloromethane as the solvents.
The aromatic fraction was eluted into a monoaromatic
sub-fraction (defined as Al), a diaromatic sub-fraction (de-
fined as A2), and a triaromatic sub-fraction (defined as A3)
with increasing polarity of the solvents [18]. The MTTC
compounds are concentrated in the A2 sub-fractions. After
the two step column chromatography separation, the con-
centration of the unresolved complex mixture (UCM) com-
pounds is greatly decreased in the A2 fraction, so the carbon

Table 1 TOC values and mineral compositions (%) of source rocks in this study

Sample No. Depth (m) TOC (%) Montmorillonite” Illite  Quartz Feldspar Calcite Dolomite Chlorite ~ Pyrite  Analcite Others
CDM1  2831.6 1.07 13.7 17.2 12.7 11.8 22.5 12.3 4.2 2.7 1 Gypsum 2
CDM2  2845.32 3.52 19.9 20 16.8 13 7.8 7.2 6.7 49 2.2 Gypsum 1.6
CDM3  3018.14 2.69 16.3 20.3 159 14.7 6.1 12.2 9.3 33 1.8
CDM4  3022.16 2.13 13.3 21.7 14.9 15.1 7.3 13.6 9.6 35 1
CDM5  3043.77 2.37 10.6 14.5 11.3 12.5 16.5 14 9.6 1 Anhydrite 10.1
CDM6  3053.83 1.11 2.9 21.7 14 12.3 26 8.7 11.7 23 0.3

a) The mineral compositions of rocks were determined by X-Ray diffraction (%).
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isotope compositions of MTTCs can be accurately deter-
mined. To evaluate the influence of residual UCM com-
pounds on the MTTCs carbon isotope determination,
n-alkanes mixtures with known §'°C values were added to
the A2 fraction of some samples, and then compound spe-
cific carbon isotope analyses were conducted. The alkane
n-Cys has a similar retention time to the MTTCs during
GC-IR-MS analysis, and the differences in the 513C,,_C25
values between the measured value and the standard value
was less than 0.5%o. Therefore the UCM compounds in the
A2 fraction do not have much influence on the MTTCs
carbon isotope analysis.

Gas chromatography-mass spectrometry (GC-MS): The
A2 aromatic hydrocarbon sub-fraction was analyzed by gas
chromatography mass spectrometry (GC-MS) using a
Thermo Scientific DSQ II mass spectrometer coupled to a
Thermo Scientific Trace gas chromatograph. The chroma-
tographic separation was achieved on a 60 m x 0.32 mm i.d.
fused silica capillary column coated with a 0.25 pm film of
DB-1. The oven temperature program started at 80°C (2
min), and then increased from 80 to 310°C at 3°C/min. This
final temperature was maintained for 30 min. Helium was
used as the carrier gas with a flow rate of 1.2 mL/min. The
ion source temperature was 250°C. The ion source was op-
erated in the electron impact (EI) mode at 70 eV. The full
scanning mode was used.

Gas chromatography-isotopic ratio mass spectrometry
(GC-IR-MS): The stable carbon isotope analyses of the A2
aromatic hydrocarbon sub-fraction were performed on a GV
Isoprime system interfaced to a Hewlett-Packard 6890 gas
chromatograph. The GC was fitted with a 60 m x 0.32 mm
i.d. DB-1 fused silica capillary column with a film thickness
of 0.25 pum, leading directly into the combustion furnace.
The oven temperature program started at 80°C (2 min), and
then increased from 80°C to 310°C at 3°C/min, remaining
at 310°C for 10 min. Helium was used as the carrier gas.
The isotopic values were calibrated against a reference gas,
and are reported in the usual “delta” notation relative to
VPDB. The precision of the measurements was typically <
0.5%0. The accuracy of the instrument was tested two to
three times daily, by analyzing a mixture of n-alkanes with
known 6"°C values acquired from Indiana University.

2 Results and discussion

2.1 Bulk geochemical characteristics of source rocks
and identification of MTTC compounds

The bulk geochemical characteristics of the source rocks
have been previously reported in detail [16,17]. Briefly, the
six calcareous mudstone and marl samples were collected
from the Oligocene Upper Section of the Lower Ganchai-
gou Formation in the Western Qaidam Basin. The Rock-
Eval T, values of the six source rocks all were below
435°C, and the Cy Sa(H),14a(H),17a(H)-sterane 20S/
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(20S+20R) ratios were all <0.3, indicating a marginally
mature level and little thermal influence on the biogeo-
chemical information derived from sedimentary organic
matter. All six samples can be classified as type II kerogen
due to the high TOC and hydrogen index (HI) values, par-
ticularly for the four middle samples (CDM2 to CDM)),
which come from source rocks with good hydrocarbon
production potential.

The molecular geochemical characteristics of the six
samples had similar patterns to other saline lacustrine
source rocks, as follows. The relative concentrations of
phytane, gammacerane and steranes are abnormally high,
while the hopanes have relatively low concentrations. The
n-alkane distributions usually show an even-odd carbon
predominance in the n-Cy; to n-Cyy range with the highest
peak at n-C,g or n-C,. Abundant concentrations of highly
branched isoprenoids with 25 carbon atoms (C,sHBI) were
detected in the three middle samples (CDM3 to CDM)),
indicating diatom inputs to the sedimentary organic matter
[16].

Using traditional column chromatography technology,
the MTTC compounds are usually detected in the aromatic
fractions [19]. We recently developed a two-step column
chromatography separation method for the aromatic frac-
tions, which allows the MTTC compounds to be enriched in
the A2 aromatic sub-fraction together with naphthalenes
[18] (Figure 1). In the total ion chromatography (TIC) of the
A2 fraction, the GC retention time of MTTCs on a DB-1
stationary phase lies between the naphthalenes and the tri-
aromatic steranes, showing a good separation from other
compounds. The new separation procedure also largely de-
crease the UCM content in the A2 fraction, with most of the
UCM compounds found in the monoaromatic fractions (A1)
and the resides fraction (A3), making it possible to accurately
determine the stable carbon isotope values of MTTCs.

The identification of the MTTC compounds was under-
taken by comparing the mass spectra with published mass
spectrometry characteristics for MTTCs (Figure 2) [2,19].
The main mass fragments of 6-MTTC were m/z 121, 161,
386 (M"), 371 (M*-15), and 343 (M*-43). The main mass
fragments of y-MTTC were m/z 135, 175, 400 (M*), 385
(M*-15) and 357 (M*-43); and the main mass fragments of
oa-MTTC were 149, 189, 414 (M"), 399 (M*-15) and 371
(M*™-43). As shown in Figure 1, -MTTC was the most
abundant MTTC compounds in the TICs of the A2 aromatic
sub-fraction, with relatively low abundances of y-MTTC
and a-MTTC. The a-MTTC/6-MTTC values for all six
samples are lower than 0.3 (Table 2), which is consistent
with other saline lacustrine deposits [2,5-7].

2.2 Distributions and geochemical significance of

MTTC compounds

The aromatic fraction accounts for approximately 4% to
10% of the total extracted organic matter in the studied
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Figure 1 Total ion chromatogram (TIC) of the total aromatic fraction, A1l
aromatic sub-fraction, A2 aromatic sub-fraction and A3 aromatic sub-
fraction. MN, methyl-naphthalene; DMN, dimethyl-naphthalene; TMN,
trimethyl-naphthalene; TeMN, tetramethyl-naphthalene.

samples. The aromatic fraction comprises long-chain al-
kylbenzenes (including long-chain alkyltoluenes), aryl iso-
prenoids, methylated naphthalenes and phenanthrenes, aro-
matic steroids, MTTC compounds and others. There is a
large variation in the relative abundances of different groups
of aromatic hydrocarbons in the sample profile (Figure 3),
and this reflects the dynamics of the depositional environ-
ments and biological inputs. For example, the variations in
the relative abundances of long-chain alkylbenzenes in the
source rocks may indicate changes in the productivity of
halophiles [6] and other brackish water plankton [20]. The
detection of aryl isoprenoids suggests the presence of pho-
tosynthetic sulfur bacteria, and the occurrence of euxinic
conditions in the photic zone of water body [21-24]. Ab-
normally high abundances of long-chain alkylbenzenes
were detected in CDM1. The MTTC compounds, long-
chain alkylbenzenes, and aryl isoprenoids are all relatively
abundant in CDM3, CDM4, and CDMS5, and in CDM4,
there is also an enrichment of the naphthalenes and phenan-
threnes. In CDM2 and CDM6, the naphthalenes and phe-
nanthrenes are a major contributor to the aromatic fractions,
and there are also abundant MTTCs, but the lowest relative
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abundance of long-chain alkylbenzenes and aryl isoprenoids.
These results indicate that, in CDM2 and CDMBS6, there are
relatively low contributions from halophiles, brackish water
algae, and photosynthetic sulfur bacteria to sedimentary
organic matter. However, the relatively high abundances of
MTTCs in these two samples suggests that the hypothesis
that MTTCs are sourced from halophiles, brackish water
algae, or photosynthetic sulfur bacteria is less plausible.

The relative abundances and distributions of different
MTTC compounds in the aromatic fractions change signifi-
cantly through the depth profile. For example, the o-
MTTC/6-MTTC ratio, an indicator of the paleosalinity of a
water body, is higher in CDM3, CDM4 and CDMS5 than that
in CDM6, CDM1 and CDM 2 (Table 2), reflecting the
changes in the aquatic environment during the development
of the source rock. The gammacerane index is regarded as a
good biomarker of water column stratification [25-27]. As
shown in Figure 4, the a-MTTC/6-MTTC values correlate
well with the gammacerane index (R*=0.83) for all samples
except CDMS, indicating that water column stratification
affects the distributions of different MTTC compounds.
When the water column is strongly stratified, the hyper-
saline bottom water does not easily mix with the upper wa-
ter column, resulting in lower salinity of the upper water
body. This may provide a suitable environment for the pro-
duction of a-MTTC by organisms. This speculation is sup-
ported by a previous report that suggested that MTTCs are
derived from the upper water body [6]. The Messinian
evaporitic in Italy was deposited in a hypersaline water
body, but the MTTC compounds are dominated by a-MTTC.
This suggests a low salinity in the upper water column [26]
that may be not mixed well with the hypersaline bottom
water because of strong water column stratification. Our
results provide further evidence that water column stratifi-
cation has an importance influence on the distribution of
MTTC compounds. Only exception is that in CDMS, the
o-MTTC/6-MTTC value was high but the gammacerane
index is not as high as expected. This sample is character-
ized by extremely high abundances of anhydrite (Table 1),
indicating the growing salinity of the water body, which
may be not suitable for the survival of ciliates which are the
biological sources of gammacerane [25].

2.3 Comparison of stable carbon isotope compositions
of MTTC compounds with other biomarkers

The stable carbon isotope compositions of the MTTC com-
pounds and saturated hydrocarbon biomarkers are listed in
Table 3. As shown in Figure 5, the same carbon isotope
values occur for the different carbon number MTTC com-
pounds in each sample, usually with a difference of lower
than 1%oc. Similar phenomena have also been reported for
MTTC compounds in other zones, such as in the oils
sourced from the Jizhong Depression and the source rocks
of the Jianghan Basin in China [11,13], the limestones of
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Figure 2 Mass spectrum and chemical structure of three main MTTC compounds.

north Jura in France [14], the Miocene marl in the northern
Appenines in Italy [28], and the Miocene/Pliocene sedi-
ments from the Sdom Formation, Dead Sea in Israel [29].
The similar carbon isotope values of the different carbon
number MTTC compounds may indicate the same biologi-
cal precursors for these compounds.

Tocopherol and archaea are known to be sources of
pristane and phytane, respectively [30,31], although the
phytyl side chains of chlorophyll a in phototrophic organ-
isms are usually the most important source of these two
compounds [27]. In each sample from the studied area, the

carbon isotope values for pristane typically differ by less
than 1%o from phytane. The slight enrichment of “C in
phytane can be explained by extra contributions from halo-
philic archaea to phytane [11]. Halophilic archaea can use
primary organic matter as a carbon source. During biologi-
cal processes, the halophilic archaeca may produce phytane
leading to a slight enrichment in the "*C values for phytane
relative to the primary producer derived pristane. However,
overall the carbon isotope compositions of pristane and
phytane are consistent with both compounds being sourced
from phototrophic primary producers. As shown in Figure 6(c)
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and (e), the MTTC compounds have almost the same carbon
isotope values as pristane and phytane, which is consistent
with previous studies [11,13,14,28,29]. For example, the
MTTC compounds in Miocene marl in the northern Ap-
penines, Italy, were abnormally enriched with *C, and
YC-enriched pristane, phytane and other photosynthetic
primary producer derived biomarkers were also detected in
these samples. The extremely high §'°C values of primary
producer-derived biomarkers were interpreted to result from

a localized CO,-limited ecosystem. Relatively low CO,
concentration in a water body leads to the decreasing frac-
tionation of "*C in autotrophic organisms [28], resulting in
the enrichment of *C in MTTC compounds and other pri-
mary producer-derived biomarkers. Therefore, results sug-
gest that the MTTC compounds could be sourced from
photosynthetic primary producers.

The distribution of steroids in sedimentary organic matter
can be a good marker of the contribution of primary
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Table 2 Molecular parameters calculated from the studied samples®
Sample No. Pr/Ph GI CyS/S+R Hopane/Sterane a/5-MTTC” aly-MTTC y10-MTTC
CDM1 0.29 0.54 0.22 0.18 0.15 0.21 0.71
CDM2 0.37 0.88 0.17 0.15 0.18 0.27 0.65
CDM3 0.23 0.9 0.19 0.11 0.21 0.46 0.46
CDM4 0.24 14 0.16 0.08 0.23 0.48 0.48
CDM5 0.29 0.64 0.29 0.25 0.27 0.58 0.46
CDM6 0.22 0.67 0.15 0.11 0.14 0.32 0.44

a) Pr/Ph: pristane/phytane; GI: gammacerane index = gammacerane/Csohopane; C2S/S+R: Cooaaa20S sterane/(Craac20S sterane+Caroaxa020R sterane);
Hopane/Sterane: the sum of C,9 to C;5 hopane divided by the sum of regular C,7 to Cyy sterane = (Cag+Ci0+Cs1 f22S+C31 af22R+C3,225+C5,f22R+
C30f22S +C330f22R+C40f22S + C3422R + C3522S + C35¢222R) hopanes/(Cr;rd20R +Ca7 000 020S+Co7 ¢f20R+Co7 f20S+Cos a2 0R+Cos e c20S+
Casaff20R+Co55R20S+Croxd20R+ Cr9aa20S+CaafR20R+Crf20S) steranes; a/d-MTTC = a-MTTC/o-MTTC; a/y-MTTC = a-MTTC/y-MTTC;
y/0-MTTC =y-MTTC/5-MTTC.

Table 3 Stable carbon isotope compositions of MTTC compounds and other biomarkers in source rocks (%o, VPDB)

Sample No. Pristane Phytane Crraaa20Rsterane Cysaaa20Rsterane Cypaaa20Rsterane o0-MTTC y-MTTC a-MTTC
CDM1 -26.6£0.6 —25.3+0.3 -25.0+0.3 -26.7+0.1 -23.9+0.3 -26.0+0.1 -27.0+0.1
CDM2 -26.6£0.2 -25.7+0.2 -23.5+0.1 -26.2+0.1 —24.8+0.0 -25.8+0.2 -26.1+0.2
CDM3 -26.8+0.3 -26.8+0.3 -24.8+0.3 -27.4+0.1 -25.7+0.6 -27.9+0.2 -28.2+0.0 -27.9+0.2
CDM4 -26.7+0.4 -25.7+0.3 -25.4+0.4 -27.1+0.2 —25.5+0.1 —27.5+0.1 -27.7+0.2 -27.00.1
CDM5 -26.4+0.2 -26.3+0.0 -25.020.1 -26.9+0.3 -25.8+0.1 -27.2+0.0 -27.1+0.5 -27.1+0.5
CDM6 -24.5+0.3 -23.6+0.3 -23.8+0.1 -26.6+0.4 -23.7+0.3 -25.1+0.3 -25.5+0.2
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producers. Typically, the Cy; steranes are considered to be
sourced from algae and other plankton, C,y steranes are
sourced from algae or higher plants, and the C,g steranes are
related to specific algae inputs, such as diatoms, coccolith-
ophores, and dinoflagellates [27,32-35]. The very similar
carbon isotope values for the C,9 and C,; steranes, and the
very low contribution of higher plants to sedimentary or-
ganic matter in the studied samples [16], indicate that algae
are the main source of the steroids. The stable carbon

Figure 5 Carbon isotope values of MTTC compounds in source rocks
extracts.

isotope compositions of the MTTC compounds and steranes
are plotted in Figure 6(b),(d),(f). In general, the carbon iso-
tope values of the C,g sterane are very similar to the MTTC
compounds (Figure 6(d)), while the carbon isotope values
for the Cpy and Ca; sterane are enriched in *C by about 2%o
relative to the MTTC compounds (Figure 6(b),(f)). In the
Fushun oil shale of China, the C,; sterane was enriched in
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Figure 6 Comparison of the carbon isotope values (%0, VPDB) between pristane and phytane, and between the MTTC compounds and pristane, phytane,

and steranes.

BC relative to the Cys sterane by 3%o and this was attributed
to source difference (e.g. dinoflagellate source for the Cy
sterane and other algae source for the C,g sterane) [35]. The
depletion of BC in C,g sterane relative to Co9 and C,; ster-
anes by 0.5%o to 3.1%o has also been found in modern saline
meromictic lake, which was considered to be related to the
specific algae sources for the Cyg sterane [36]. Consequently,
we speculated that the MTTC compounds may be sourced
from algae with specific niches.

2.4 Biological sources of MTTC compounds and
implication for the depositional environments

It is generally accepted that algae and bacteria are the main
sources of sedimentary organic matter in saline lacustrine
settings [13], with small contributions from higher plants
[37]. A previous study identified that algaes are also main
sources of sedimentary organic matter in our samples, with
little input from higher plants [16]. Photosynthetic bacteria
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can also be a biological source of MTTC compounds [14].
Because of the similar carbon isotope compositions of the
MTTC compounds and Csg sterane, and the high abundanc-
es of MTTC compounds and low hopane/sterane ratios
(lower than 0.25), photosynthetic bacteria can be excluded
as a main biological sources of MTTC compounds.
Theoretically, the carbon isotope compositions of prima-
ry biomass are controlled by the °C content of the carbon
sources, and isotope effects associated with the assimilation
of carbon [38,39]. The effects of biological sources on the
stable carbon isotope compositions of organic molecules in
sediments have been widely documented [40,41]. However,
in saline lacustrine deposits, the stable carbon isotope com-
positions of primary biomass are also controlled by the wa-
ter salinity [42,43]. Algaes are important primary producers
in saline lacustrine ecosystems, and are also the main bio-
logical sources of steroids in sedimentary organic matter.
Therefore, differences in the stable carbon isotope composi-
tions of steroids can be related to the different algae sources,
and possibly, to the different niches occupied by these al-
gaes. In the Fushun oil shale in China, the different carbon
isotope compositions in Cy; and Csg steranes are related to
different algae sources. Schouten et al. [36] found that Cyg
sterane was depleted in "°C relative to other steranes in a
modern saline meromictic lake, and they suggested that
microalgaes in the lake showed distinct vertical zonation,
and experienced slightly different environmental regimes,
light intensities, and growth rates. Thus, the organic matters
produced by these microalgaes have different carbon iso-
tope characteristics. The depletion of *C in Cag sterane rela-
tive to Cy7 and Cygsterane in this study may be also due to
the different algaes sources of steroids. The different algae
occupy different water column niches, with distinct CO,
concentrations, nutrients abundances, light intensities, and
other environmental factors. The combination of these fac-
tors leads to variable carbon isotope fractionation associated
with carbon assimilation by primary producers, resulting in
different carbon isotope compositions in organic matters
produced by these algaes. As discussed previously, MTTC
compounds are sourced from primary producers. The ex-
tremely similar carbon isotope compositions between the
MTTC compounds and Cpg sterane suggests that the MTTC
compounds may be produced by microalgae within specific
niches, and these niches are probably situated at the base of
the photo zone [44,45] where high concentrations of CO,
should be expected [45]. Regionally, a hot and dry climate
occurred during the development of the source rocks in this
study [15], which could lead to large temperature gradients
between the water surface and the base of the photo zone,
with more CO, likely to be dissolved in the cold water at the
base of the photo zone [46]. High concentrations of CO,can
decrease the carbon isotope fractionation during carbon
assimilation by primary biomass, resulting in the “C-
depleted MTTC compounds that may be produced by the
microalgaes in this niche. Sinninghe Damsté et al. [2] ini-
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tially thought the -MTTC-producing biomass was located
in the bottom water with salt leaking from the sediments,
and, consequently, the non photosynthetic bacteria were
ascribed as the biological sources of MTTC. As shown in
Figure 4, the a-MTTC/6-MTTC values are closely correlat-
ed with the gammacerane index, which indicates the influ-
ence of water column stratification on the distributions of
various MTTC compounds. When the water column strati-
fication is not well developed, the hypersaline bottom water
will mix with the upper water column, resulting in lots of
0-MTTC and y-MTTC being produced by microalgaes. On
the contrary, these microalgaes will produce much more
o-MTTC. Because the bottom layers of the upper water
column are more easily influenced by the hypersaline bot-
tom water relative to the top layer of the upper water col-
umn, the MTTC-producing microalgaes may thrive in the
base layer of the upper water column.

Throughout the core depth profile, the gammacerane in-
dex is high from CDMS5 to CDM3, which is indicative of
strong water column stratification, with relatively little in-
fluence from the hypersaline bottom water on the upper
water column. The relatively low salinity of the upper water
column during the deposition of these samples is suitable
for the increased production of a-MTTC by microalgae rel-
ative to 6-MTTC. In the same samples, pristane, phytane,
MTTC compounds, and C,; and Cy sterane are all depleted
in "*C relative to the same compounds in the other three
samples. This is consistent with the relative enrichment of
12C in biomass in a low water salinity environment [43] and
it is strong evidence that water salinity significantly influ-
ences the stable carbon isotope compositions of primary
biomass.

3 Conclusions

The MTTC compounds were successfully separated and
enriched from the aromatic fractions of organic matter using
a newly developed two-step column chromatography
methods. In this process, most of the UCM compounds
were removed from the aromatic sub-fraction which con-
tained the MTTC compounds, resulting in the accurate de-
termination of the stable carbon isotope compositions of
MTTC compounds. By comparing the stable carbon isotope
compositions of the MTTC compounds with pristane,
phytane, and steroids in a group of samples, algae appear to
be the main source of the MTTC compounds. The similar
carbon isotope compositions for o-MTTC, y-MTTC, and
o-MTTC in any given sample, together with the published
carbon isotope values for MTTC compounds in other envi-
ronmental setting, indicate that the three different carbon
number MTTC compounds may share the same biological
sources. These sources could be specific microalgae, while
the distribution partners of these three MTTC compounds
are controlled mainly by the salinity of water body.
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