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ABSTRACT  16 

Isoprenoid glycerol dialkyl glycerol tetraethers (isoGDGTs) of archaeal origin and 17 

branched (br)GDGTs of bacterial origin occur in a diverse range of lacustrine 18 

sedimentary environments. They have attracted attention as potential temperature 19 

proxies, providing high resolution (palaeo)environmental reconstruction from 20 

continental interiors. For this study, the distribution of GDGTs and application of 21 

GDGT-based proxies to surface samples from Chaka Salt Lake (China) as well as soils 22 

and in-flow river sediments were investigated to assess whether GDGT-based proxies 23 

are applicable to this hypersaline lake system. We show that iso- and brGDGTs are 24 

present in all sediments and soils from the Chaka Salt Lake system. GDGT-0 and 25 

crenarchaeol were generally the two most abundant isoGDGTs, suggesting 26 

Thaumarchaeota as a major biological source of isoGDGTs. The low ratio of 27 

crenarchaeol/crenarchaeol regioisomer suggests that Thaumarchaeota of the lake 28 

sediments is likely Thaumarchaeota group I.1b derived from the surrounding alkaline 29 

soils, arguing against the use of the TEX86 proxy in this system. Because alkaline soils 30 

generally have high isoGDGT concentrations, it is likely that a large allochthonous 31 

input of isoGDGTs will be a pervasive challenge to palaeoclimate applications in such 32 

settings. On the other hand, the brGDGT distributions in the lake and river sediments 33 

differed markedly from those in the surrounding soils, suggesting that instead of 34 

deriving from the surrounding soils at least part of the brGDGTs are synthesized in situ 35 



or delivered from more distal upland soils. Taken together, our results indicate that the 36 

mixed sources of GDGTs in Chaka Salt Lake complicate the application of 37 

GDGT-based proxies, and it will be challenging to use such proxies in this system.   38 

 39 
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1. Introduction 41 

   Glycerol dialkyl glycerol tetraethers (GDGTs) are core membrane-spanning lipids 42 

synthesized by Archaea and Bacteria. They are ubiquitous in the environment, occurring 43 

in marine and lacustrine sediments, and in the water column, soil, peat, hot springs, 44 

loess and stalagmites [see Schouten et al. (2013) for a review]. Isoprenoid GDGTs 45 

(isoGDGTs) are characterized by two biphytane carbon skeletons with a varying 46 

number of cyclopentane moieties, exhibit sn–2,3 stereochemistry (Fig. 1), and are 47 

synthesized by Archaea, including Euryarchaeota, Crenarchaoeota and 48 

Thaumarchaeota (Weijers et al., 2007, Pearson and Ingalls, 2013). A specific isoGDGT, 49 

crenarchaeol, containing four cyclopentane rings and one cyclohexane ring appears to 50 

be synthesized exclusively by Thaumarchaeota (formerly Marine Group I 51 

Crenarchaeota; Sinninghe Damsté et al., 2002, Pitcher et al., 2010). Branched GDGTs 52 

(brGDGTs) are of putative bacterial origin, exhibit sn–1,2 stereochemistry and feature 53 

methylated alkyl chains containing up to two cyclopentane moieties (Sinninghe Damsté 54 

et al., 2000, Weijers et al., 2006). Although the specific biological source of brGDGTs 55 

has not been identified, Acidobacteria are generally considered to be the likely source 56 

organisms because structural characteristics similar to those of brGDGTs were found in 57 

the lipids of subdivisions 1, 3 and 4 of this phylum (Peterse et al., 2010, Sinninghe 58 

Damsté et al., 2011, 2014).  59 

  In recent years, numerous investigations have demonstrated that GDGT-based 60 



proxies in both marine and terrestrial sedimentary environments are powerful 61 

palaeoenvironmental recorders. TEX86 was first established using marine sediments and 62 

is based on the distribution of cyclic moieties of isoGDGTs, biosynthesized mainly by 63 

aquatic Thaumarchaeota (Schouten et al., 2002, Pearson and Ingalls, 2013, Schouten et 64 

al., 2013) that are ubiquitous and abundant in marine environments (Karner et al., 2001). 65 

Although TEX86 was initially developed for the marine environment, the occurrence of 66 

Thaumarchaeota in lacustrine environments (Keough et al., 2003) led to the 67 

development of several global and regional TEX86 lake calibrations (Blaga et al., 2009, 68 

Powers et al., 2010, Castañeda and Schouten, 2011). Application of TEX86 to lakes has 69 

generated lake water temperature values consistent with other approaches, suggesting 70 

that it can be applied to certain lacustrine systems to provide a new proxy for 71 

continental palaeotemperature change (Tierney et al., 2008, 2010a, Woltering et al., 72 

2011, Berke et al., 2012, Blaga et al., 2013). However, its application to some lakes has 73 

resulted in unreliable temperature estimates, presumably because the sediments 74 

contained isoGDGTs derived from other sources such as methanotrophs or non-aquatic 75 

Thaumarchaeota (Blaga et al., 2009, Pearson et al., 2011, Naeher et al., 2012, 76 

Sinninghe Damsté et al., 2012a, Naeher et al., 2014). 77 

  The methylation of branched tetraethers (MBT) and cyclization of branched 78 

tetraethers (CBT) indices were initially based on the analysis of brGDGTs in a global 79 

soil database (Weijers et al., 2007) (see Fig. 1 for GDGT structures). That work 80 



revealed that the distribution of brGDGTs in soil is strongly influenced by temperature 81 

and soil pH (Weijers et al., 2007, Peterse et al., 2012). The widespread occurrence of 82 

brGDGTs in lakes suggested that the proxy could also be applied to these systems 83 

(Blaga et al., 2009, Bechtel et al., 2010, Tierney et al., 2010b, Pearson et al., 2011, 84 

Wang et al., 2012). However, subsequent work suggested that the transfer functions 85 

originally developed for soils could systematically underestimate the actual temperature, 86 

as shown for some European and American lakes (Blaga et al., 2010), East African 87 

lakes (Tierney et al., 2010b), and Lake Lochnagar in Scotland (Tyler et al., 2010). This 88 

reflects two factors. First, brGDGT distributions differ between soil and lake sediment 89 

(Sinninghe Damsté et al., 2009, Tierney and Russell, 2009) and second, brGDGTs are 90 

evidently produced within lakes, either in the water column or in the lake sediment, 91 

making it unclear whether brGDGTs in a given setting arise from allochthonous (soil) 92 

input or in situ production (Tierney et al., 2010b, Loomis et al., 2011, Sinninghe 93 

Damsté et al., 2012a, Wang et al., 2012, Schoon et al., 2013). On this basis, several 94 

studies have attempted to generate regional and global lake-specific MBT(’)/CBT 95 

temperature calibrations (Tierney et al., 2010b, Pearson et al., 2011, Sun et al., 2011, 96 

Loomis et al., 2012, Günther et al., 2014). Reconstructed temperatures based on these 97 

lake-specific calibrations are in good agreement with instrumental values and/or other 98 

proxy records (D'Anjou et al., 2013, Peterse et al., 2014), although some discord 99 

between estimated and actual temperatures remains (Niemann et al., 2012, Sinninghe 100 



Damsté et al., 2012a). Hence, the mixed sources of brGDGTs in lake environments 101 

complicate their application, and more details about their distribution are required 102 

before applying them as palaoenvironmental recorders.  103 

  Although many studies have focussed on GDGTs in lacustrine settings (Blaga et al., 104 

2009, Bechtel et al., 2010, Das et al., 2012, Wang et al., 2012, Schoon et al., 2013, 105 

Naeher et al., 2014, Peterse et al., 2014), only a few studies have examined hypersaline 106 

lake systems (Günther et al., 2014, Huguet et al., 2015). In particular, very few studies 107 

have examined brGDGTs in hypersaline lakes. We have therefore investigated the 108 

distribution and concentration of GDGTs in sediments from a hypersaline lake system 109 

(Chaka Salt Lake), as well as in inflow river sediments and soil samples collected in the 110 

catchment to the west of the lake (Fig. 2). The lake was selected because its salinity is 111 

about 10x average seawater salinity (Zheng et al., 2002). In addition, microbial data are 112 

available for the lake (Jiang et al., 2006, 2007, Yang et al., 2013), which could help to 113 

support the identification of the biological source(s) of GDGTs. Moreover, the lake is 114 

not of marine origin but evolved from an inland freshwater lake, which makes it an 115 

excellent site for studying the behaviour of GDGTs in hypersaline lacustrine 116 

environments.  117 

 118 

2. Material and methods  119 

2.1. Study site  120 



  Chaka Salt Lake (36°38’–36°46’N, 99°01’–99°12’E) is an athalassohaline lake (a 121 

saline lake not of marine origin) 3200 m above sea level in the southeastern edge of 122 

Qaidam Basin in northwestern China (Fig. 2). It is located between Nanshan Mountain 123 

on the northern side and Ela Mountain on the southern side. Salinity ranges between 124 

317 and 347 psu. The area of the lake covers 105 km2, with a catchment area of ca. 125 

11,600 km2. It is a hydrologically half open drainage basin with no outflow, but is fed 126 

by two freshwater rivers: Mo River and Hei River. In addition, fresh water springs feed 127 

into the lake on its northeastern and southeastern bank (Fig. 2). Local meteorological 128 

data (http://cdc.nmic.cn/home.do) indicate that the lake and surrounding area are 129 

characterized by a dry continental climate. The mean annual temperature is 5.0 °C, with 130 

the lowest mean monthly temperature of –11.2 °C in January and the highest of 19.8 °C 131 

in July. The mean temperature for summer and winter is 18.6 °C and –9.2 °C, 132 

respectively. Annual precipitation (210 mm) is greatly exceeded by evaporation (2,000 133 

mm), causing the high salinity of the lake. The water depth is > 50 cm during the rainy 134 

season (June, July and August) and decreases to 1 cm during the dry season (January, 135 

February and March). The average lake pH is 7.0 and the pH of water from the Mo and 136 

Hei river is 7.0 and 6.8, respectively (Zheng et al., 2002, Liu et al., 2008). The soil pH 137 

of the catchment is between 7.9 and 8.4 (national soil database; 138 

http://vdb3.soil.csdb.cn/). At the time of sampling (August), the measured temperature 139 

of surface water is around 17 °C. 140 



  The landscape of the study site is dominated by alpine meadows and steppe, the 141 

vegetation type is dominated by C3 plant, mainly Poa sp., Kobresia sp., and Oxytropis 142 

ochrocephala (Duan et al., 2014). Typical soils are calcic brown soils and/or 143 

castanozem and all from low-density grassland covered soil.  144 

 145 

2.2. Sampling and laboratory analysis 146 

  Four river surface sediment samples (0-2 cm), six lake surface sediment samples (0-2 147 

cm) and five soil samples (0-2 cm) were collected in and around the lake during a field 148 

campaign in August 2011 (Fig. 2, Table 1). Samples were freeze-dried and 149 

homogenized with a mortar and pestle directly after transport to the laboratory.  150 

  Elemental and inorganic carbon (IC) were measured using a Carlo Erba EA1108 151 

Elemental Analyzer and modified Coulomat 702 analyser, respectively. Total Organic 152 

Carbon (TOC) concentration was determined by subtracting the IC content from the 153 

total C content. TOC values represent the mean of duplicate measurements. 154 

  Samples were weighted into tin capsules and introduced into the combustion furnace 155 

(1800 °C) flushed with O2. The combustion products were separated using gas 156 

chromatography (GC, Porpac Q column) and the composition (%) determined via 157 

thermal conductivity detection. IC was measured with a modified Coulomat 702 158 

analyser. It was liberated as CO2 using orthophosphoric acid and flushed with N2 into 159 

the coulomatic cell set to known pH (9.2), resulting in a decrease in pH. The magnitude 160 



of the current applied to return the cell to its original value is directly proportional to the 161 

IC released as CO2.  162 

  Lipid extraction generally followed Yang et al. (2012) with some modifications. Each 163 

sample (ca. 10 g) was ultrasonically extracted 6x with dichloromethane DCM/MeOH 164 

(9:1, v/v). The total lipid extract (TLE) was concentrated using rotary evaporation under 165 

vacuum and separated using column chromatography with silica gel as stationary phase 166 

and hexane/DCM (9:1, v/v) and DCM/MeOH (9:1, v/v) to yield an apolar and a polar 167 

fraction, respectively. The polar fraction, containing the GDGTs, was filtered over a 168 

0.45um PTFE filter with hexane/isopropanol (99:1, v/v) and dried under N2 prior to 169 

analysis using high performance liquid chromatography/atmospheric pressure chemical 170 

ionisation mass spectrometry (HPLC-APCI-MS).  171 

  GDGT analysis was performed with an Agilent 1200 series liquid chromatograph 172 

connected to a triple quadrupole mass spectrometer, using single ion monitoring (SIM) 173 

mode and m/z 1302, 1300, 1298, 1296, 1294, 1292, 1050, 1048, 1046, 1036, 1034, 1032, 174 

1022, 1020, 1018 and 744, 653 to enhance sensitivity. Separation was achieved using an 175 

Alltech Prevail Cyano column (150 × 2.1 mm, 3 µm), following the method of Yang et 176 

al. (2014). Quantification was obtained by addition of an internal synthetic C46 GDGT 177 

standard (cf. Huguet et al., 2006). The final quantification was semi-quantitative as we 178 

did not determine the relative response factor between GDGTs and the standard. For 179 

determination of ACE (see below), the response factors for archaeol and GDGT-0 were 180 



assumed to be identical  181 

 182 

2.3. Calculation of GDGT indices and proxies 183 

  Indices based on the distribution of GDGTs were calculated according to previous 184 

studies, TEX86 was calculated following the equation of Schouten et al. (2002), the 185 

Roman and Arabic numerals correspond to GDGT structures in Fig. 1:    186 

TEX!"  =  GDGT – 2 + GDGT – 3 + Cren′

GDGT – 1 + GDGT – 2 + GDGT – 3 + Cren′
         (1) 187 

The soil input index, BIT was calculated following the equation of Hopmans et al. 188 

(2004):  189 

BIT = GDGT – I + GDGT – II + GDGT − III
 GDGT – I + GDGT – II + GDGT – III + Cren

              (2) 190 

The MBT and CBT indices were calculated as follows (Weijers et al., 2007): 191 

MBT = ([I] + [Ib] + [Ic])
([I] + [Ib] + [Ic] + [II] + [IIb] + [IIc] +[III]+ [IIIb] + [IIIc])     (3) 192 

CBT = – log ( ([Ib]+[IIb])([I]+[II])  )             (4) 193 

The revised MBT’ was calculated according to the equation developed by Peterse et al. 194 

(2012): 195 

MBT′ = ([I] + [Ib] + [Ic])
([I] + [Ib] + [Ic] + [II] + [IIb] + [IIc] +[III])       (5) 196 

The ratio of total isoGDGTs and total brGDGTs index, Ri/b was calculated according to 197 

the equation of Xie et al. (2012): 198 

R!/! =
∑ !"#$%$&"
∑ !"#$#%&

                (6)  199 

The ratio of archaeol and GDGT-0 index, ACE was calculated according to the equation 200 



of Turich and Freeman (2011), except that the multiplication by 100 has been removed 201 

to make it more consistent with other GDGT-based indices.  202 

ACE = !"#$!%&'
!"#$!%&'!!!"#!! 

              (7) 203 

We note that recent analytical developments have revealed that the pentamethylated and 204 

hexamethylated brGDGTs actually comprise multiple structural isomers, with 205 

methylation at either C-5 or C-6 (De Jonge et al., 2013).This has resulted in a new soil 206 

calibration (De Jonge et al., 2014a) but not new lake calibrations. Here, we applied the 207 

original analytical approaches and calibrations, in which C-5 and C-6 isomers are 208 

integrated together.  209 

  TEX86 inferred lake surface temperature (LST) was calculated using Eqs. 8-12 210 

(Powers et al., 2010, Tierney et al., 2010a, Castañeda and Schouten, 2011). Specific 211 

calibrations for summer (SLST) and winter lake surface temperature (WLST) were used 212 

to infer seasonal temperatures (Powers et al., 2010).  213 

LST!"#$%&'()( =  50.8 × TEX!" − 10.4          (8) 214 

SLST!"#$%&'()( =  46.6 × TEX!" − 5.6          (9) 215 

WLST!"#$%&'()( =  57.3 × TEX!" − 17.5          (10) 216 

LST!"#$%#&'()( =  38.87 × TEX!" − 3.50          (11) 217 

LST!"#$"ñ&'"()** =  54.89 × TEX!" − 13.36         (12) 218 

  MBT’/CBT inferred mean annual air temperature (MAAT) was calculated for the soil 219 

and lake sediments. Based on a globally distributed soil calibration (Weijers et al., 220 



2007), MAAT can be obtained using Eq. 13. This calibration was extended and revised 221 

with a new transfer function (Eq. 14) by Peterse et al. (2012). In addition, new (local) 222 

calibrations were proposed by Yang et al. (2014) for semiarid and arid regions of China 223 

(Eq. 15 and 16). 224 

MAAT!"#$"%&'(() = (MBT− 0.12− 0.19 × CBT) 0.02       (13) 225 

MAAT!"#"$%"&'(& =  0.81− 5.67 × CBT+ 31.0 × MBT′       (14) 226 

MAAT!"#$%&'( =  7.5+ 16.1 × MBT− 1.2 × CBT        (15) 227 

MAAT!"#$%&'() =  20.9− 13.4 × 𝑓(II)− 17.2 × 𝑓(III)− 17.5 × 𝑓(IIb)+ 11.2 ×228 

 𝑓(Ib)                  (16)  229 

  All samples were analysed in duplicate and the data are presented as the mean of 230 

these duplicates. The average analytical duplicate error for GDGT-based indices was < 231 

0.01.  232 

  Several global and regional lake temperature calibration studies have been proposed 233 

for African lakes (Tierney et al., 2010b, Loomis et al., 2012), Chinese and Nepalese 234 

lakes (Sun et al., 2011) and lakes along a transect from the Scandinavian Arctic to 235 

Antarctica (Pearson et al., 2011), in addition the newly developed calibration for 236 

Tibetan Plateau (Günther et al., 2014): 237 

MAAT!"#$%#&'()( =  11.8+ 32.5 × MBT− 9.3 × CBT       (17) 238 

MAAT!"#$%#&'()(* =  50.5− 74.2 × 𝑓(III)− 31.6 × 𝑓(II)− 34.7 × 𝑓(I)   (18) 239 

MAAT!"#$%&& =  4.0+ 38.2 × MBT− 5.6 × CBT         (19) 240 



MAAT!"#$%&'()** =  20.9+ 98.1 × 𝑓(Ib)− 12.0 × 𝑓(II)− 20.5 × 𝑓(III)  (20) 241 

MAAT!""#$%&'(& =  2.5+ 45.3 × MBT− 5.0 × CBT       (21) 242 

MAAT!""#$%&'(&) =  36.9− 50.1 × 𝑓(III)− 35.5 × 𝑓(II)− 1.0 × 𝑓(I)    (22) 243 

MAAT!ü#$%&'()*+ =  −3.84+ 9.84 × CBT+ 5.92 × MBT′      (23) 244 

where f is the fractional abundance of a specific brGDGT relative to total brGDGTs. 245 

Note that in the above equations (and below), we use the prime symbol (i.e. 246 

MAATTierney2010 and MAATTierney2010’) to indicate calibrations that directly use fractional 247 

abundance of brGDGTs as opposed to MBT values.   248 

 249 

3. Results   250 

3.1. Concentration and distribution pattern of isoGDGTs 251 

  All samples contained isoGDGTs, but the concentration, normalized to total organic 252 

carbon (TOC), varied substantially (Table 1 and Fig. 3). The summed concentration 253 

(semi-quantitatively determined) in soils ranged from 80 to 1050 ng/g TOC, lower than 254 

concentrations in river and lake sediments, which varied from 580 to 2040 ng/g TOC 255 

and 60 to 2560 ng/g TOC, respectively. GDGT-0 was generally the most abundant 256 

isoGDGT both in river (50–80% of major isoGDGTs) and lake sediments (30–75%), 257 

with one exception in sample LS10 where crenarchaeol (33%) was the dominant 258 

isoGDGT (Table 1). The concentration of isoGDGTs with cyclopentane(s) moieties 259 

(isoGDGT 1-3) was low in most river and lake sediment samples. In river sediments, 260 



the relative abundance of crenarchaeol is higher than GDGT-1, GDGT-2 and GDGT-3. 261 

In contrast, lake sediments contained more complex distributions (Table 1); for example, 262 

crenarchaeol was generally more abundant than isoGDGTs 1-3, but the proportion of 263 

GDGT-1 was higher than that of crenarchaeol in samples LS5, LS8 and LS9 (Table 1, 264 

Fig. 3). The distribution pattern of isoGDGTs in soils was also variable. Crenarchaeol 265 

dominated in samples S11, S12, S14, whereas GDGT-0 was the most abundant in S13 266 

and S15 (Table 1, Fig. 3). 267 

  TEX86 values for river sediments and soils were almost identical at 0.68 ± 0.03 and 268 

0.69 ± 0.05, respectively (Table 1). The TEX86 values for lake sediments show high 269 

variability, ranging from 0.28 to 0.72. The ACE index, based on the relative abundance 270 

of archaeol and GDGT-0, was determined for river sediments, lake sediments and soils. 271 

ACE indices for river sediments and soils are generally lower than those of lake 272 

sediments, ranging from 0.01 to 0.18 in river sediment and from 0.01 to 0.14 in soils 273 

(Table 1). Indeed, the amount of archaeol in soil sample S14 is quite low, and the ACE 274 

index of S14 is close to 0. In contrast, the ACE values of lake sediments are generally 275 

higher than river sediments and soils (Table 1), varying from 0.16 to 0.66.  276 

 277 

3.2. Concentration and distribution pattern of brGDGTs 278 

  The concentration of total brGDGTs in river sediments, lake sediments and soils 279 

varied from 640-3300 ng/g TOC, 30-1740 ng/g TOC and 20-910 ng/g TOC respectively 280 



(Table 2, Fig. 3). In contrast to the lower concentration of isoGDGTs in soils than 281 

sediments, the total concentration of brGDGTs in river samples was higher than in lake 282 

sediments and soils. The brGDGTs without cyclopentane moieties (GDGT I, II, and III) 283 

were generally more abundant than cyclopentane ring-containing brGDGTs.  284 

  MBT indices for river and lake sediments were similar at 0.20 ± 0.02 and 0.16 ± 0.06, 285 

respectively. MBT for soils was lower, with values of 0.07 ± 0.01. Due to the low 286 

concentration of GDGT-IIIb and –IIIc for all samples, MBT’ was almost identical to 287 

MBT (Table 2). CBT values were also similar for river and lake sediments at 0.22 ± 288 

0.09 and 0.32 ± 0.23, respectively. CBT for soils was much higher at 1.26 ± 0.20 (Table 289 

2). BIT values for river sediments, lake sediments and soils were 0.77 ± 0.11, 0.68 ± 290 

0.18, and 0.57 ± 0.09, respectively (Table 1) – intriguingly, BIT values are lowest in the 291 

soils. The Ri/b index for river sediments, lake sediments and soils was 0.95 ± 0.27, 5.75 292 

± 5.34 and 2.48 ± 1.45, respectively.  293 

 294 

4. Discussion 295 

4.1. Potential biological sources of isoGDGTs 296 

4.1.1. GDGT-0 297 

  GDGT-0 has a wide range of biological sources. It is produced by all major groups of 298 

archaea except for halophilic archaea, although it has been found in halophilic 299 

environments (Turich and Freeman, 2011, Schouten et al., 2013). Despite that, the 300 



likely biological sources of GDGT-0 in terrestrial settings appear to be mainly 301 

methanogens and Thaumarchaeota (Blaga et al., 2009). The ratio of 302 

GDGT-0/crenarchaeol has been proposed to evaluate the contribution of GDGT-0 303 

produced by methanogens and a value > 2 is generally thought to reflect a substantial 304 

contribution from methanogens to the isoGDGT pool (Blaga et al., 2009, Bechtel et al., 305 

2010). The ratio was generally < 2 for our soil samples (except for one sample S15, 306 

Table 1), similar to the value for the catchment soils from other lakes (Naeher et al., 307 

2014), suggesting that GDGT-0 in the surface of soils of our hypersaline lake system is 308 

derived mainly from Thaumarchaeota. However the ratio was > 6 for S15, indicating 309 

that this soil could contain a significant amount of methanogens. The soils span a range 310 

of different types of calcic brown soils and/or castanozem, and all come from 311 

low-density grassland covered soil, indicating there must be additional factors other 312 

than soil type and vegetation type that determine the isoGDGT composition in soils.    313 

  The GDGT-0/crenarchaeol ratios in river sediments were much higher than those of 314 

the soils, with values between 1.7 and 7.1 (Table 1), suggesting that methanogens were 315 

a main source of GDGT-0. In comparison, the ratio in lake sediments was highly 316 

variable. For LS6, LS7 and LS10, it varied between 0.9 and 2.2. These values are 317 

similar to those for the surrounding soils and river sediments, indicating these lake 318 

sediments could contain significant contribution of Thaumarchaeota. However, some 319 

lake sediments were characterized by much higher ratio values, between 16.3 and 52.4 320 



for LS5, LS8, and LS9. These are similar to those reported from European lake 321 

sediments (Blaga et al., 2009) and indicate that methanogens are likely a major source 322 

of GDGT-0 in at least some of our lake sediments. These results suggest that there must 323 

be some methanogens with high salinity tolerance and which produce GDGT-0 in this 324 

hypersaline setting. However, the contribution of other types of halophilic archaea 325 

cannot be excluded. Although GDGT-0 has not been detected in cultures of these 326 

organisms, uncultured halophiles could be the producers of GDGT-0 in hypersaline 327 

settings (Turich and Freeman, 2011, Birgel et al., 2014, Huguet et al., 2015). Indeed, 328 

there is an increasing number of studies showing the potential of halophilic archaea to 329 

produce biphytanes (see Turich and Freeman (2011) and references therein). 330 

Microbial diversity analyses of water and sediments from the lake demonstrate that 331 

the majority of archaeal clone sequences in the sediments are related to methanogens 332 

and only a small proportion of sequences was affiliated with the Crenarchaeota group 333 

(Jiang et al., 2006), probably indicating the contribution of GDGT-0 from 334 

Crenarchaeota is less than methanogens. The phylogenetic compositions of the archaeal 335 

clone libraries of lake water show a distinct difference, all archaeal clone sequences for 336 

lake water were related to the Halobacteriales group due to high salinity (Jiang et al., 337 

2006). However, only a small percentage of sequences was related to Halobacteriales 338 

for lake sediments (Jiang et al., 2006), indicating the production of GDGT-0 from 339 

uncultured halophiles could not be excluded. Taken together our results indicate that 340 



GDGT-0 in river and lake sediments is derived predominantly from methanogens with 341 

high salinity tolerance and allochthonous Thaumarchaeota sources.    342 

 343 

4.1.2. Crenarchaeol and crenarchaeol regioisomer 344 

  Crenarchaeol and its regioisomer are considered to be synthesized uniquely by the 345 

phylum Thaumarchaeota (NH + 
4 oxidizing archaea) in aquatic and terrestrial 346 

environments including the water column, sediments and soils, and they have been 347 

found in all cultures of Thaumarchaeota (see Schouten et al., 2013 and references 348 

therein). Recent research suggests that it could also be synthesized by Marine Group II 349 

Euryarchaeota (Lincoln et al., 2014a), but that study is controversial (Lincoln et al., 350 

2014b, Schouten et al., 2014). Several studies have shown that significant quantities of 351 

the regioisomer (relative to crenarchaeol) are produced by soil Thaumarchaeota group 352 

I.1b, in contrast to the low amount normally found in (aquatic) Thaumarchaeota group 353 

I.1a (Kim et al., 2012, Sinninghe Damsté et al., 2012b). Therefore, we use the ratio of 354 

crenarchaeol and its regioisomer (cren/cren’) to distinguish the type of Thaumarchaeota  355 

(Sinninghe Damsté et al., 2012a, Liu et al., 2013). Based on published data, we propose 356 

that values >25 are indicative for Thaumarchaeota group I.1a and markedly lower ones 357 

indicative for group I.1b (Fig. 4, Table A1 in Supplementary material). An overview of 358 

reported values shows that cren/cren’ in soils is generally much lower than for lake and 359 

marine sediments (Fig. 4). The values for our river sediments, lake sediments and soils 360 



are similar: 13.3 ± 2.0, 10.2 ± 2.8 and 21.8 ± 6.9, respectively. Interestingly the values 361 

in the soils are higher than for the river and lake sediments (Table 1), but are all < 25. 362 

This suggests that Thaumarchaeota in the Chaka Salt Lake system are dominated by 363 

group I.1b Thaumarchaeota.  364 

  As halophiles are not known to produce crenarchaeol or its regioisomer, and the 365 

cren/cren’ ratios in our lake sediments are similar to those in river sediments and soils, 366 

we suggest that in the lake sediments crenarchaeol and its regioisomer derive 367 

predominantly from either surrounding soils or riverine input. This is supported by 368 

genomic data that indicate that the functional gene encoding for the first step in NH4
+ 369 

oxidation for Thaumarchaeota (amoA) was not present in water and sediment samples 370 

from Chaka Salt Lake (Yang et al., 2013). 371 

 372 

4.1.3. IsoGDGT-1 to 3 373 

  Significant amounts of isoGDGTs 1-3, containing cyclopentane moieties, were 374 

present in all samples. They can derive from both Thaumarchaeota and methanogens 375 

(and also anaerobic methanotrophs; Pancost et al., 2001, Schouten et al., 2013) and 376 

further investigation is required to verify their biological sources. As shown in Fig. 3, 377 

the average proportion of GDGT-1, GDGT-2 and GDGT-3 for each setting was similar, 378 

although the proportion of GDGT-1 in lake sediments was higher than the other two 379 

settings, leading to a relatively low TEX86 for lake sediments. Regardless of source, the 380 



average proportion of these isoGDGTs is roughly similar in river sediments and soils, 381 

suggesting that these isoGDGTs, like crenarchaeol, likely derive from the surrounding 382 

soils.    383 

 384 

4.1.4. Overview of isoGDGT sources                               385 

  It seems likely that the predominance of isoGDGTs in lake sediments, especially 386 

crenarchaeol and isoGDGTs 1-3, are derived from soils. It is likely that this arises from 387 

their atypically high concentration in the surrounding soils (Table 1). In fact, the 388 

average concentration of crenarchaeol in the soils (260 ng/g TOC) was higher than that 389 

in river (230 ng/g TOC) and lake sediments (110 ng/g TOC). This strong crenarchaeol 390 

contribution to the soils is evident from their relatively low BIT indices (0.57 ± 0.09) 391 

compared to previously investigated soils in which BIT indices are normally >0.9 (see 392 

Schouten et al. (2013) and references therein). Although this particular effect could be 393 

site-specific, we suggest that it could be characteristic of many hypersaline lake systems, 394 

because a relatively high concentration of crenarchaeol and relatively low concentration 395 

of brGDGTs is characteristic of arid environments and alkaline soils (Yang et al., 2014).  396 

   397 

4.2. Potential biological sources of brGDGTs 398 

  The distribution of brGDGTs, illustrated for example by a cross plot of MBT and 399 

CBT indices (Fig. 5), was markedly different between soils and sediments. The 400 



different distribution suggests that there is a contribution of in situ produced brGDGTs 401 

to the river and lake sediments and that the brGDGTs do not originate solely from the 402 

surrounding soils. The average brGDGT concentration for lake sediments is also higher 403 

than that for soils (Table 1), further indicating that a significant amount of brGDGTs is 404 

produced within Chaka Salt Lake. These results are consistent with those from other 405 

river and lake systems where brGDGTs are produced in situ (Zell et al., 2013, De Jonge 406 

et al., 2014b).  407 

GDGT distributions are also consistent with separate lake and soil sources. The 408 

distribution of brGDGTs in the sediments is similar to that in lakes from around the 409 

world, with GDGT-II dominating (Tierney et al., 2010b, Tyler et al., 2010, Loomis et 410 

al., 2011, Pearson et al., 2011, Sun et al., 2011, Schoon et al., 2013, Loomis et al., 2014). 411 

In contrast, the most abundant brGDGT in surrounding soils is GDGT-III. This further 412 

supports our suggestion that brGDGTs in our lake sediment samples were derived from 413 

in situ production, either in the lake water column or sediments. However, as discussed 414 

above, brGDGT distributions do differ. Although brGDGTs II and III are the most 415 

abundant in sediments and soils, in sediments GDGT II is nearly as abundant as GDGT 416 

III whereas it is less abundant than GDGT III in soils (Fig. 3). The dominance of GDGT 417 

III, followed by GDGT-II and GDGT-I, in soils is similar to that reported for soils from 418 

dry and cold regions like high altitude regions in Norway (Peterse et al., 2009), western 419 

states from the USA (Dirghangi et al., 2013) and Qinghai-Tibetan Plateau, China (Liu et 420 



al., 2013). 421 

  A complication is that microbial ecological analysis of this lake suggested that the 422 

majority of bacteria in the water and sediments were Bacteroidetes and low G + C gram 423 

positive bacteria, respectively (Jiang et al., 2006), and not Acidobacteria, a presumed 424 

biological source of brGDGTs (Sinninghe Damsté et al., 2011, 2014). This would 425 

suggest that either the brGDGTs in sediments from Chaka Salt Lake are derived from 426 

riverine sources and/or are produced in situ by organisms other than Acidobacteria. 427 

Moreover, it is not known if the microbial communities differ between the dry and rainy 428 

season; although both biomarker and microbial ecology sampling was conducted during 429 

the rainy season, it is possible that brGDGTs were generated at another time under 430 

different conditions. Further testing is required to differentiate these possibilities. 431 

 432 

4.3. Implications for application of GDGT proxies  433 

4.3.1. BIT  434 

  The BIT index was originally developed to trace the input of soil organic matter (OM) 435 

to aquatic environments. Values close to 1 (absence of crenarchaeol) are typical for 436 

soils, whereas values close to 0 are typical for open marine and large lake sediments 437 

(Hopmans et al., 2004). For Chaka Salt Lake the BIT values of river (0.77 ± 0.11) and 438 

lake sediments (0.68 ± 0.18) were higher than those of soil (0.57 ± 0.09). Previous 439 

studies have shown that the BIT index in soils is influenced by pH, with values 440 



decreasing in Chinese soils with pH > 5.5 (Yang et al., 2012); given the high pH values 441 

for soils surrounding Chaka Salt Lake, that is likely the explanation here. The 442 

predominance of isoGDGTs over brGDGTs in alkaline soils, in contrast to the brGDGT 443 

dominance in acid and neutral soils (Yang et al., 2014), is also reflected in higher Ri/b 444 

ratios (Xie et al., 2012). 445 

It seems that alkaline soils favor the growth of archaeal community, and especially 446 

Thaumarchaeota (Bates et al., 2011). Hence, the alkaline conditions in soils from the 447 

catchment area of Chaka Salt Lake (with pH around 8), will likely favor the growth of 448 

Thaumarchaeota, leading to the high amounts of crenarchaeol (and other isoGDGTs) 449 

we observe in our samples. Consequently, the limitations of the BIT index are likely 450 

relevant for other arid systems – and other hypersaline lakes.  451 

 452 

4.3.2. TEX86 453 

  The applicability of TEX86 is constrained by a variety of factors (see Schouten et al. 454 

(2013) and references therein), but the sources of isoGDGTs are considered to be 455 

particularly important in continental archives. It is not suitable to apply calibrations of 456 

TEX86 in lacustrine environments if the lake sediments contained large amounts of 457 

likely soil-derived isoGDGTs (Blaga et al., 2009, Powers et al., 2010), or if the lakes 458 

have been strongly influenced by methanogenesis (Blaga et al., 2009). Here we tested 459 

the applicability of TEX86 to reconstruct lake water temperature in Chaka Salt Lake. 460 



Interestingly, given the high allochthonous and methanogen inputs (see above), the 461 

reconstructed temperatures based on several lake calibrations (Powers et al., 2010, 462 

Tierney et al., 2010a, Castañeda and Schouten, 2011) are consistent with the measured 463 

surface water temperature of 17 °C (Fig. 6, and Table A2 in Supplementary material). 464 

The reconstructed summer lake surface temperature (Powers et al., 2010) is around 18 ± 465 

10 °C, similar to the measured surface water temperature (Fig.6). Given the strong 466 

evidence that isoGDGTs derive from surrounding soils rather than the lake, we interpret 467 

the agreement between TEX86-derived temperatures and lake temperatures as 468 

coincidental. Instead, this likely reflects the fact that TEX86 values in soil can record 469 

soil temperatures (Yang et al., 2016). Indeed, using the relationship obtained for an 470 

altitudinal transect of Mt Xiangpi in China (Liu et al., 2013, Yang et al., 2016), our 471 

TEX86 values yield MAT of -2 ± 3 °C, close to the observed MAAT of 5 °C.   472 

 473 

4.3.3. ACE 474 

  The relative abundance of archaeol to GDGT-0, the ACE index (Equation 7), was 475 

originally proposed to track increasing salinity in marine and hypersaline environments 476 

(Turich and Freeman, 2011). ACE also appears to successfully document salinity 477 

change in northeastern Tibetan lakes and soils (Wang et al., 2013). However, Günther et 478 

al. (2014) showed that in southwestern Tibetan saline high mountain lakes, the 479 

relationship between the ACE index and salinity was complex (Günther et al., 2014). 480 



Similarly, in tropical ponds, high ACE indices (between ca. 0.9 and 1) occur in ponds 481 

with markedly contrasting salinity, including low salinity, suggesting that it is not 482 

applicable to such settings (Huguet et al., 2015).  483 

  In our study, ACE indices of lake sediments (mean values 0.41) are higher than river 484 

sediments (mean value 0.09) and soils (mean value 0.03) (Table 1), as expected 485 

(although one river sediment RS4 has a higher ACE index of 0.18). However, the ACE 486 

indices of Chaka Salt Lake system are generally lower than those from marine 487 

environments (Turich and Freeman, 2011, Huguet et al., 2015), even though the water 488 

salinity of Chaka Salt Lake is ~10x higher. A high contribution of isoGDGTs, 489 

especially GDGT-0 from surrounding alkaline soils, as appears to be the case here, 490 

could bias the application of ACE index in lake sediments towards low values. This 491 

indicates that the sources of GDGT-0 in various saline environments should be 492 

constrained before the ACE index can be applied as a salinity proxy.  493 

 494 

4.3.4. MBT’/CBT 495 

  In general, lake sediments from cold regions are dominated by brGDGT-III, whereas 496 

those from warmer regions are dominated by brGDGT-I (Tierney et al., 2010b, Loomis 497 

et al., 2011, Sun et al., 2011, Shanahan et al., 2013), in-line with the overall temperature 498 

dependence of brGDGTs with an increase in the degree of methylation at lower 499 

temperatures. Here, the relative abundance of GDGT-I was lower than GDGT-III in 500 



both river and lake sediments (Fig. 3), in agreement with the low-temperature 501 

continental climate of the region and mean annual water temperature of the lake of 502 

5.0°C.  503 

  Temperatures derived from brGDGT distributions in soils range between -17.0 and 504 

-11.3 °C (Table A2 in Supplementary material), when applying the original global soil 505 

calibration (Weijers et al., 2007) and -5.7 to -2.3 °C with the revised calibration (Peterse 506 

et al., 2012) (Fig. 7). Both are markedly lower than the instrumental MAAT of 5 °C and 507 

lower than any modern soils in the calibration data set. In contrast to the global soil 508 

calibrations, application of the regional soil calibration (Yang et al., 2014) yields 509 

reconstructed temperatures more similar to the instrumental MAAT (Fig. 7). We 510 

conclude that this better agreement is especially due to the fact that these regional soil 511 

calibrations account for the impact of aridity on brGDGT distributions, which is known 512 

to lead to an underestimation of MAAT (Peterse et al., 2012).  513 

  As discussed above (Sections 4.2 and 4.3.1), brGDGTs in river and lake sediments 514 

appear not to derive from surrounding soils, but we cannot rule out the possibility of an 515 

upland soil source. Therefore, we calculated MAAT of the sediments by using 516 

soil-based calibrations (Fig. 7). Application of the original MBT-CBT calibration of 517 

Weijers et al. (2007) to river and lake sediments yielded temperatures of 1.8 and -1.2 °C 518 

respectively, slightly cooler than observed MAAT, taking into account the calibration 519 

error (ca. 5 °C) (Fig. 7). Applying the revised MBT’-CBT calibration of Peterse et al. 520 



(2012) to river and lake sediments yielded warmer reconstructed MAATs (5.9 and 521 

4.1 °C) that were similar to observed MAAT.  522 

  In contrast, the regional soil calibration of Yang et al. (2014) resulted in relatively 523 

high MAATs ( 9.0 -10.4 °C), higher in fact by 3.8-5.4 °C than observed MAAT (Fig. 7). 524 

Therefore, among soil calibrations, it is the global calibration of Peterse et al. (2012) 525 

that is most consistent with MAATs in the Chaka Salt Lake catchment, even though 526 

soils of this area are not included in the global calibration. We suggest that this is 527 

because the regional Chinese calibration of Yang et al. (2014) is dominated by arid soils 528 

that are not representative of inputs to Chaka Salt Lake. Although the lake is surrounded 529 

by arid and alkaline soils, the brGDGTs in its sediments do not appear to derive from 530 

them, as discussed above. Instead, brGDGTs could derive from upland soils from less 531 

arid settings, such that a global calibration is more appropriate.      532 

  Alternatively, the brGDGTs could be produced in situ in lake sediments. To explore 533 

this, we applied various MAAT lake calibrations to the river and lake sediments (Fig. 8), 534 

but these all yielded temperature values (significantly) higher than observed MAAT. 535 

The best fit to a MAAT of 5 °C was obtained using the calibration of (Sun et al., 2011), 536 

which generated MAATs of 10.3 ± 1.1 °C and 8.2 ± 3.3 °C for river sediments and lake 537 

sediments, respectively. Therefore, unless a strong summer production bias is invoked, 538 

lake-based calibrations do not appear applicable to Chaka Salt Lake.  539 

Therefore, the global soil calibrations appear to be most relevant Chaka Salt Lake – 540 



although that also assumes an input from upland rather than local soils. Although that is 541 

speculative, it is consistent with the lack of putative brGDGT-producing bacteria in the 542 

lake. If so, it suggests that the MBT/CBT palaeothermometer can be used in hypersaline 543 

systems, avoiding aridity biases that impact local soils, but it must be done so cautiously 544 

given the complex controls on how such signals are carried through catchments.  545 

 546 

5. Conclusions  547 

  We investigated the distributions of isoprenoid and branched GDGTs in river 548 

sediments, lake sediments and soils from Chaka Salt Lake, an inland hypersaline lake in 549 

China. Our work indicates that the GDGTs present in hypersaline lakes reflect both the 550 

high salinity conditions of the lake but also the processes that govern GDGT 551 

distributions and transport in the surrounding arid environment. We demonstrated that 552 

methanogens likely had a significant contribution to the isoGDGT pool of the river and 553 

lake sediments. Based on the low cren/cren’ ratio in all samples, Thaumarchaeota group 554 

I.1b likely were another major isoGDGT source, primarily from the surrounding 555 

alkaline soils. This also appears to have biased the ACE Index, with high allochthonous 556 

GDGT-0 inputs yielding lower-than-expected values. The brGDGT distributions in lake 557 

and river sediments differed markedly from surrounding soils, and higher concentration 558 

of brGDGTs occurred in lake sediments than soils, suggesting that at least part of the 559 

brGDGTs were synthesized in either the lake or river. However, the contribution of 560 



brGDGTs from upland soils cannot be excluded, and MAATs derived from lake 561 

sediment brGDGTs appear to be consistent with such an origin.  562 
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 833 

Tables  834 

Table 1 835 

 Fractional abundance of isoGDGTs and isoGDGT-based proxies for river sediments 836 

(RS), lake sediments (LS) and soils (S) in and around Chaka Salt Lake 837 

Sample  
Lat.( N) 

 

Long.( E) 

 

Fractional abundance of isoGDGTs (%) Total 

isoGDGTs 

(µg/g 

TOC) 

TOC(%) BIT Ri/b TEX86 cren/cren' GDGT-0/cren ACE  

GDGT-0 GDGT-1 GDGT-2 GDGT-3 cren cren’ 

RS1 36°47.496′ 99°01.296′ 55.8 5.3 7.4 3.4 25.9 2.2 1.09 1.84  0.69 1.28 0.71 11.84 2.16 0.11  

RS2 36°47.368′ 99°01.293′ 78.9 3.7 4.0 1.4 11.1 0.9 2.04 1.34  0.91 0.63 0.63 13.00 7.10 0.01  

RS3 36°47.219′ 99°01.304′ 66.4 5.0 6.3 2.7 18.1 1.5 0.58 1.58  0.80 0.89 0.68 12.21 3.66 0.07  

RS4 36°46.801′ 99°01.329′ 49.5 6.9 9.2 3.6 29.0 1.8 1.11 0.83  0.69 0.98 0.68 16.21 1.71 0.18  

LS5 36°44.719′ 99°03.379′ 71.6 19.5 6.1 1.2 1.4 0.1 2.56 1.71  0.81 14.35 0.28 11.13 52.41 0.16  

LS6 36°44.913′ 99°02.839′ 54.9 5.8 8.2 3.9 25.2 1.9 1.60 0.97  0.76 0.92 0.71 13.06 2.18 0.43  

LS7 36°44.768′ 99°02.896′ 45.2 6.4 9.7 4.3 31.8 2.6 0.52 2.03  0.56 1.81 0.72 12.24 1.42 0.66  

LS8 36°44.366′ 99°02.752′ 74.2 17.2 5.2 1.2 2.0 0.2 0.99 1.60  0.81 10.02 0.28 10.91 38.00 0.16  

LS9 36°44.309′ 99°02.765′ 69.6 16.9 6.7 2.0 4.3 0.5 0.51 1.39  0.79 4.99 0.35 8.51 16.33 0.43  

LS10 36°44.526′ 99°02.704′ 28.2 12.2 12.5 8.5 32.6 6.0 0.06 2.67  0.36 2.43 0.69 5.47 0.86 0.63  

S11 36°43.509′ 98°52.185′ 25.6 7.8 12.6 4.4 47.6 2.0 1.05 0.79  0.52 1.79 0.71 23.51 0.54 0.01  

S12 36°43.525′ 98°52.157′ 21.4 8.0 15.6 5.8 45.0 4.2 0.82 0.81  0.70 0.90 0.76 10.74 0.48 0.14  

S13 36°43.352′ 98°52.245′ 52.7 5.4 6.4 2.4 31.8 1.4 0.68 0.86  0.53 2.65 0.65 23.03 1.66 0.01  

S14 36°40.906′ 98°52.673′ 33.7 7.8 9.4 3.4 44.3 1.5 0.51 2.26  0.49 2.28 0.65 29.86 0.76 0.00  

S15 36°41.176′ 98°53.049′ 79.8 2.7 3.4 1.4 12.1 0.6 0.08 1.30  0.62 4.80 0.66 21.66 6.60 0.01  

  838 



Table 2  839 

Fractional abundance of brGDGTs and brGDGT-based proxies for river sediments (RS), 840 

lake sediments (LS) and soils (S) in and around Chaka Salt Lake 841 

Sam

ple 

Lat.( N) 

 

Long.( E) 

 

Fractional abundance of brGDGTs (%) Total 

brGD

GTs 

(µg/g 

TOC) 

TOC(

%) 
MBT CBT MBT' 

 

III IIIb IIIc II IIb IIc I Ib Ic 

RS1 36°47.496′ 99°01.296′ 33.6 1.9 0.2 29.3 13.4 1.6 9.6 5.4 5.0 0.85 1.84  0.20 0.31 0.20 

RS2 36°47.368′ 99°01.293′ 30.3 1.9 0.3 35.0 15.2 0.9 7.7 7.9 0.9 3.27 1.34  0.17 0.27 0.17 

RS3 36°47.219′ 99°01.304′ 28.8 3.0 0.5 27.6 16.0 2.4 8.6 9.1 4.0 0.64 1.58  0.22 0.16 0.23 

RS4 36°46.801′ 99°01.329′ 27.5 3.4 0.6 26.8 18.9 2.7 8.4 8.0 3.8 1.13 0.83  0.20 0.12 0.21 

LS5 36°44.719′ 99°03.379′ 50.0 2.9 0.3 27.0 7.5 0.8 9.1 1.8 0.7 0.18 1.71  0.12 0.59 0.12 

LS6 36°44.913′ 99°02.839′ 30.8 3.3 0.6 32.5 16.9 1.6 8.3 4.9 0.9 1.74 0.97  0.14 0.27 0.15 

LS7 36°44.768′ 99°02.896′ 34.0 2.9 0.4 31.9 15.4 1.3 7.7 5.1 1.3 0.29 2.03  0.14 0.29 0.15 

LS8 36°44.366′ 99°02.752′ 48.5 3.5 0.9 24.8 7.3 1.1 8.9 3.3 1.8 0.10 1.60  0.14 0.50 0.15 

LS9 36°44.309′ 99°02.765′ 45.4 2.4 0.0 25.7 10.6 2.5 6.7 3.9 2.7 0.10 1.39  0.13 0.35 0.14 

LS10 36°44.526′ 99°02.704′ 12.6 2.5 0.0 25.2 25.5 6.8 6.3 11.4 9.7 0.03 2.67  0.27 -0.07 0.28 

S11 36°43.509′ 98°52.185′ 50.6 1.2 0.1 37.6 1.5 1.8 5.0 0.5 1.6 0.59 0.79  0.07 1.33 0.07 

S12 36°43.525′ 98°52.157′ 53.0 1.4 0.2 36.5 2.4 0.5 4.8 0.5 0.5 0.91 0.81  0.06 1.14 0.06 

S13 36°43.352′ 98°52.245′ 45.0 0.8 0.3 45.4 1.6 0.7 5.6 0.6 0.0 0.26 0.86  0.06 1.38 0.06 

S14 36°40.906′ 98°52.673′ 53.8 0.5 0.0 37.0 1.1 1.7 4.5 0.3 1.2 0.22 2.26  0.06 1.47 0.06 

S15 36°41.176′ 98°53.049′ 45.9 0.0 0.0 39.8 4.9 1.8 7.5 0.0 0.0 0.02 1.30  0.08 0.98 0.08 
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 843 

Figure Captions 844 

Fig.1. Chemical structures and molecular ion m/z values for glycerol dialkyl glycerol 845 

tetraethers (GDGTs) and archaeol.  846 

Fig.2. Map of Chaka Salt Lake showing locations of samples. Sampling sites 847 

correspond to Table 1 and Table 2.  848 

Fig.3. Fractional abundance of GDGT 0-3, crenarchaeol, crenarchaeol’ and GDGT I-III 849 

as fractions of the sum of all GDGTs in river sediments, lake sediments and soils.  850 

Fig.4. Box plot showing scale values of cren/cren’ in soil, lake sediments and marine 851 

sediments, as well as Thaumarchaeota Group I.1a and Group I.1b from published 852 

literature (De La Torre et al., 2008, Blaga et al., 2009, Kim et al., 2010, Jung et al., 2011, 853 

Lehtovirta-Morley et al., 2011, Kim et al., 2012, Sinninghe Damsté et al., 2012b, Wang 854 

et al., 2012, Yang et al., 2012). 855 

Fig.5. Plots showing the distributions of MBT and CBT indices in river sediments, lake 856 

sediments and soils. 857 

Fig.6. Comparison of reconstructed temperature based on lake TEX86 calibrations in 858 

lake sediments as listed from Eq. 8 to Eq. 12.  859 

Fig.7. Comparison of reconstructed temperature based on soil calibrations in soils, river 860 

sediments and lake sediments as listed from Eq. 13 to Eq. 16.  861 

Fig.8. Comparison of reconstructed temperature based on lake calibrations as listed 862 



from Eq. 17 to Eq. 23. Calibrations of MBT/CBT and fractional abundance of branched 863 

GDGTs were applied to river sediments and lake sediments.  864 
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