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The main objective of this study was to explore the composition and distribution of volatile
organic compounds (VOCs) and the factors that affect their distribution in the salt lake
sediments. Thirteen sediment samples were collected from a depth profile in the East
Taijinar Lake, China. VOCs of different samples were extracted by headspace solid phase
microextraction. Gas chromatography-ion mobility spectrometry, gas chromatography-
mass spectrometry, and X-ray diffraction were used to analyze the VOCs, n-alkanes, and
minerals present in samples. Thirty-four VOCs were identified and classified into seven
types, including terpenes, furans, esters, aldehydes, ketones, alcohols, and acids, apart
from six contaminants. It was found that 24 of the most prevalent compounds in clay were
on average 101.45% higher than those in sandstone and halite because of the
sedimentary environment, while the remaining ten (2-acetylfuran, 2-pinene D, etc.)
were on average 13.27% higher in sandstone and halite sediments than in clay. This
can be attributed to their different biological sources, porosity, and higher salinity. Based
on the Q-cluster analysis, the 13 sediment samples were split into two groups, including
the group according to composition and the group based on distribution of VOCs. In this
study, it was found that the VOCs correlate positively with detrital minerals, with Group |
exhibiting a high content of detrital minerals (>25%), while Group Il showed the opposite
characteristics. The consumption of organic matter (OM) by microorganisms leads to the
formation of VOCs in sediment. The values of carbon preference index and n-alkane further
demonstrate that the organic matter of the two groups came from different sources,
exogenous and endogenous. Pr/Ph ratios, Pr/C17, and Pr/C18 also suggest that the OM
in all sediments was strongly affected by microorganisms in an anoxic environment.
Together, these results demonstrate that the OM from different biological sources and
microbial activities played a critical role in deciding the composition and distribution of
VOCs in the sediment. This study also shows that the proportion of VOCs in halite was
discernably higher than that in clay and sandstone and that the content of VOCs should be
considered when studying OM in salt lake sediments.
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INTRODUCTION

Volatile organic compounds (VOCs) are ubiquitous in the
environment and can be of biological origin, including plants
(Dudareva et al., 2013), bacteria (Mohnke and Buijten, 1993;
Korpi et al., 2009; Insam and Seewald, 2010; Zhang et al., 2017),
algae, and marine organisms (Whelan, 1984; Kidanu et al., 2017);
or anthropogenic origin (Kuran and Sojak, 1996; Sattler et al.,
2013). VOCs are regarded as atmospheric, and groundwater
pollutants and are toxic (McDonald et al., 1988; Thiros, 2000;
Pecoraino et al., 2008), even in salt lake brine.

The type of VOC is strongly dependent on the oxygen
availability and physiological state of the microorganisms
(Insam and Seewald, 2010). Moreover, VOCs supply nutrients
for microbial cells and mediate intercellular interactions, and they
play a critical role in regulating the diversity, compositions, and
network structures of prokaryotic communities in saline
sediments (Ding et al.,, 2020). Meanwhile, they serve important
roles by acting as both a source and sink of organic compounds
(Bravo-Linares and Mudge, 2007). Therefore, it is crucial to
measure VOCs in salt lake sediments. The type of marine
sediment also influences the type of VOCs produced. For
example, more reduced species such as dimethyl sulfide and
methyl mercaptan are produced in anoxic and muddy
sediments (Kiene and Taylor, 1988).

The sediments of salt lakes are characterized by high salinity
and the presence of toxic ions (Co., Ni, and Mn) (Liu et al., 2018;
Isaji et al., 2019). These conditions result in a reduction in both
the number of species contributing to the environmental biomass
(Evans and Kirkland, 1988) and special microbial communities
such as Proteobacteria (Dorador et al., 2018). Moreover, the
source of OM in salt lake sediments is complicated and can
include planktonic and benthic fauna and flora and terrestrial
material from riverine and anthropogenic inputs. Notably, OM
has existed in anaerobic environments for a long time,
experiencing a variety of geological processes. Some of the
OM has also been consumed by microorganisms leading to
the formation of VOCs. A small portion of the remaining OM
still retains geological information from the past. Due to their
essential role in indicating the paleo-climate and paleo-
environment, previous studies of OM in salt lake sediments
have mainly focused on organic carbon, humic acids
(Domagalski et al, 1989), aliphatic acids (Serebrennikova
et al, 2015), and organic acids (Kawamura and Nissenbaum,
1992). However, the composition and distribution of VOCs in
sediments and the main factors affecting VOCs remain mostly
unknown.

To date, different methodologies such as Gas
Chromatography-Mass Spectrometry have been developed to
assess the types and concentrations of VOCs present in
sediments. A wide variety of VOCs has been detected in
sediments, including n-alkanes, furans, ketones, aldehydes, and
mono-aromatic compounds (Whelan, 1984; Visscher et al,
2003). However, most of these methods require pretreatment

and solvents such as methanol, n-hexane, and n-pentane to
extract VOCs from the samples (DeLeon et al.,, 1980; Siegrist
and Jenssen, 1990; Amaral et al, 1994). In this study, gas
chromatography-ion mobility spectrometry (GC-IMS) was
used to analyze the VOCs within salt lake sediment samples.
Notably, GC-IMS allows for the detection of VOCs in liquid or
solid samples without pretreatment (Cavanna et al., 2019). This
analytical technique is regarded as a rapid and accurate that
provides high-resolution to identify VOCs (Armenta et al., 2011;
Garrido-Delgado et al., 2015; Yuan et al., 2019).

Therefore, the aim of this study was to characterize the
composition and distribution of VOCs and explore the source
of OM in East Taijinar salt lake sediments. It was further
determined if a certain regularity exists in the type and
content of VOCs. Finally, the main factors that affect the
distribution of VOCs were systematically explored.

MATERIALS AND METHODS

Geological Background

The East Taijinar salt lake (37°21'54"-37°36'05"N,
93°45'33"-94°06'48"W) is located in the Tertiary anticline
structural depression belt in the hinterland of the Qaidam Basin
(Figure 1); the salinity of lake is about 29% (Qingsheng and Fengqing,
2013). The formation of this salt lake is associated with the uplift of the
Qinghai-Tibet Plateau, the strong tectonic movement of the Qaidam
Basin, and the migration of the residual salt-forming brine from the
western to the central and eastern regions (Zhang et al,, 1987). The
East Taijjinar River from the Kunlun Mountains in the southwest
mainly supplies the lake. The brine is a magnesium sulfate subtype
with a pH of 7.9 (Zheng and Liu, 2009).

The East Taijinar salt lake spans approximately 300 km?,
which includes 100 km* of the lake area and 200 km® of dry
salt flats. The dominant sediment in the upper part of the salt lake
area is mainly halite. Halite is dominant among the relatively
simple minerals, followed by a small amount of mirabilite and
gypsum. Moreover, sulfate deposition was not developed, which
indicates that the lake quickly entered the chloride deposition
stage without experiencing the sulfate deposition stage
(Qingsheng and Fengging, 2013).

Sample Collection

Thirteen sediment samples (designated as DT01-DT13) were
collected from a depth profile in the eastern section of the lake
using a polyvinyl chloride corer. The first sample was collected at
0.5m depth, with subsequent samples collected downward at
intervals of 1 m along with a 13.5m depth profile. The depth
profile consisted of three sediment layers: clay (DT01-DT08),
sandstone (DT09-DT11), and halite (DT12-DT13). In terms of
lithology, sediments represented by samples DT01-DT08 were
deposited in a relatively humid environment; those represented
by DT09-DT11 were deposited in an arid environment, and
those represented by DT12-DT13 were deposited in a semi-arid
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of East Taijinar Salt Lake and the sampling site in the Qinghai Province.

FIGURE 1| Map of the sampling site and lakes in the Qinghai Province: (A) Map showing the location of Qinghai Province in China and (B) Map showing the location

environment. The samples were stored in polyethylene bags and
maintained at 4°C. Prior to the analysis, samples were freeze-
dried, ground, and then passed through a 200-pum mesh sieve.

Quantification of Total Organic Carbon and

Volatile Organic Compounds
The TOC fraction was quantified using two different approaches,
the direct method and the subtraction method.

The direct method was performed as per the procedure
provided by Wu et al. (2012), with some modifications. Briefly,
the sample (2 g) was treated with acid, washed five times until the
acid was removed, and dried in a crucible. The sample was ground
to a powder using an Elementar element analyzer and decomposed
at 950°C. Finally, the mass percentage of carbon was determined.
However, this method resulted in VOC loss during the acid
treatment and included repeated washing and drying steps.
Thus, the final value of TOC does not include VOCs.

The subtraction method was performed to quantify TOC in
sediments following the procedure provided by Gao et al. (2019).
First, total carbon (TC) content was measured by high-temperature
catalytic oxidation. Next, the inorganic carbon (IC) content was
measured by adding H;PO, to convert the IC into CO,. Finally, the

TOC content was calculated using the difference between TC and
IC. This method avoids VOCloss during the experiment. Thus, the
value represents the TOC content, including VOCs. Each sample
was tested in triplicate using both methods. The results are
expressed as the average value to reduce unintentional error.

The proportion of VOCs in the TOC was calculated using
Eq. 1 as follows:

TOC, - TOCy4

1009 1
o0 X 00% (1)

Wyoc =
where TOC; and TOC4 represent the TOC measured by the
subtraction and direct methods, respectively. The proportion of
VOC:s is expressed as a percentage.

Speciation and Quantification of VOCs
Using GC-IMS

A headspace-gas chromatography-ion mobility spectrometry
(HS-GC-IMS) instrument (FlavorSpec® H1-00053, Gesellschaft
fir Analytische Sensorsysteme mbH (G.A.S.), Dortmund,
Germany) was used to analyze the VOCs. The analysis was
carried out at the G.A.S. Department of the Shandong
HaiNeng Science Instrument Co., Ltd. (Shandong, China).
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Chromatographic separation was performed with an FS-SE-54-
CB-1 capillary column (15m, ID: 0.53 mm), a radioactive
ionization source (tritium; 6.5KeV), and a heated splitless
injector for direct automatic sampling of headspace volatile
compounds from the samples into the GC-IMS instrument.

Prior to the GC-IMS analysis, the sample (1 g) was heated at
80°C for 20min in an incubating box to generate volatile
compounds. The injection volume was set to 500 ul, the
injection speed was 0.6 mls ', and the injector temperature was
80°C. The temperature of the automatic headspace sampler was set
to 85°C for 15 min. After sample injection, the VOCs were pushed
into the multicapillary column via the carrier gas for timely
separation. Chromatographic separation was executed at 60°C:
the carrier gas flow rate was initially set at 2mlmin~" for
2min; the flow was linearly increased to 15mlmin™' over
8 min; it was further increased to 80 ml min~"' over 10 min; and
finally, the flow reached 150 ml min~" over 5 min. The total run
time lasted for 40 min in order to achieve a better separation effect.

After the separation in the capillary column at 60°C, the headspace
was pushed into the ionization chamber for prior ionization, then
driven into the drift region through a shutter grid, and finally passed
into the IMS detector. The operating conditions of the IMS are as
follows: the drift tube length was 5cm and operated at a constant
voltage of 400 V cm™'; and the temperature of the drift tube was 45°C
with nitrogen (99.999% in purity) flow rate of 150 ml min~". Each
sample was analyzed twice by GC-IMS. The results are expressed as
the average value to reduce unintentional errors.

X-Ray Powder Diffraction Analysis
The mineral composition of sediments was determined through
the XRD analysis using an X'Pert-PRO diffractometer with CuKa
radiation source having a scanning speed of 0.02/s. The voltage
and tube currents were 45kV and 30 mA, respectively.

The XRD analysis was carried out at the Qinghai Institute of
Salt Lake, Chinese Academy of Sciences (Xining, China).

n-Alkane Analysis
The salt lake sediments were extracted using an accelerated
solvent extractor (Dionex ASE 350) with dichloromethane/
methanol (93:7) at 100°C and 1,600 psi for two cycles. The
n-alkane was separated using a deactivated silica gel column
eluted with n-hexane. The concentration of n-alkanes was
quantified using the GC-MS system (7890B/5977B, Agilent
technologies). The capillary column was an HP-5MS silica
capillary column (30 m x 250 pum x 0.25 pm), coated with 5%
phenyl methyl silox. The GC-oven temperature was started at
50°C (held for 1 min) and then to 315°C (held for 16 min) at 8°C/
min. The individual n-alkanes were identified and quantified by
comparing with the spectra obtained after running Fluka alkane-
mixture standard (C;y—Cyp).

The carbon preference index (CPI) (Marzi et al., 1993) value
was calculated using the following equations:

(Cos + Cys + Gy + Cog + C3p) + (Cys + Gy + Cpo + 31 + Cs3)
2 X (G + Gy + Cog + C3o + Cs3)

CPI =

)

Volatile Organic Compounds in Sediments

Data Processing
First, the proportion of VOCs in the total OM was quantified.

Then, the VOCs among different samples were measured using
GC-IMS and processed using LAV-Gallery Plot 2.2.0 (G.A.S,,
Germany) software. LAV was used to view the analysis
spectrum, where each point represented a VOC. Signal
intensity was indicated by the color and could be used as a
quantitative analysis tool. The background of the plot was blue,
while the red line on the left on the plot indicated the reactive
ion peak (RIP; normalized drift time, —7.81 ms). Each point on
the plot represented a different VOC, with the concentration of
each point indicated by the color, as follows: white, lower

concentration; yellow, low concentration; red, high
concentration; and a darker color indicates a higher
concentration.

Next, XRD analysis was conducted, and Q-cluster analysis
was performed by using the content of VOCs to study the
relationship between samples. Cluster analysis, a multivariate
statistical method that is widely used in geology, was derived
according to the principles of dimension reduction (Eskanazy
et al., 2010; Gazley et al., 2015). The Q-cluster analysis is
defined as the classification of similar objects into groups, in
which the number of groups and their forms is unknown
(Gentle et al., 1991). The primary purpose of Q-cluster
analysis is to statistically measure the degree of similarity
between samples and then aggregate samples with a high
degree of similarity into one class. Further, the relationship
between the distribution of VOCs and mineral content was
investigated herein. Finally, the main sources of OM and
factors affecting the distribution of VOC were determined
by n-alkane analysis.

RESULTS

The Proportion of Volatile Organic

Compounds

The contents of TOC and VOC:s in the lake sediment samples
are presented in Table 1. Differences were observed in the
samples from various types of lake sediments. The TOCs
values ranged from 0.15 to 1.22%; specifically, the TOC
content of clay ranged from 0.5 to 1.22% (avg 0.81%), while
that of sandstone and halite ranged from 0.15 to 0.26% (avg
0.22%). The VOC values ranged from 0.01 to 0.06%; specifically,
and the VOC content of clay ranged from 0.01 to 0.06% (avg
0.02%), while that of sandstone and halite ranged from 0.01 to
0.02% (avg 0.02%). This observation is quite different from the
findings of Bianchi et al. (1991), who reported that the values of
VOCs identified by GC-MS in Southampton’s estuarine
sediments ranged from <0.01 to 0.28% (avg 0.14%). This
difference may be attributed to the differences in the
environment during the formation of estuarine and salt lake
sediments. The proportion of VOCs in TOC ranged from 1.14 to
13.33%; specifically, the proportion in clay ranged from 1.14 to
4.92% (avg 2.83%), while that in sandstone and halite ranged
from 5.00 to 13.33% (avg 8.54%).
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TABLE 1 | Total organic carbon, volatile organic compounds ratio, and mineral composition in the samples.

NO. TOC, TOCq4 Wyoc Qu So
DTO1 0.50 0.49 2.00 28 10
D102 0.88 0.87 1.14 16 8
DTO3 0.74 0.73 1.35 29 12
DTO4 1.08 1.06 2.78 24 15
DTO5 0.70 0.67 4.29 25 16
DTO6 0.80 0.78 2.50 25 18
DTO7 1.22 1.16 4.92 30 23
DTO8 0.24 0.22 8.33 24 21
DT09 0.15 0.13 13.33 2 nd
DTO10 0.20 0.19 5.00 4 9
DTO11 0.26 0.24 7.69 4 nd
DTO12 0.24 0.22 8.33 8 nd
DTO13 TOGC, TOCq4 Wyoo 4 nd

Mu

32
28
32
21
34
24
26
32
nd
nd
nd
17
nd

Gy Ca Do Ar Sy Ch Ha
%
1 4 nd 7 nd 9 9
6 2 nd nd nd 10 30
5 4 2 nd nd 11 5
25 2 nd nd nd 7 6
nd 6 nd nd nd 12 7
15 7 nd nd nd 7 4
nd 6 nd nd nd 9 6
nd 6 nd nd nd 10 7
28 nd nd nd nd nd 70
23 nd nd nd nd nd 64
nd nd nd nd nd nd 96
60 nd nd nd nd nd 15
7 nd nd nd 5 nd 84

Note: TOCs = Total organic content measured by subtraction method; TOC4 = TOC measured by direct method; w,o. = The proportion of VOCs in TOC; Qa = Quartz; So = Sodium
feldspar; Mu = Muscovite; Gy = Gypsum; Ca = Calcite; Do = Dolomite; Ar = Aragonite; Sy = Sylvite; Ch = Chlorite; Ha = Halite; nd = not detected.

Volatile Organic Compounds’ Speciation as

Revealed by GC-IMS

In the present study, GC-IMS was employed to analyze the VOCs in
various lake sediments of different sedimentary environments in East
Taijinar salt lake. A three-dimensional (3D) spectrum was drawn
using the FlavorSpec® instrument. Figure 2 displays the difference in
the matrix plot of the GC-IMS spectra. Results show that the peak
intensities of volatile components in the different samples varied.

Based on the duration of the measurement run and the
normalized drift time, the 2D spectrum, a supplement to the
3D spectrum, was obtained (Figure 3). The points in the 2D
spectrum correspond to the peaks in the 3D spectrum, which can
reflect the number of compounds identified clearly. The volatile
substances in the different strata behaved differently with respect
to their signal intensities (Figure 3).

A total of 34 typical compounds were identified using the GC-IMS
Library, excluding six contaminants (octamethylcyclotetrasiloxane D,
octamethylcyclotetrasiloxane M, decamethylcyclopentasiloxane D,
decamethylcyclopentasiloxane M, hexamethylcyclotrisiloxane,
and 2-ethyl-1-hexanol). The details of the identified compounds
(40 peaks, 34 compounds), including the chemical names,
Chemical Abstracts Service (CAS) numbers, molecular
formula, retention index (RI), retention time, and migration
time, are listed in Table 2. The 34 substances, apart from five
silicone substances and 2-ethyl-1-hexanol, as mentioned before,
were classified into seven types, including terpenes, furan, esters,
aldehydes, ketones, alcohols, and acids. Several compounds,
including 2-butanone, hexanal, ethyl pentanoate, 2-pinene,
benzaldehyde, octamethylcyclotetrasiloxane, n-nonanal, and
decamethylcyclopentasiloxane produced different product
ions and showed two peaks, corresponding to monomers and
dimers; and are attributed to their varying concentrations (Li
et al,, 2019). These products featured different drift times but
similar retention times. During the drift time, more than one
signal was observed for a single compound due to the formation
of adducts between the analyzed ions and the neutral molecules
as they moved through the drift region (Rodriguez-Maecker

et al, 2017). High proton affinity or a higher analyte
concentration may lead to the formation of dimers
(Lantsuzskaya et al., 2015).

The 2D spectrum (Figure 3) indicates that the three types of salt
lake sediments were distinctly different, and the concentration of
most VOCs in clay (Figure 3A) was higher than that in sandstone
(Figure 3B) and halite (Figure 3C). In order to compare the
differences among these samples, different compounds were
numbered on the map, and for intuitive viewing, an area set was
created that integrated all labeled peaks (Figure 4). The most evident
difference among the three samples was the presence of a siloxane
substance, which was numbered as 14, 31-32, and 38-39 (shown in
the red frame and the yellow dotted frame of Figure 4). However,
most of these substances did not originate from the sample itself;
instead, they existed in the stationary phases of the chromatographic
column (Levin and Lantsuzskaya, 2014) and could not be avoided
when testing. Moreover, the reagent used for boron extraction from
the East Taijinar salt lake brine was 2-ethyl-1-hexanol (Gao et al,
2010), which was identified during the analysis. Therefore, this
compound was considered an anthropic pollutant.

A more precise comparison is provided in Figures 4, 5, which
present all the identified substances. In particular, the values of
concentration of the identified compounds numbered as 1-5, 7, 9,
11-12, 15, 17-21, 23, 25-26, 28, 30, 34, 36-37, and 40 (shown in
the red dotted frame of Figure 4) were found to be higher in the
clay samples.

Mineralogy
XRD analysis indicates that the sediments comprised detrital mineral,
carbonate, sulfate, silicate, and halite (Table 1). The detrital minerals
consisted of quartz, sodium feldspar, and muscovite. Muscovite was the
most dominant detrital mineral (up to 32%), followed by quartz and
sodium feldspar. The quartz content ranged between 2 and 30% along
the depth profile, whereas sodium feldspar and muscovite were mainly
present in the clay, with a low occurrence in the sandstone and halite.
The mineral assemblage other than detrital minerals consisted of
carbonate (calcite, dolomite, and aragonite), sulfate (gypsum),
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silicate (chlorite), sylvite, and halite. Carbonate and silicate were only
present in the clay, while the content of halite fluctuated between 4
and 96% along the profile. Sylvite was detected only in halite
sediments, and gypsum was identified in all types of sediments.

Q-Cluster Analysis

In this study, the thirteen samples were divided into two groups
using squared Euclidean as the similarity distance and Ward’s
clustering method as the amalgamation rule. A dendrogram of
the Q-cluster analysis method is shown in Figure 6, indicating the
identification of two groups: Group I consisted of DT01-DT08
and DT12, while Group II included DT09-DT11 and DT13.

n-Alkanes in Sediments

n-Alkanes with carbon numbers from C;5 to Cs5 were found in all
samples. Short-chain n-alkanes (C;5-C,,) were less abundant and
varied from 0.97 to 8.61%, with an average of 3.98%. The mid-chain
n-alkanes (C,;-C,5) varied from 5.33 to 35.99% (avg 19.71%). The

long-chain n-alkanes (Cps—Cs4) Were exceptionally abundant in all
sediments, ranging from 53.25 to 93.19%, with an average of 73.18%.
In most cases, Cpqy Of the long-chain #n-alkanes fraction was
recorded at C;; and C,,. For the mid-chain n-alkanes, C.y
occurred at C,s only in DP13 (Figure 7). The CPI values in
sediments varied from 1.2 to 14.2 (avg 7.2). The Pr/Ph values
varied from 025 to 0.83 (avg 0.48). The Pr/nC,; and Pr/nCyg
values were relatively large and varied from 0.82 to 2.16 (avg
1.37) and 0.81-1.87 (avg 1.22) (Figure 8), respectively.

DISCUSSION

The Important Role of Volatile Organic
Compounds in Total Organic Carbon
VOCs account for a small portion of OM in nature; however, they

play an important role in the atmosphere (Kesselmeier et al.,
2000), food (Xu et al., 2010), water (Ellis and Rivett, 2007), and
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TABLE 2 | Details of the 34 volatile organic compounds detected in the sediment samples.

Count Compound CAS#

1 Methanethiol C74931
2 Acetone C67641
3 2-Butanone M C64197
4 2-Butanone D C78933
5 Acetic acid C78933
6 2,3-Butanedione C431038
7 2,3-Pentanedione C600146
8 Propanoic acid C79094
9 3-Methyl-3-buten-1-ol C763326
10 Ethyl-2-methylpropanoate Core21
11 Hexanal D C66251
12 Hexanal M C66251
13 Acetic acid butyl ester C123864
14 hexamethylcyclotrisiloxane* C541059
15 Butanoic acid C107926
16 Ethyl-3-methylbutyrate C108645
17 1-Hexanol C111273
18 Ethyl pentanoate D (539822
19 Ethyl pentanoate M (539822
20 Cyclohexanone C108941
21 Heptanal C111717
22 2-Pinene D C80568
23 2-Pinene M C80568
24 2-Acetylfuran C1192627
25 Benzaldehyde D C100527
26 Benzaldehyde M C100527
27 2-Octanone C111137
28 Hexanoic acid C142621
29 Ethyl hexanoate C123660
30 n-hexyl acetate C142927
31 Octamethylcyclotetrasiloxane D* Cb556672
32 Octamethylcyclotetrasiloxane M* Ch56672
33 2-Ethyl-1-hexanol* c104767
34 e-2-octenal 98862
35 Acetophenone (2548870
36 n-nonanal M C124196
37 n-nonanal D C124196
38 Decamethylcyclopentasiloxane D* C541026
39 Decamethylcyclopentasiloxane M* C541026
40 Ethyl octanoate C106321

Formula RI Rt [sec] Dt [RIPrel]
CH4S 447 100 1.045
CHzCOCH3 488 109 1.116
C4HgO 590 137 1.058
C4HgO 591 138 1.245
CHsCOOH 591 138 1.152
C4He0> 624 150 1.169
CsHgO2 683 176 1.221
CH3CH,COOH 696 183 1.109
CsHy00 765 225 1.245
CgH120, 784 239 1.193
CgH120 796 249 1.558
CgH120 796 248 1.256
CeH1202 813 262 1.234
CgH1g03Si3 821 269 1.464
C4HgO» 840 286 1.158
C7H1403 859 305 1.248
CgH140 885 333 1.32
C7H1402 897 347 1.684
C7H140, 897 348 1.264
CeH100 897 347 1.153
C7H140 902 353 1.334
CyoH24014 912 366 1.287
CioH16 912 366 1.221
CgHgO2 913 367 1.116
C;HeO 957 429 1.463
C;HgO 959 432 1.148
CgH160 959 432 1.328
CeH1202 995 492 1.303
CgH1602 1,003 506 1.342
CgH1602 1,007 512 1.406
CgH2404Si4 1,013 525 1.745
CgH2404Si4 1,014 526 1.677
CgHi10 1,041 582 1.412
CgH4140 1,066 638 1.322
CgHgO 1,066 637 1.187
CoH180 1,103 733 1.478
CoH1g0 1,104 735 1.94
C10Hz005Si5 1,160 909 1.891
C10Hz005Si5 1,163 916 1.812
C1oH2002 1,181 984 1.483

Note: Rl = retention index; Rt = retention time; Dt = drift time; M = monomer; D = dimer; *pollutant.

soil. The VOCs in salt lake sediments significantly influence the
microorganisms in the sediments after long-term geological
processes (Ding et al., 2020). The consumption of OM by
microorganisms also produces VOCs, exhibiting a strong
relationship between OM, microorganisms, and VOCs. The
VOCs also play an essential role in sediments. Currently, the
complexity of salt lake sediments, such as the overall extreme
environment (Tazi et al.,, 2014) with high salinity, has hindered
the research on the volatile OM composition of this environment.

In general, since the content of TOC in the salt lake sediments
is not high, the influence of VOCs is ignored when studying OM.
The commonly used, §"°C, provides a credible method to
characterize the origin of OM preserved in lake sediments (Fry
and Sherr, 1989; O’Leary, 1993). However, a large amount of
VOCs is lost during pre-experimental treatment (Bisutti et al.,
2004); therefore, the results do not reflect the nature and source of
VOC:s. In this study, the VOC content in TOC was explored using
a sophisticated GC-IMS technique, which does not need

complicated sample pretreatment. The content of VOCs
ranged from 1.14 to 13.33%. The different types of lake
sediments vary significantly in their VOC content (Table 1).
The VOC proportion in halite was discernably higher than in clay
and sandstone, peaking at 13.33%. This finding is partially in
agreement with a study showing that the content of some VOCs,
such as isoprene, is very high under extreme salinities (Rinnan
et al., 2014). Therefore, the loss of VOC will result in inaccurate
results when detecting OM in sediments. Thus, the influence of
VOCs cannot be ignored when studying OM in salt lake
sediments, especially in halite sediments.

Volatile Organic Compounds Revealed by
GC-IMS: Composition and Distribution

Qualitative analysis of VOCs in the clay, sandstone, and halite
samples is presented in Figure 2 and Table 2. A total of 34 typical
compounds were identified based on the GC-IMS library.
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In general, the deposition of clay occurs in a relatively mild
environment compared with sandstone and halite. Further,
clay is rich in microorganisms and bacteria. Previous studies
have found that some specific bacteria can degrade dissolved
OM to produce more esters, acids, and other substances
(Akiyama, 1972). Clay is also known to interact with
different types of organic compounds through specific
mechanisms. For example, organic molecules can penetrate
the interlayer space of clay minerals (Lagaly et al., 2013),
preserving the organic compounds in the nanopores of clay
minerals during sedimentation (Li et al., 2016). Furthermore,
OM is sometimes adsorbed on the surface of detrital minerals
to form aggregates, and a significant positive correlation
between the vertical distribution of plankton and the
detrital aggregation density has been reported (Buscemi and
Puffer, 1975).

Figures 5A,B,G exhibit that some organic compounds, including
2-acetylfuran, 2-pinene D, 2-octanone, acetic acid butyl ester, ethyl
hexanoate, and propanoic acid; were found at higher concentrations
in the sandstone samples than those in the clay and halite sediments.
This could be explained by the fact that the pores in the sandstone
are relatively larger compared to those in the clay and halite. Thus,
these compounds may easily accumulate in the pores. Similarly, ethyl
2-methylpropanoate, ethyl 3-methylbutyrate, 2,3-butanedione, and
acetophenone were found in higher concentrations in the halite than
in the clay and sandstone (Figures 5C,D,F). Our findings agree with
a previous study that identified VOCs, including hexanal,
teradecane, acetic acid butyl ester, and 2-methyl-2-hexenoic acid
methyl ester, in salt-stressed algal cells using GC-MS analysis (Zuo
et al,, 2012). Furthermore, this is partially supported by a study
showing that halite’s higher salinity may affect the enrichment of

some organic compounds, such as phenol monomers,
alkylaromatics, and carbohydrates, or the depletion of other
organic compounds, such as lipids (Strehse et al,, 2018).

The higher salinity also results in a stratified water column,
creating an anoxic sedimentary environment and inhibiting the
proliferation of bacteria (Zhu et al, 2004), thereby reducing the
consumption of OM. Klinkhammer and Lambert (1989) presented
evidence for organic carbon preservation in higher salinity sediments,
while Jellison et al. (1996) reported a positive correlation between the
accumulation rates of organic carbon and salinity. Overall, these
phenomena may be attributed to the characteristics of the given
sediment layer, such as porosity, salinity, and even different biological
composition. Thus, it is not surprising that the VOC content of
various types of lake sediments was notably different.

In a previous study, Song et al. (2011) used GC-MS to identify
44 organic compounds from the Qarhan Salt Lake, including
linear alkanes (Cy—C,g), as well as branched alkanes, alcohols,
ketones, esters, and low-molecular weight organic compounds.
The detected alcohols, ketones, and esters are similar to the
compounds identified in the present study. However, GC-MS
could not detect furan, terpene, aldehyde, and acid, indicating
that GC-IMS is a good supplement to GC-MS detection.

Volatile Organic Compounds in Various
Types of Sediments

Salt lake is a landlocked body of water with high salinity, which is
formed in extreme environment and its ecological environment is
relatively special. During the sediment deposition period, the content
of OM is less in salt lake than that in river, freshwater lakes, and
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marine sediments. However, owing to the extreme environment
produced by some special microorganisms such as halophilic
bacteria, some special VOCs such as 3-hydroxybutyrate-co-3-
hydroxyvalerate are also produced (Thudc and Véc, 2016).
Several studies have been carried out to determine VOCs in
various types of sediments. For instance, determination of VOCs
in bottom sediments of River Belaya by GC-MS revealed the
existence of only hydrocarbons (Galaktionova et al., 2012). A total
of 16 VOCs, which could be assigned to aromatic, benzene,
alkanes, and olefins was identified and quantified in the
samples collected. Susaya et al. (2011) used dynamic flux
measurements to identify 12 VOCs in sediment samples
collected from various sites of Lake Sihwa, including
aldehydes, hydrocarbons, acids, and sulfur compounds.
Interestingly, although there was less OM in salt lake
sediments, their species were more abundant than those in
freshwater sediments, which could be attributed to special
microbial activities in salt lake sediments and the detection

sensitivity of equipment. However, 168 VOCs were identified
in sediments from Qinghai Lake (Ding et al., 2020) and these were
classified into eight types, including acids, phenols, alcohols,
ketones, hydrocarbons, aldehydes, esters, and amino acids.
Although Qinghai Lake is a brackish lake (salinity 1.3%)
(Dong et al., 2006), the variety of VOCs in lake sediments was
found to be much larger than that in salt lake sediments. This may
be attributed to the diversity of Qinghai Lake ecosystem, presence
of special animals (ChongYi et al., 2018), plant distribution (Yao
et al,, 2011), and microbial assemblage (Ren et al., 2017).
Marine sediments cover about 70% of the Earth’s surface
(Hoffmann et al.,, 2020). A wide variety of different types of
VOCs, including benzene, toluene, ethyl benzene, and xylene
(Han et al., 2007), and sulfur compounds, such as methanethiol
(Lomans et al., 2002) has been detected in marine sediments.
Bravo-Linares and Mudge (2007) used GC-MS and identified 70
VOCs in sediments obtained from the Menai Strait (salinity 3%)
(Young and Holt, 2007), North Wales, United Kingdom. The 70
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substances were classified into seven types, including
hydrocarbons, aldehydes, alcohols, esters, terpenes, sulfides,
and halogenated substances. Obviously, the types of VOCs in
marine sediments were less than those in Qinghai Lake, but they
were more than those in salt lake sediments.

In general, the types of VOCs in saltwater sediments are more
abundant than those in freshwater sediments. This may be caused
by the special ecosystem and microbial activities in the saltwater
lake. However, the types of VOCs in saltwater sediments decrease
due to the increase of salinity. This may be attributed to the
salinity-induced death of a large number of microorganisms in

high-salinity water.

Source Analysis of Organic Matter

Next, a statistical analysis was conducted in order to explore
the distribution of VOCs in salt lake sediments more clearly.
A significant difference was observed in the proportion of
detrital mineral and halite in the samples, in conjunction with
the XRD data. The detrital mineral content in Group I was
relatively high (>25%), and the halite content was relatively
low (<30%), while Group II exhibited the opposite
characteristics.

The OM constitutes a minor but essential fraction of lake
sediments. The OM in lacustrine sediments has two primary
sources, ie., endogenous OM (submerged plants, emergent
plants, phytoplankton, and lower bacteria and algae) and
exogenous terrestrial OM (terrestrial high plants) (Yang et al,

2020). Exogenous OM is always associated with mineral grains
(Keil et al, 1994), which subsequently slows down its
decomposition (Wang and Lee, 1993). Due to its high salinity,
endogenous OM is mainly made up of microorganisms (Han
et al., 2020) and algae (Meyers and Ishiwatari, 1993) in salt lake
sediments. Detrital minerals are mainly composed of quartz,
sodium feldspar, and muscovite. These compounds serve a
significant role in the diagenetic process and reflect
extrabasinal and intrabasinal sediment input (Zhao et al,
2017a). In general, detrital minerals come from peripheral
areas of the lake and are supplied by processes including
surface run-off, rivers transport, atmospheric rainfall, and
lakeshore erosion (Shen, 2010). In humid climates, the
increased precipitation promotes higher surface run-off,
carrying the insoluble detrital minerals into the lake and
depositing them directly on the bottom of the salt lake. Thus,
the content of detrital minerals increases while the salinity is
simultaneously reduced.

In this study, the samples were divided into two categories
via Q-cluster analysis (Figure 6). In Group I, the content of
detrital minerals was relatively high, and the VOCs also
exhibited high signal strength. However, the content of
detrital minerals in Group II was the lowest. These
observations are consistent with the findings of Zhao et al.
(2017b), who reported that migrating OM primarily fills the
mineral pores of quartz aggregates, likely forming OM
networks. Therefore, it can be preliminarily inferred that
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there are more terrestrial OM and microbial activities in detrital
minerals, and the sources of OM in Group I are mainly
exogenous, with a small part coming from endogenous
sources. While in Group II, the primary sources of OM were
most likely endogenous.

In general, VOCs are important metabolites for microbial cells
in different habitats (Ding et al., 2020). They should be mainly
controlled by terrestrial or lake algae sourced OM and microbial
activities. Therefore, the composition and distribution of VOCs
are mainly influenced by terrestrial OM and microbial activities
in Group I, and the main source of OM should be terrestrial. On
the contrary, the influence of bacteria and algae on VOC in Group

I should be more significant than in Group IL This result was
confirmed by n-alkane analysis.

Further Verification of the Source of Organic

Matter by n-Alkanes

High CPI values in sediments of Group I indicate that the
n-alkanes in salt sediments originate mainly from higher
plants (Cranwell et al., 1987). Bacteria and algae produce
short-chain n-alkanes without an odd-over-even predominance
(Meyers, 2003), whereas the abundance of odd long-chain
n-alkanes (C,,-C;;) has been extensively used e as an
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indicator of terrestrial or land-derived OM (Pearson and
Eglinton, 2000; Zhao et al, 2003). The samples in salt lake
sediments of Group I exhibited an odd-over-even
predominance and were mainly dominated by Cs;. At the
same time, the Group II samples were dominated by long-
chain n-alkanes without an odd-over-even predominance. This
result is supported by a previous study showing that long-chain
n-alkanes can also be produced by bacteria and algae, but these
long-chain n-alkanes do not have odd-even dominance
(Castanieda and Schouten, 2011).

Moreover, values of CPI >1.0 indicate terrestrial OM input
(Bray and Evans, 1961). The index of CPI in Group I ranged from
2.46 to 14.2 (avg 9.84), demonstrating that the main source of OM
should be terrestrial in salt lake sediments. The values of Pr/Ph,
Pr/C;7, and Pr/C,g are given in Figure 8. Pr/Ph ratio is used in a
lacustrine setting to infer the oxic vs. anoxic state during OM
deposition. Pr/Ph ratios <1.0 indicate anoxic conditions, whereas
values > 1.0 reflect suboxic to oxic environments (Didyk et al.,
1978). In the East Taijinar salt lake sediments, Pr/Ph value

suggested an anoxic condition toward the present. The Pr/
nCy; and Pr/nC;g values of OM without degradation were
very low (0.1-0.5), but they exhibit high values when OM is
affected by microorganisms (Zhao et al., 2016). The ratio of Pr/
nC;; (0.82-2.16 avg 1.37) and Pr/nC,g (0.81-1.87 avg 1.22)
indicate strong microbial activities in East Taijinar salt lake
sediments.

In simple terms, the OM in Group I of the East Taijinar salt
lake sediments are mainly terrestrial OM, and the source of OM
in Group II could be bacteria and algae. Also, the OM in all
sediments is strongly affected by microorganisms in anoxic
environments. This is consistent with the results of the study
on the distribution characteristics of VOC in this paper.

CONCLUSION

This work preliminarily characterizes the composition and
distribution of VOCs in the East Taijinar salt lake sediments.
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VOCs were detected for the first time in salt lake sediments
using a state of the art GC-IMS. The high proportion of VOC
in TOC implies the halite can better protect VOCs in salt lake
sediments. The VOC concentration was significantly
different in clay, sandstone, and halite sediments. The
types of VOCs in salt lake sediments are more abundant
than those in freshwater sediment, but decrease with the
increase in the salinity in saltwater lake. The variation in the
levels of these volatile compounds could be attributed to
lithology, porosity, salinity, and even biological aspects. The
Q-cluster analysis and XRD data showed a positive
correlation between the distribution of VOC and detrital
minerals, indicating that the source of OM in different
groups should be different. The analysis of n-alkanes
indicates that the sources of OM in the two groups are
exogenous and endogenous, respectively, and are strongly
affected by microorganisms in an anoxic environment, which
confirms that the distribution of VOCs is related to the source
of OM and microbial activity.

Undeniably, more systematic explorations are needed to
investigate VOCs in the salt lake sediment for gaining a better
understanding and acquiring scientific data for salt lake
geological studies. Samples from other regions should be
incorporated to explore the vital role of VOCs in salt lake
evolution.
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