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Abstract: The distribution of glycerol dialkyl glycerol tetraethers (GDGTs) in carbonate-type and
sulfate-type saline lacustrine sediments from the Ordos Plateau in China is investigated to explore the
influence of ionic composition on GDGTs. In general, they are relatively small (1.2–6.0 km2 surface
area) and shallow ponds (0.05–0.2 m water depth) and even seasonally dry lakes. The results reveal
that the concentration of GDGTs has a good positive correlation with the (nCO3

2− + nHCO3
−)/total

ions, and the concentration of GDGTs in carbonate-type lake sediments is significantly higher than
that in sulfate-type lake sediments. Most GDGT-based indices show no significant differences, and
the distributions of GDGTs are similar in the two types of saline lake sediments. The lack of a
positive correlation between the content of clay minerals and the concentration of GDGTs may imply
that the ability of clay minerals to carry terrigenous organic matter is very limited in arid climates.
The branched GDGTS (brGDGTs) in the two saline lake sediments may mainly come from in situ
biological production and have low terrestrial inputs. The different weathering level of feldspar
minerals in the two types of saline lakes results in the difference in organic matter content, which
ultimately affects the concentration of GDGTs.

Keywords: carbonate-type saline lake; sulfate-type saline lake; ionic composition; GDGTs;
reconstructed temperature

1. Introduction

Biomarkers in sedimentary environments carry a lot of information about their pro-
ducers and the environment, which may have the potential ability to record changes in
global climate, environment, and vegetation at different temporal resolutions and are an im-
portant cornerstone for the reconstruction of paleoclimate and paleoecology [1,2]. A variety
of biological and geochemical parameters, such as total organic carbon (TOC), tree rings,
alkenone, pollen, δ18O, and chironomus, have be used to study climate and environmental
change [3–5].

Over the last two decades, glycerol dialkyl glycerol tetraethers (GDGTs) (Figure S1)
have attracted much attention and yielded a series of important research in climate re-
construction. They are membrane-spanning core lipids and are ubiquitous in soil, peat,
rivers, oceans, sabkhas, and lakes [6–8]. Isoprenoid GDGTs (isoGDGTs) are derived from
Archaea and have isoprenoid structures and 0–4 pentacyclic moieties. Among them, a
special category of isoGDGTs is crenarchaeol (cren), which contains one cyclohexane and
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four cyclopentanes, and is considered as a biomarker of Thaumarchaeota in water and
soil [6]. In addition, the isomer of crenarchaeol (cren’) usually accompanies it [9]. Branched
GDGTs (brGDGTs) are derived from bacteria and have four to six methyl branches and
0–2 cyclopentane moieties [10–13]. GDGTs can respond sensitively to environmental
changes (such as temperature, pH, or salinity) and adapt to various environments by
changing the number of rings or methyl groups in the cell membrane structure, thus record-
ing climate information in the form of different GDGTs [14,15]. A series of GDGT-based
proxies have been established and widely used to record and reconstruct paleoclimate and
paleoenvironmental changes in marine and terrestrial sediments [16–27].

Lacustrine facies are natural environments that are widely distributed in the world.
Lake sediments have a wide geographical distribution range and good sedimentary conti-
nuity, which can provide multi-index records of different time scales and resolutions [28].
Therefore, they are a good vector for the reconstruction of regional paleoclimate and
paleoenvironmental changes and play an important role in the study of paleoclimate
and paleoenvironmental evolution in the Quaternary [29–31]. With the development of
drilling technology in recent years, these lacustrine sediments provide continuous and high-
resolution climate records from different locations, providing rich, global, comprehensive
paleoenvironmental information [32,33].

However, due to the large spatial differences and complex physical and chemical envi-
ronments of lacustrine systems (area, depth, basin morphology, salinity, pH, conductivity,
etc.), there are still many difficulties in studying GDGTs in lakes. The conclusions obtained
in different regions are irregular, and the reconstructed paleoclimatic and paleoenviron-
mental information of various proxies may be different, inconsistent, or even contradictory.
For example, the tetraether index of 86 carbon atoms (TEX86) failed to reconstruct lake
surface temperature (LST) in many lacustrine systems, presumably because isoGDGTs in
lake sediments were derived from other sources such as methanotrophs [18,34–36]. The
MBT/CBT [13] indices are calculated based on the distribution of brGDGTs, using a combi-
nation of the methylation of branched tetraethers (MBT) and the cyclization of branched
tetraethers (CBT). They are shown to correlate with mean annual air temperature (MAAT)
in a global mineral soil dataset [15,17,37–39]. Due to the mixed sources of in situ production
in lake waters, sediments, or allochthonous input from soils or rivers [11,17], seasonal
variability in brGDGT production [40,41], and the regional differences among lakes, the
application of soil-based MBT/CBT indices to lacustrine systems could systematically
underestimate the MAAT. Hence, exhaustive studies of modern processes on the lake and
the establishment of lake-specific temperature calibrations based on the study are required
before applying the indicators, so as to clarify the information about the sedimentary
environment and the distribution of GDGTs in the surface sediments to ensure the accuracy
of reconstructed information [42–46].

As a product of special natural geographical conditions and geological environments,
saline lake sediments are extremely sensitive to paleoclimate and paleoenvironment. In
addition, saline lakes have often undergone an evolution from freshwater lakes to saltwater
lakes. The various stages of saline lake evolution could record abundant information about
climate and environmental evolution, even including information about salinization, which
is lacking in ordinary freshwater lakes [47,48]. Therefore, it is meaningful to carry out
paleoclimatic and paleoenvironmental reconstructions in saline lakes [46,49,50].

Saline lakes can be categorized into carbonate-type (also known as alkaline) or sulfate-
type lakes based on the levels of eight major ions (Na+, K+, Mg2+, Ca2+, Cl−, SO4

2−,
CO3

2−, and HCO3
−) [51,52]. In general, carbonate-type saline lakes, characterized by

Kn1 = (nCO3
2− + nHCO3

−)/(nCa2+ + nMg2+) > 1 and Kn3 = nSO4
2−/nCa2+ >> 1 [51,53],

contain high levels of CO3
2− or HCO3

− and thus are depleted in Ca2+, while sulfate-type
saline lakes are enriched in Ca2+ and SO4

2− and exhibit minimal levels of CO3
2−. This dis-

parity in ionic composition leads to significant differences in the composition, distribution,
and evolution of clay minerals in the two types of saline lacustrine systems [53–56]. This
divergence will eventually affect the formation and evolution of organic matter in those
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saline lacustrine systems [57,58]. However, there is a lack of understanding about whether
the ionic compositions of two types of saline lakes affect the generation and evolution of
GDGTs. Therefore, this study selected two types of saline lakes from the Ordos Plateau in
China to explore the influence of ionic composition on GDGTs and clarify the difference in
GDGT concentrations, the distribution of GDGTs, and GDGT-based indices in both types
of saline lacustrine systems. We also determined temperature calibrations suitable for the
two types of saline lakes.

2. Materials and Methods
2.1. Study Areas

The Ordos Plateau is located in the south of the Inner Mongolia Autonomous Region
and the east of the Ningxia Autonomous Region (37◦20′–40◦0′ N; 106◦24′–111◦28′ E). It covers
a total area of more than 120,000 km2 and consists of the Loess Plateau in the south and the
Ordos Desert in the north. The climate is warm and arid, with annual evaporation greatly
exceeding precipitation [54]. There are more than fifty closed to semi-closed lakes in this
region. These lakes have low seepage discharge with evaporation as the main water output.

Representative saline lakes were selected in the Ordos Plateau, NE China, with refer-
ence to Zheng [53,54]. The locations of the sampling sites are shown in Figure 1 and given
in Table 1. Seven carbonate-type saline lake sediments (HH, DL, NL, HM, SU, HD, and DK
were taken as representative lakes in Otog Banner of Inner Mongolia, China (Figure 1c).
An additional five sulfate-type saline lake sediments (GC, LN, BL, LH and HY) were taken
as representative lakes from Dingbian in Shanxi Province, China, and a sixth, WH, was
taken as a representative lake in Otog Qianqi of Inner Mongolia, China (Figure 1d). In
general, they are relatively small (1.2–6.0 km2 surface area) and shallow ponds (0.05–0.2 m
water depth) and even seasonally dry lakes, located from 1300 to 1700 m above mean sea
level. Most of lake basins were developed in the mid to late Holocene [53,54]. According
to records of the meteorological stations in Otog Banner of Inner Mongolia from 1981 to
2010, the mean annual air temperature (MAAT), mean summer temperature (MSAT), mean
winter temperature (MWAT), mean temperature of months above freezing (MAF) [59],
and mean annual lake water temperature (MLWT) [60] of the carbonate-type lakes are
approximately 7.5 ◦C, 21.5 ◦C, −7.6 ◦C, 12.6 ◦C, and 11.8 ◦C, respectively. The MAAT,
MSAT, MWAT, MAF, and MLWT of carbonate lakes are about 8.8 ◦C, 21.6 ◦C, −5.3 ◦C,
13.5 ◦C, and 11.3 ◦C, respectively, according to records of the meteorological station in Otog
Qianqi of Inner Mongolia and Dingbian of Shaanxi.

 

Figure 1. Location of the sampling sites in the Ordos Plateau, China. (a) and (b): Sketch map of the 

sampling basin/province. (c): Sampling location of sulfate-type saline lakes. (d): Sampling location 

of carbonate-type saline lakes. (Yellow dots, sulfate-type saline lakes; red dots, carbonate-type saline 

lakes). 

Figure 1. Location of the sampling sites in the Ordos Plateau, China. (a,b): Sketch map of the sampling
basin/province. (c): Sampling location of sulfate-type saline lakes. (d): Sampling location of carbonate-
type saline lakes. (Yellow dots, sulfate-type saline lakes; red dots, carbonate-type saline lakes).
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Table 1. Geochemical data from surface sediments of the 13 saline lakes in the Ordos Basin.

Name Location Altitude
(m)

Eight Main Ions Concentration (mg/L) Type Conductivity
(ms/cm) Salinity b (‰) b TDS

(ppm) pH TOC
(%)

C/N
RatioK+ Na+ Ca2+ Mg2+ Cl− SO42− CO32− HCO3−

HH
N: 38◦56’13.38”

1378 103.1 457.7 4.9 0.5 387.4 393.4 110.0 29.9 Carbonate-type lake 2.4 1.49 1140 9.1 0.03 0.8E: 108◦21’31.32”

DL
N: 39◦28’36.06”

1336 28.2 380.1 24.9 4.3 27.7 756.4 125.7 71.9 Carbonate-type lake 1.8 1.42 852 8.2 0.02 0.5E: 108◦24’41.70”

NL
N: 38◦40′52.10”

1344 2.9 547.4 0.0 84.4 269.5 237.0 120.0 4027.3 Carbonate-type lake 0.8 5.29 422 10.1 0.06 1.1E: 108◦18’49.32”

HM
N: 39◦05’57.94”

1353 274.2 36857.4 3.7 24.1 132,021.0 9729.5 22,107.4 18000.9 Carbonate-type lake 99.3 219.02 49,600 9.3 0.02 3.5E: 108◦02’32.46”

SU
N: 39◦17’33.24”

1334 101.6 392.9 185.3 1629.3 242.5 222.0 600.2 1322.1 Carbonate-type lake 1.2 4.70 580 9.8 0.06 2.8E: 109◦01’16.20”

HD
N: 38◦59’46.44”

1364 698.3 8219.4 22.8 - 5422.6 1191.6 5238.4 - Carbonate-type lake 29.6 20.79 13,980 11.0 0.02 0.8E: 108◦18’38.46”

DK
N: 39◦25’35.76”

1342 106.3 3004.7 2.9 - 1521.7 970.0 1751.0 523.6 Carbonate-type lake 11.6 7.88 5140 10.4 0.19 5.7E: 108◦39’12.78”

WH
N: 38◦21’41.70”

1299 160.1 6830.9 1175.1 281.1 109,638.1 61,685.2 - 79.9 Sulfate-type lake 185.9 179.85 14,550 7.5 0.97 19.9E: 107◦26’45.96”

GC
N: 37◦44′34.64”

1301 43.3 21629.4 670.4 1155.8 59,227.0 26,200.0 - 610.2 Sulfate-type lake 53.2 109.54 26,600 8.5 0.11 7.8E: 107◦31′21.55”

LN
N: 37◦38’27.30”

1311 310.1 9429.6 867.3 3266.7 14,818.2 14,105.6 15.7 79.9 Sulfate-type lake 49.6 42.89 21,280 8.3 0.06 2.2E: 107◦24’00.30”

BL
N: 37◦36’58.68”

1326 199.1 11140.3 1160.1 2176.6 19,914.7 7290.5 39.3 47.9 Sulfate-type lake 57.4 41.97 26,750 8.2 0.32 14.7E: 107◦24’29.46”

LH
N: 37◦36’10.92”

1326 237.2 6394.5 1827.8 3703.7 18,235.7 8968.5 31.4 95.9 Sulfate-type lake 50 39.49 21,760 8.5 0.29 10.5E: 107◦21’45.24”

HY
N: 37◦35’30.48”

1332 115.6 7628.2 607.6 1929.0 8886.5 12,113.9 23.6 87.9 Sulfate-type lake 36.5 31.39 15,750 7.9 0.09 11.7E: 107◦24’24.00”

“-”: indicates not detected. b: calculated as the sum of the measured ion.
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In June 2017, 13 sediment samples (0–5 cm) near the lake center were obtained with a
shovel. They were wrapped in aluminum foil and sealed bags. Each sample was consisted
of a homogenized mixture of three subsamples that were collected from each sampling
point. After removing all plant residue and stones, the sediments were freeze dried and
then ground to 200 mesh for further analysis.

2.2. Analysis of Hydrochemical Parameters

Because most saline lakes are dry saline lakes or small ponds, their water cannot
be sampled. We thus measured the hydrochemical parameter compositions from sedi-
ments [56,61].

A sediment sample (50 g) was mixed with 250 mL of decarbonated water in a 500 mL
polyethylene bottle, which was sealed and rigorously agitated at room temperature for
3 min. The supernatant was passed through a 0.45 µm filter, and the filtrate was stored in
darkness at 4 ◦C.

The concentrations of cations (Na+, K+, Mg2+, and Ca2+) were measured via induc-
tively coupled plasma–optical emission spectrometry (ICP-OES; Thermofisher ICAP6300,
Waltham, MA, USA). The concentrations of anions (Cl−, SO4

2−) were measured using an
ion chromatograph (Thermo-ICS 1500, USA) equipped with an AS11-HC analytical column
(4 × 250 mm; Dionex, Sunnyvale, CA, USA). The concentrations of HCO3

− and CO3
2−

were determined via double indicator neutralization titration.
The conductivity and total dissolved solids (TDS) were determined via electrical

conductivity (REX DDS-307, Shangai INESA Scientific Instrument Co., Ltd, Shanghai,
China). They were calibrated using standard solutions of KCl at 0.01 mol/L. Sediment pH
was determined using a pH meter (Mettler Toledo FE20, Greifensee, Switzerland). The pH
meter was calibrated against buffer standard solutions at pH values of 4.01, 7.00, and 9.00,
with an error of < ±0.03 pH units. Salinity was calculated as the sum of the measured ions.

2.3. Analysis of Total Organic Carbon (TOC) and the C/N Ratio

The sample (3–5 g) was mixed with 3 M HCl to remove inorganic carbon and sub-
sequently rinsed with deionized water until pH = 7. After freeze drying, the sample
was analyzed to determine the TOC content and C/N ratio using an elemental analyzer
(Elementar, Langenselbold, Germany).

2.4. X-ray Diffraction Analysis

Mineral compositions of sediment samples were determined using an Empyrean X-ray
Diffractometer (Malvern Panalytical, Westborough, MA, USA) set to 30 kV and 40 mA. The
mineralogy analyses were acquired from 2θ = 5◦ to 2θ = 45◦ at a scan rate of 2θ = 2◦ per
min and an increment of 2θ = 0.01◦.

2.5. Analysis of Lipids

About 30 g of sample was extracted with dichloromethane (DCM)/methanol (MeOH)
(9:1) using an accelerated solvent extractor (ASE100, Thermo, Waltham, MA, USA). The
total lipid extracts (TLEs) were desulfurized with acid-activated copper powder and then
concentrated. Subsequently, the TLEs were separated into apolar and polar fractions on a
silica gel column by using hexane and DCM:MeOH (1:1), respectively. The polar fraction
containing GDGTs was dissolved in DCM and filtered through a 0.45 µm (polytetrafluo-
roethylene) PTFE filter. The C46 standard was added for quantification [62].

GDGTs were analyzed using high-performance liquid chromatography with mass tan-
dem spectrometry (HPLC MS/MS; Agilent 1200, Santa Clara, CA, USA) with auto-injection
and ChemStation management software. The analysis conditions followed Yang [24]. 5- and
6-methyl brGDGTs were separated using two silica columns in tandem (150 mm × 2.1 mm,
1.9 µm, Thermo Finnigan; San Jose, CA, USA) maintained at 40 ◦C. Hexane and ethyl acetate
were used as mobile phases A and B, respectively. The sample was redissolved in A/B = 84:16
(v/v). A 10 µL sample was injected and initially isocratic for the first 5 min with A/B = 84/16,
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followed by an elution gradient from A/B = 84/16 to A/B = 82/18 from 5 min to 65 min and
then to A/B =0/100 from 65 min to 85 min, followed by A/B =0/100 from 85 min to 90 min to
wash the column and then back to A/B = 84/16 from 90 to 91 min, and finally equilibrated for
30 min. The flow rate was 0.2 mL/min. The GDGTs were ionized in an atmospheric pressure
chemical ionization chamber with single-ion monitoring at mass/charge ratios (m/z) 1050,
1048, 1046, 1036, 1034, 1032, 1022, 1020, and 1018 for brGDGTs, and m/z 1302, 1300, 1298,
1296, and 1292 for isoGDGTs. The GDGTs were quantified from the integrated peak areas of
the [M+H]+ ions. The GDGT concentrations were then normalized to TOC.

2.6. GDGT-Based Indices

All calculation formulas for GDGTs are shown in Table S1.

2.7. Statistical Analysis

The correlation analysis and linear regressions were performed using SPSS 19.0 soft-
ware. A p value < 0.05 indicated a significant correlation. Redundancy analysis (RDA) was
performed using Canoco 5.0 software. The concentrations of GDGTs, fractional abundances
of GDGTs, and GDGT-based indices were used as response variables; the hydrochemical
parameters were used as explanatory variables; they were all transferred to the Canoco 5.0
software (Microcomputer Power, Ithaca, NY, USA).

3. Results and Discussion
3.1. Hydrochemical Parameters and TOC of Lake Sediments

All hydrochemical parameters are listed in Table 1 and Table S4. The pH values
of the 13 lake sediments vary from 7.5 to 11.0, whereas sediments salinity varies from
1.42‰ to 219.02‰. The TOC varies from 0.02% to 0.97%. pH has linear correlations with
(nCO3

2− + nHCO3
−)/total ions (r = 0.707, p < 0.001) and nSO4

2−/total ions (r = −0.768,
p < 0.001).

3.2. Concentrations and Distribution Patterns of isoGDGTs

The concentrations of individual isoGDGTs and total isoGDGTs and the fractional
abundances of individual isoGDGTs are summarized in Table S2 and Figures 2 and 3.
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Significant amounts of isoGDGTs are present in all samples. The concentration of
isoGDGTs is highly variable, ranging from 3.02 µg/g TOC to 336.61 µg/g TOC, with
an average of 69.11 µg/g TOC. In carbonate-type lake sediments, the concentrations of
isoGDGTs vary from 13.53 µg/g TOC to 336.61 µg/g TOC, with an average of 111.84 µg/g
TOC. In sulfate-type lake sediments, the concentrations of isoGDGTs vary from 3.02 µg/g
TOC to 54.61 µg/g TOC, with an average of 19.26 µg/g TOC. The concentration is generally
higher in carbonate-type lake sediments compared to sulfate-type lake sediments (Figure 2).

The isoGDGT distributions of sediments are dominated by GDGT-0, consistent with
previous studies of lacustrine sediments [7,35,50]. The average fractional abundance of GDGT-
0 is 84.54% in sediments (Figure 3). The second most abundant isoGDGT is crenarchaeol, with
an average proportion of 5.96%. The fractional abundance of isoGDGTs is generally slightly
higher in carbonate-type lake sediments than in sulfate-type lake sediments.

3.3. Concentrations and Distribution Patterns of brGDGTs

The concentrations and distributions of typical brGDGTs in lake sediments are sum-
marized in Table S3 and Figures 2 and 3.

The concentrations of total brGDGTs in lake sediments vary from 1.18 to 217.32 µg/g
TOC, with an average of 42.92 µg/g TOC. Although the concentration of total brGDGTs is
highly variable, it is almost always the case that the total concentration in carbonate-type
samples is higher than that in sulfate-type samples. In carbonate-type samples, it ranges
between 3.83 and 217.32 µg/g TOC, with an average of 77.30 µg/g TOC. In sulfate-type
samples, it ranges from 1.18 µg/g TOC to 5.24 µg/g TOC, with an average of 2.88 µg/g TOC.

The brGDGTs without cyclopentane moieties (IIIa and IIIa’, IIa and IIa’, and Ia) are
generally more abundant than cyclopentane-ring-containing ones. Among them, pen-
tamethylated brGDGTs (IIa and IIa’) are generally the most abundant, followed by tetram-
ethylated (Ia) and hexamethylated (IIIa and IIIa’) brGDGTs. The fractional abundances
of summed IIa and IIa’ vary from 26.18% to 39.19%. This phenomenon also exists in the
distributions of 5-Me or 6-Me brGDGTs. For example, IIa is almost always more abundant
than IIIa. The exceptions are HM, DK, and LH, where the fractional abundances of summed
Ia (34.82%–37.52%) are higher than those of summed IIa and IIa’ (26.18%–30.81%). The
abundance of 6-Me brGDGTs is generally higher than that of their isomer 5-Me brGDGTs.
The isomer ratios of 6-Me brGDGT (IR6ME) values (6-Me/5-Me brGDGTs) vary between
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0.52 and 0.89. In summary, carbonate-type and sulfate-type lake sediments have similar
brGDGT distributions.

3.4. GDGT Proxies

The GDGT-based proxies for all lake sediments are presented in Figure 4. The TEX86
values for carbonate-type lakes and sulfate-type lakes are almost identical at 0.57 ± 0.12
and 0.57 ± 0.11, respectively. The archaeol and caldarchaeol ecometric (ACE) indices are
also similar for the two types of lake sediments at 45.2 ± 15.1 and 43.2 ± 19.1. The ratio
of archaeal isoGDGTs to brGDGTs (Ri/b) for carbonate-type lakes is generally lower than
that of sulfate-type lake sediments, with an average of 3.68 ± 4.23 in carbonate-type lakes
and 6.57 ± 6.59 in sulfate-type lakes. The GDGT-0/cren values for the two types of lake
sediments range from 10.60 to 108.45 in carbonate-type lakes and from 2.94 to 37.89 in
sulfate-type lakes. The Cren/cren’ values range from 6.34 to 10.08 in carbonate-type lakes
and from 6.74 to 13.93 in sulfate-type lakes.
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Figure 4. GDGT-based indices for the 13 surface sediments.

The MBT indices for carbonate-type lakes and sulfate-type lakes are similar at 0.37 ± 0.04
and 0.31 ± 0.06, respectively. Due to the low concentrations of IIIb and IIIc in all samples,
the MBT’ indices are almost identical to those of MBT. The MBT’5Me values for the two types
of lakes are 0.66 ± 0.10 and 0.73 ± 0.06, whereas the MBT’6Me values are 0.47 ± 0.07 and
0.35 ± 0.06. These differences between MBT’5Me and MBT’6Me may be due to the different
biological communities producing 5- and 6-methyl brGDGTs and a predominance of the
synthesis of 6-methyl brGDGTs in high-salinity environments [42]. The CBT indices for the two
types of lakes are also similar. The original CBT indices in carbonate-type lakes and sulfate-type
lakes are 1.35 ± 0.41 and 1.19 ± 0.38, respectively; the CBT5Me values in carbonate-type lakes
and sulfate-type lakes are 1.51 ± 0.36 and 1.08 ± 0.49, respectively; and the CBT6Me values in
carbonate-type lakes and sulfate-type lakes are 1.30 ± 0.53 and 1.30 ± 0.42, respectively. The
BIT index values in carbonate-type lakes are higher, at 0.93 ± 0.04, than those in sulfate-type
lakes, at 0.72 ± 0.11. The IR6Me values in carbonate-type lakes are lower, at 0.67 ± 0.13, than
those in sulfate-type lakes, at 0.83 ± 0.02. Except for Ri/b, GDGT-0/cren, BIT, and IR6Me, the
indices show no significant differences between the two types of saline lakes.

3.5. The Influence of Saline Lake Type on GDGTs
3.5.1. Relationships between GDGTs and Hydrochemical Parameters in Surface Sediments

The significance test and RDA were performed to examine the impact of the pro-
portions of the eight major ions ((nCO3

2− + nHCO3
−)/total ions, nSO4

2−/total ions, and
(nCa2+ + nMg2+)/total ions)), salinity, and pH on the GDGT concentrations and distributions,
and on GDGT-based indices (Figures 5 and 6). The results indicate that GDGT concentrations,
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distributions, and GDGT-based indices are weakly correlated with sediment salinity. The best
correlations are for GDGT concentrations and (nCO3

2− + nHCO3
−)/total ions.
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The concentrations of GDGT-0, total isoGDGTs, and total GDGTs have good correla-
tions with (nCO3

2− + nHCO3
−)/total ions (r = 0.90, p = 0.02; r = 0.91, p = 0.02; and r = 0.92,

p = 0.02, respectively). The concentrations of total brGDGTs, IIb’, and cren have slightly
weaker correlations with (nCO3

2− + nHCO3
−)/total ions (r = 0.82, p = 0.05; r = 0.75, p = 0.04;

and r = 0.57, p = 0.004, respectively). In contrast, nSO4
2−/total ions, (nCa2+ + nMg2+)/total

ions, pH, and salinity are insignificant factors in affecting GDGT concentrations. Among
all the variables, the concentration of GDGT-0 showed the highest correlation with pH and
nSO4

2−/total ions (r = 0.70, p = 0.04 and r = −0.57, p = 0.02). The Ic concentration has the
best correlation with (nCa2+ + nMg2+)/total ions, although it is relatively weak (r = 0.69,
p = 0.006). This may be because carbonate-type lakes contain more CO3

2− and HCO3
− than

sulfate-type lakes, and the organic matter (mainly algae) contents are positively correlated
with the concentrations of CO3

2− and HCO3
− [63]. As a result, the concentrations of

GDGTs in carbonate-type lakes are higher than those in sulfate-type lakes, and there is
a positive correlation between the concentrations of GDGTs and (nCO3

2− + nHCO3
−)/

total ions.
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The distributions of GDGTs are weakly correlated with all explanatory variables. Among
them, the fractional abundance of cren’ has weak negative correlations with pH (r = −0.68,
p < 0.001) and (nCO3

2− + nHCO3
−)/total ions (r = −0.57, p = 0.03). The fractional abundance

of IIb’ has the best correlation with nSO4
2−/total ions (r = 0.63, p < 0.001). The fractional

abundance of each GDGTs is not well correlated with (nCa2+ + nMg2+)/total ions.
GDGT-based indices are also weakly correlated with all explanatory variables. Among

them, 0/cren has weak correlations with pH (r = 0.63, p = 0.02), (nCO3
2− + nHCO3−)/total

ions (r = 0.62, p = 0.004), and nSO4
2−/total ions (r = −0.66, p = 0.004). CBT’6ME has a weak

correlation with (nCa2+ + nMg2+)/total ions (r = 0.62, p = 0.006).

3.5.2. Relationships between GDGTs and Mineralogy Characteristics in Surface Sediments

The linear relationship between feldspar content and GDGT concentrations observed
in Figure 7a is not very good (r2 = 0.35). However, it is also found that there is a certain
positive correlation between feldspar content and GDGT concentrations by comparing
Figures 7a and 8a,c. The content of feldspar in carbonate-type samples is higher than that
in sulfate-type samples, and the corresponding concentration of GDGTs in carbonate-type
samples is also higher than that in sulfate-type samples. This may be due to the low salt
(Figure 7b) and high pH environment formed by the strong weathering of plagioclase and
K-feldspar in carbonate salt lakes, which is conducive to plankton and soil microorganism
growth [52,64,65]. However, feldspar minerals in sulfate-type saline lakes have weak
weathering and a high concentration of sodium sulfate. Sodium stress and sulfate reduction
inhibit microbial growth [66–68]. Thus, the concentration of GDGTs in the two types of salt
lakes is different. The concentration of GDGTs in carbonate-type saline lake sediments is
significantly higher than that in sulfate-type saline lake sediments.
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(a). mineral content of carbonate-type saline lake sediments; (b). mineral content of sulfate-type
saline lake sediments; (c). GDGT concentrations in carbonate-type saline lake sediments; (d). GDGT
concentrations in sulfate-type saline lake sediments.) (Kfs, K-feldspar; Pl, plagioclase.).

On the other hand, compared with Figures 7c and 8b,d, the brGDGT concentration
is weakly negatively correlated with clay mineral content. Generally speaking, the clay
minerals in lake sediments mainly come from the surrounding soil, and the content of clay
minerals should be positively correlated with the concentration of brGDGTs imported from
terrigenous sources [69–71]. However, by comparing the relationship between the content
of clay minerals and the concentration of brGDGTs, it can be found that although the
content of sulfate-type clay minerals is high, there is no corresponding higher concentration
of brGDGTs in sulfate-type samples than in carbonate-type samples. Therefore, it can be
inferred that the ability of clay minerals to carry organic matter is very limited in arid
climates, and the attachment relationship between organic matter and clay minerals is not
as obvious as that of river-controlled lakes or offshore deposits. Therefore, it is possible
that the organic matter in the sediments of the two types of lakes is mainly authigenic and
low terrestrial inputs. There is no obvious difference between the parameters of the two
types of saline lakes.

3.6. Performance of GDGT Proxies
3.6.1. BIT

The mean BIT index value for carbonate-type lakes is 0.93 ± 0.04, and that for sulfate-
type lakes is 0.72 ± 0.11. Both types of saline lakes have quite high BIT values (>0.5), which
is consistent with other lakes [8,16,34,72]. The study of Powers [16] and Blaga [34] showed
that more than 75% of the global lakes have high BIT values (>0.5), especially those with
small scales, which may be due to the fact that most brGDGTs are generated in situ in the
water column or lake sediment [17,30,34,73,74]. Consequently, the BIT indices might not be
suitable as indicators to trace the input of soil organic matter to aquatic environments.

3.6.2. Reconstruction of LST Based on TEX86

We investigated the applicability of different TEX86 calibrations [16,30,75] to recon-
struct the LST values of these saline lakes (Figure 9). The reconstructed temperatures
in both types of saline lakes (approximately 15–19 ◦C) are significantly higher than the
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recorded MAAT of 7.5 ◦C (carbonate-type saline lakes) and 8.8 ◦C (sulfate-type saline lakes),
probably due to allochthonous and methanogen inputs [16,34,50,73]. The reconstructed
summer lake surface temperatures [16] in carbonate-type and sulfate-type saline lakes
are 21.18 ◦C ± 5.78 ◦C and 20.82 ± 5.12 ◦C, similar to the MSAT of 21.5 ◦C and 21.6 ◦C,
respectively. Given that isoGDGTs are derived from allochthonous and methanogen inputs,
we interpret that the agreement of the reconstructed summer lake surface temperature and
MAST is a coincidence [16]. However, the TEX86-reconstructed temperatures based on
soil calibration [22] are −5.54 ◦C ± 5.58 ◦C and −5.88 ◦C ± 4.95 ◦C in carbonate-type and
sulfate-type saline lakes, which are all lower than the observed MAAT. It can be seen that
the TEX86 indices are not suitable for LST reconstruction, probably due to the mixed source
synthesized in the lake or derived from the surrounding alkaline soils.
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3.6.3. Reconstructed Temperature Based on the brGDGTs Indices

Through the above analysis, we infer that brGDGTs in both type of lakes are produced
in situ, so various lake calibrations are applied to reconstruct temperature (Figure 10).
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In carbonate-type saline lakes, the MBT/CBT calibration to African lakes yields tem-
peratures at 11.39 ◦C ± 3.10 ◦C by Tierney [17] and 12.69 ◦C ± 1.75 ◦C by Loomis [19].
Applying the fractional abundances of the nine common brGDGTs reconstructs temper-
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atures at 15.63 ◦C ± 1.97 ◦C by Tierney [17] and 15.50 ◦C ± 1.37 ◦C by Loomis [19].
When using the regional calibration to Chinese and Nepalese lakes [40], the reconstructed
value obtained is 11.14 ◦C ± 2.25 ◦C. These reconstructed temperatures are all higher
than the reported MAAT (7.5 ◦C). Two calibrations established for lakes along a transect
from the Scandinavian Arctic to Antarctica are applied. The reconstructed temperature
is 19.69 ◦C ± 2.27 ◦C using the calibration by Pearson [18], which is also higher than the
recorded MAAT but similar to the MSAT (21.5 ◦C). The calibration of Foster [25] yields
a reconstructed temperature at 13.07 ◦C ± 2.03 ◦C, higher than the recorded MAAT but
lower than the MSAT value. A calibration developed for the Tibetan Plateau [49] generates
a reconstructed temperature with an average of 11.67 ◦C ± 4.21 ◦C, slightly higher than
expected but with more variability. The newly developed calibration for 35 Chinese alkaline
lake sediments [27] yields a reconstructed temperature at 11.72 ◦C ± 1.41 ◦C, which is
slightly higher than the MAF (12.6 ◦C) and only has slight variability. Employing the new
calibrations to the MAF for global lakes reconstructs the temperature at 19.48 ◦C ± 3.45 ◦C
by Martínez-Sosa [44] and at 19.66 ◦C ± 3.16 ◦C by Raberg [45], which are all higher than
the recorded MAF. Furthermore, two calibrations to the MLWT for saline lakes from China
are used. The reconstructed temperature is 15.72 ◦C ± 4.96 ◦C by Wang [46], higher than
the recorded MLWT (11.8 ◦C), and 9.18 ◦C ± 1.23 ◦C by Kou [42], slightly lower than the
recorded MLWT.

The above temperature calibrations were also performed in sulfate-type saline lakes.
Some temperature calibrations for African lakes were performed. The application of the
MBT and CBT indices to reconstructed temperature yields a result of 10.97 ◦C ± 3.04 ◦C by
Tierney [17] and 10.82 ◦C ± 2.38 ◦C by Loomis [19], which are slightly higher than the ob-
served MAAT (8.8 ◦C). Employing the fractional abundances of the nine common brGDGTs,
the reconstructed temperature is 15.14 ◦C ± 3.03 ◦C by Tierney and 13.66 ◦C ± 2.63 ◦C by
Loomis. The calibration for Chinese and Nepalese lakes [40] reconstructs a temperature of
10.08 ◦C ± 2.46 ◦C. Two calibrations for lakes along a transect from the Scandinavian Arctic
to Antarctica are applied. The reconstructed temperature value is at 18.90 ◦C ± 2.84 ◦C
using the formula provided by Pearson [18], higher than the recorded MAAT but similar
MSAT (21.6 ◦C). Applying the calibration of Foster [25] yields a reconstructed temperature
of 11.40 ◦C ± 2.59 ◦C, higher than the recorded MAAT but lower than the MSAT value. A
calibration developed for Tibetan Plateau [49] yields the values of 9.73 ◦C± 3.92◦C, slightly
higher than expected but with more variability. The calibration for 35 Chinese alkaline
lake sediments [27] reconstructs temperatures from 9.39 ◦C to 14.47 ◦C, with an average
of 11.67 ◦C ± 1.53 ◦C, which is slightly higher than expected and only has slight variabil-
ity. Employing the calibrations to the MAF for global lakes generates the temperature of
21.82 ◦C ± 2.10 ◦C by Martínez-Sosa [44] and 20.35 ◦C ± 1.66 ◦C by Raberg [45], all higher
than the recorded MAF. Furthermore, calibrations to the MLWT for saline lakes from China
are used. The reconstructed values obtained are 16.10 ◦C ± 3.27 ◦C by Wang [46], higher
than the recorded MLWT (11.8 ◦C), and 7.04 ◦C ± 1.11 ◦C by Kou [42], slightly lower than
the recorded MLWT.

In general, all the reconstructed temperatures are higher than the recorded MAAT.
The calibration to MAF for 35 Chinese alkaline lake sediments is more accurate than other
calibrations, which generates a temperature of 11.72 ◦C ± 1.41 ◦C (MAF = 12.6 ◦C) in
carbonate-type saline lakes and 11.67 ◦C ± 1.53 ◦C (MAF = 13.5 ◦C) in sulfate-type saline
lakes. In carbonate-type saline lakes, the calibrations to MLWT for Tibetan Plateau lakes
also appears to be the more relevant, which yields a temperature of 9.18 ◦C ± 1.23 ◦C
(MLWT = 11.8 ◦C). In sulfate-type saline lakes, the calibration for Chinese and Nepalese
lakes by Sun is more suitable, which reconstructs a temperature of 10.08 ◦C ± 2.46 ◦C
(MAAT = 8.8 ◦C).

4. Conclusions

We examined the distributions of GDGTs in different types of saline lakes from the
Ordos Plateau in China. First, our work indicates that ionic composition has an effect on the
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concentration of GDGTs. The concentrations of GDGTs in carbonate-type lake sediments
are significantly higher than those in sulfate-type lake sediments, and their concentrations
have good positive correlations with the (nCO3

2− + nHCO3
−)/total ions. Second, ionic

composition has no obvious effect on the distribution of GDGTs and GDGT-based indices.
The distribution of GDGTs is similar, and most GDGT-based indices show no significant
differences between the two types of saline lakes. These characteristics may be caused
by the different formation and evolution of the two types of saline lakes. Although the
brGDGTs in two types of saline lakes may mainly come from in situ biological production,
the different weathering levels of feldspar minerals lead to different organic matter content
in the two types of saline lakes, and ultimately, to different concentrations of GDGTs.
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