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a b s t r a c t

Isoprenoid GDGTs (iGDGTs), along with their constituent biphytanyl moieties, are biomarkers for
archaea. In order to obtain more information on identifying the carbon source and potential carbon
assimilation pathway of archaea in surface sediments of Lake Qinghai and the surrounding soils, the sta-
ble carbon isotopic composition of iGDGT-derived biphytanes as well as its relationship with d13C values
of total organic carbon (TOC) and dissolved inorganic carbon (DIC) was investigated. The d13C values of
iGDGT-derived biphytanes ranged from �42.7‰ to �20.3‰. For example, the values for acyclic biphy-
tanes (BP-0), the most abundant, varied from �25.0‰ to �22.1‰ in offshore sediments, �30.5‰ to
�25.4‰ in surrounding soils and �42.7‰ to �32.0‰ in nearshore sediments. The wider variation than
that of d13CTOC (�26.9‰ to �25.1‰) in offshore sediments and that in surrounding soils indicated that
d13C values of BP-0 may be a sensitive indicator for examining the depositional environments between
terrestrial and lacustrine systems. With average d13C values of �23.6‰, crenarchaeol-derived biphytanes
(BP-cren) in offshore sediments were enriched in 13C (ca. 3.6‰) relative to TOC. In addition, the carbon
isotopic fractionation between BP-cren and DIC was �21.3‰, consistent with that reported for marine
Thaumarchaeota. The enrichment in 13C relative to TOC and the similar carbon isotopic fractionation indi-
cated that Thaumarchaeota in offshore sediments of Qinghai Lake are autotrophic. With average d13C val-
ues of �29.2‰, BP-cren in surrounding soils was depleted by 0.9‰ to 12.8‰ in 13C relative to DIC. The
quite large scatter in carbon isotopic fractionation between BP-cren and DIC indicated that the biomass
of soil Thaumarchaeota originated from inorganic and organic carbon sources, suggesting a mixotrophic
lifestyle.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Isoprenoid glycerol dialkyl glycerol tetraethers (iGDGTs, see
Appendix in Supplementary material for structures), the core
membrane lipids of archaea, consist of an isoprenoid carbon skel-
eton ether-bonded to a glycerol moiety containing 0–8 cyclopen-
tane rings (De Rosa and Gambacorta, 1988). They occur
ubiquitously in diverse settings, including the oceans (e.g.
Schouten et al., 2002; Kim et al., 2010), lakes (e.g. Blaga et al.,
2010; Powers et al., 2010; Tierney et al., 2010; Loomis et al.,
2011; Wang et al., 2012), hot springs (e.g. Zhang et al., 2011) and
soils (e.g. Weijers et al., 2006a, 2010; Peterse et al., 2010; Wang
et al., 2012). Over the past decade, iGDGTs have been extensively
studied since they are used not only as biomarkers for the presence

and abundance of certain groups of archaea, as well as the biogeo-
chemical processes in which they are involved (e.g. de la Torre
et al., 2008; Pitcher et al., 2011; Zhang et al., 2011; Schouten
et al., 2012), but also as proxies for surface sea water temperature
(Schouten et al., 2002), soil organic matter (OM) input (Hopmans
et al., 2004) and the detection of marine gas hydrate instability
(Zhang et al., 2011).

The stable carbon isotopic composition of biphytanes derived
from GDGTs has been used to investigate their possible carbon
source and assimilation pathway (Weijers et al., 2010). Lipids of
heterotrophic microorganisms are supposed to resemble the car-
bon isotopic composition of the involved OM (Hayes, 1993), while
lipids of chemolithoautrophic microorganisms depend on the pri-
mary carbon source (CH4, CO2 or HCO�3 ). Hoefs et al. (1997) found
that the d13C values of crenarchaeol-derived biphytanes (BP-cren)
in marine suspended particulate OM (POM) and sediments were
enriched relative to those of algal isoprenoids and suggested that
marine Thaumarchaeota used a 13C-enriched carbon source, either
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sugars or HCO�3 . Kuypers et al. (2001) found that BP-cren in Creta-
ceous sediments was enriched in 13C (�18‰ to �17‰) relative to
its values (�23‰ to �20‰) in present day marine POM due to the
enrichment of dissolved inorganic carbon (DIC) by 2–3‰ relative
to modern values. Further studies, including genomic analysis
and culture experiments, indicated that planktonic Tha-
umarchaeota are chemolithoautrophic (Wuchter et al., 2003;
Könneke et al., 2005; Hallam et al., 2006; Park et al., 2010; Jung
et al., 2011; Kim et al., 2012). The isolation of Nitrosopumilus mari-
timus confirmed that a ubiquitous and abundant group of archaea,
recently proposed as the novel phylum Thaumarchaeota, can grow
chemolithoautrophically by oxidizing NH3 to NO�2 and by fixing
inorganic carbon via a 3-hydroxypropionate/4-hydroxybutryrate
pathway (Walker et al., 2010). Tourna et al. (2011) further isolated
an NH3 oxidizing archaeon (Nitrososphaera viennensis) from soil.
Additional enrichment cultures and metagenomic analysis demon-
strated that all members of the novel phylum Thaumarchaeota are
able to grow chemolithoautotrophically (Walker et al., 2010;
Tourna et al., 2011).

Studies of GDGTs, as well as their carbon isotope composition,
began later for lacustrine and terrestrial environments than for
marine environments (cf. Sinninghe Damsté et al., 2009; Tierney
et al., 2010). In contrast to marine environments, lacustrine sys-
tems, especially for smaller lakes, are much more unstabile and
heterogeneous since the physical (size, depth, basin morphology,
catchment area) and chemical (temperature, salinity, pH, oxygen
and nutrient concentrations) properties of lakes vary greatly
(Castaneda and Schouten, 2011). Few studies have reported stable
carbon isotopic values of GDGTs and their relationship with the
TOC and DIC in such systems, although numerous studies of GDGT
distributions have been carried out (e.g. Hopmans et al., 2004; Bla-
ga et al., 2009; Sinninghe Damsté et al., 2009; Powers et al., 2010;
Wang et al., 2012). In our previous study of the Lake Qinghai re-
gion, the iGDGT distributions and their geochemical implications
were investigated (Wang et al., 2012). The results showed that
iGDGTs originated from in situ production, while terrestrial iGDGT
input seemed minor for offshore sediments in this saline lake. The
present study supports these findings but focuses more on the

carbon isotopic composition of biphytanes after ether cleavage of
iGDGTs in surface sediments of the lake and surrounding soils, as
well as its relationship with d13CTOC and d13CDIC. The main purpose
was to investigate the carbon source and potential carbon assimi-
lation pathway of archaea in surface sediments of Lake Qinghai and
the surrounding soils.

2. Experimental

2.1. Study sites

Lake Qinghai (36�320 to 37�150N, 99�360 to 100�470E; Fig. 1) lies
in a closed intermontane basin on the Qinghai-Tibet Plateau with a
mean annual precipitation of 400 mm (Henderson et al., 2003; Liu
et al., 2008). It is saline (116 g/l, dominated by Na and Cl), alkaline
(pH 8.8–9.3; Xu et al., 2010a), at an altitude of 3193 m and has a
surface area of 4400 km2. The maximum water depth is ca. 27 m
(avg. 21 m). The lake receives freshwater input from more than
40 rivers and streams, and is closed, with water lost primarily
through evaporation. Annual evaporation (800–1000 mm yr�1) in
the region is generally significantly higher than mean annual pre-
cipitation (Shen et al., 2005). The mean summer lake surface tem-
perature is ca. 10 �C, while the mean annual air temperature is
�0.7 �C (Wang et al., 2010). Thermal stratification occurs in sum-
mer and inverse thermal stratification in winter (Wang et al.,
2012). The average mass accumulation rate is 0.0337 g cm�2 a�1

(Xu et al., 2010b). The lake can be regarded oligotrophic on the ba-
sis of total nitrogen (Dokulil et al., 2000).

2.2. Samples

A total of 14 samples were collected (Table 1) from the lake re-
gion in 2010 and 2011. Samples were divided into three groups:
offshore sediments, nearshore sediments and surrounding soils
(Table 1 and Fig. 1). Offshore and nearshore sediments were col-
lected from the top 5 cm of cores. Surrounding soils (upper 5 cm,
mainly humus) were collected from the nearby mountains, all
being from the lake catchment (Jin et al., 2010).

Fig. 1. Sample sites and atmospheric circulation patterns. Only large rivers are indicated. EASM, EAWM, WW and SWM are abbreviations for East Asian Summer Monsoon,
East Asian Winter Monsoon, Westerly Wind, and Southwest Monsoon, respectively. Closed squares (j), circles (d) and triangles (N) indicated sample sites for offshore
sediments, nearshore sediments and surrounding soils, respectively.
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2.3. d13CTOC and d13CDIC

The d13CTOC values were analyzed as described by Liu et al. (2005).
Ca. 3 g sieved sample was treated with 2 mol l�1 HCl for 24 h at room
temperature to remove carbonate. The sample was then washed
with distilled water to pH > 6 and dried at 40 �C before combustion
(4 h, 860 �C) in an evacuated sealed quartz tube in the presence of Ag
foil and CuO. The purified CO2 was then analyzed for carbon isotopes
using a Finnigan MAT 251 gas mass spectrometer, with a precision of
0.2‰. The carbon isotopic composition of water DIC was analyzed as
described by Atekwana and Krishnamurthy (1998) and Li et al.
(2012). Water samples (5–15 ml) were injected into the septum
tubes. The sample vessel was stirred in a water bath at 60 �C for
30 min and the evolved CO2 extracted in a vacuum line and collected
in traps cooled with liquid N2. The isotopic ratio values of the CO2

were obtained using a Finnigan MAT 251 gas source mass spectrom-
eter. The overall precision of the d13C analysis was < 0.2‰, based on
the analysis of a NaHCO3 solution.

2.4. Lipid extraction and separation

Ca. 20 g of freeze dried and homogenized sample were ex-
tracted using MeOH, MeOH/dichloromethane (DCM; 1:1, v/v) and
DCM respectively with a Dionex ASE350 instrument. The extract
was dried under a gentle N2 stream, dissolved in hexane/isopropa-
nol (99:1, v/v), filtered through a 0.45 lm PTFE syringe filter, dried
under a gentle N2 stream and fractionated over an activated silica
gel column. The lipid fraction was eluted with 25 ml hexane/EtOAc
(3:1, v/v) according to a procedure modified from Oba et al. (2006)
and Pitcher et al. (2009).

2.5. Ether cleavage

The alkyl moieties of the iGDGTs were released according to the
procedure reported by Summons et al. (1998). Initially, the extract

was treated with an excess of BBr3 in DCM (HPLC grade) for 2 h at
70 �C under an atmosphere of high purity Ar (99.999%). The result-
ing alkyl bromides were converted to the corresponding hydrocar-
bons by reaction with a slight excess of Li(C2H5)3BH for 2 h at 70 �C
in THF, also under Ar. After quenching the reaction using deionized
water, the products were extracted with DCM and the hydrocar-
bons purified using a silica gel column, eluting with hexane. The
hexane eluate was carefully dried under a N2 stream for further
analysis.

2.6. Gas chromatography (GC) and GC–thermal conversion–isotope
ratio mass spectrometry (GC–TC–IRMS)

Individual iGDGT-derived alkanes were quantified with a HP
6890 gas chromatograph at the Institute of Earth Environment,
Chinese Academy of Sciences. An HP-1 MS column (60 m,
0.32 mm i.d., 0.25 lm film thickness) was used with He
(1.3 ml min�1) as carrier gas. The GC column was held at 60 �C
for 1 min and then programmed to 320 �C (held 45 min) at 30 �C/
min.

Carbon isotopic analysis of the alkanes was performed using
GC–TC–IRMS. A Thermo Trace Ultra gas chromatograph was used
along with a high temperature pyrolysis unit connected online to
a Thermo Delta V Advantage isotope ratio mass spectrometer. Indi-
vidual compounds were pyrolyzed at 1450 �C to CO2, which was
introduced into the mass spectrometer. The temperature program
and GC column were identical to those used for GC analysis. Repro-
ducibility and accuracy were evaluated using a standard contain-
ing five n-alkanes (C21, C25, C27, C29, C33) between every four
measurements. Based on this, the internal precision of the mea-
surements was ± 0.3‰. An internal standard (n-C36 alkane) was
also applied to examine the precision of quantitative analysis. It
has to be noted that some biphytane peaks were generally small,
so 13C values are associated with slightly larger errors, gener-
ally ± 1.0‰. All samples were run in duplicate and the mean of

Table 1
Overview of GPS data, sample dates and d13C data for surface sediments and surrounding soils of Lake Qinghai (n.d., not determined; n.a., not available).

Sample Identity GPS data Date Water
depth (m)

d13C (‰ vs. VPDB) eBP-0-DIC

(‰)
eBP-cren-

DIC (‰)
eBP-0-

TOC (‰)
eBP-cren-

TOC (‰)
DIC TOC BP-0 BP-

1
BP-2 BP-

cren

Offshore
sediment

L1 37�0039.3000N
100�12054.2000E

2011.09 25 0.3 �27.6 �23.8 n.d. �20.8 �22.2 �24.1 �22.5 3.9 5.6

Offshore
sediment

L2 36�55021.7000N
100�9051.4000E

2011.09 25 �2.3 �27.6 �22.1 n.d. �20.3 �23.9 �19.9 �21.6 5.7 3.8

Offshore
sediment

L3 36�39034.0000N
100�35037.0000E

2011.08 25 �3.3 �26.9 �23.4 n.d. �22.2 �22.3 �20.2 �19.1 3.6 4.7

Offshore
sediment

L4 36�38020.9900N
100�33024.2100E

2011.08 25 �3.3 �26.9 �25.0 n.d. �22.7 �22.7 �21.8 �19.5 2.0 4.3

Offshore
sediment

L5 36�38053.3700N
100�36015.9100E

2011.08 25 �3.3 �26.9 �23.9 n.d. �24.6 �26.9 �20.7 �23.7 3.1 0.0

Surrounding
soil

S1 36�49050.8900N
99�37012.9000E

2010.11 n.a �18.3 �25.6 �30.4 n.d. �23.5 �24.5 �12.3 �6.3 �4.9 1.1

Surrounding
soil

S2 37�2051.2000N
100�26049.1000E

2010.11 n.a �14.2 �25.1 �29.6 n.d. �27.0 �27.0 �15.7 �13.1 �4.6 �2.0

Surrounding
soil

S3 36�4701.4000N
99�39046.7000E

2010.11 n.a �17.7 �25.8 �30.5 n.d. �28.6 �24.4 �13.0 �6.8 �4.8 �1.4

Surrounding
soil

S4 36�45047.5000N
99�32011.3000E

2010.11 n.a n.d. n.d. �30.2 n.d. n.d. n.d. n.a n.a n.a. n.a.

Surrounding
soil

S5 36�4503.9000N
99�36031.5000E

2010.11 n.a �18.3 �25.6 �29.8 n.d. �25.2 �22.8 �11.6 �4.6 �4.3 2.9

Surrounding
soil

S6 36�42039.0400N
99�31053.3100E

2011.06 n.a �12.5 �25.4 �28.2 n.d. �28.3 �26.3 �15.9 �14.0 �2.9 �0.9

Surrounding
soil

S7 36�42011.5000N
99�33030.5000E

2011.06 n.a n.d. �25.4 �25.4 n.d. �21.7 �23.5 n.a n.a 0.0 2.0

Nearshore
sediment

N1 36�37057.5000N
100�6055.7000E

2010.11 n.a �9.1 �25.9 �32.0 n.d. n.d. n.d. �23.1 n.a �6.3 n.a.

Nearshore
sediment

N2 36�57048.2000N
99�49038.3000E

2010.11 n.a �11.4 �26.9 �42.7 n.d. n.d. �29.1 �31.7 �17.9 �16.2 �2.3
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the values is reported. The compounds were identified from reten-
tion times and the chromatograms were slightly different among
the different locations.

2.7. Apparent carbon isotopic fractionation calculation

The apparent carbon isotopic fractionation (ebiphytane-DIC and
ebiphytane-TOC) was calculated as in:

ebiphytane�DIC ¼ ½ðd13Cbiphytane þ 1000Þ=ðd13CDIC þ 1000Þ � 1�
� 1000ð‰Þ

ebiphytane�TOC ¼ ½ðd13Cbiphytane þ 1000Þ=ðd13CTOC þ 1000Þ � 1�
� 1000ð‰Þ

3. Results

3.1. Biphytanes

Acyclic biphytane (BP-0 in the Appendix in the Supplementary
material) was the most abundant iGDGT-derived hydrocarbon re-
leased by ether cleavage. Its d13C value was measured for all sam-
ples (Table 1). The d13C values of bi- and tricyclic biphytanes (BP-2,
BP-cren in Appendix) were obtained for most of the samples,
although they were often in much smaller amount than BP-0
(see Fig. 2. for GC chromatogram for sample L2). Unfortunately,
the d13C values of the monocyclic biphytane (BP-1) were not deter-
mined because of insufficient amount for isotope analysis,
although it was detected in most of the samples. The relative
amounts of biphytanes were consistent with our previous study
of the distributions of iGDGTs for surface sediments and surround-
ing soil of Lake Qinghai, which showed that GDGT-0 and GDGT-
cren were the most abundant iGDGTs (Wang et al., 2012).

The d13C values of iGDGT-derived biphytanes showed wide var-
iation, ranging from �42.7‰ to �20.3‰ and the distributions dif-
fered among offshore sediments, nearshore sediments and
surrounding soils (Table 1 and Fig. 3). The d13C values of those from
the offshore sediments had a narrow range between �26.9‰ and
�20.3‰, while from nearshore sediments and surrounding soils,
the values ranged between �30.5‰ and �21.7‰, and �42.7‰

and �29.1‰, respectively (Table 1). Among the biphytanes, BP-0
had the widest variation. Its values for offshore sediments, sur-
rounding soils and nearshore sediments ranged from �25.0‰ to
�22.1‰ (avg. �23.6‰), �30.5‰ to �25.4‰ (avg. �29.2‰) and
�42.7‰ to �32.0‰ (avg. �37.4‰), respectively (Table 1). The
mean values for BP-2 and BP-cren were �22.1‰ and �23.6‰ for
offshore sediments, and �25.7‰ and �24.8‰ for surrounding
soils, respectively (Table 1). Unfortunately, most of the values for
BP-2 and BP-cren from nearshore sediments were not reported
due to the very low amount. Generally, the values for the biphy-

tane showed a similar pattern in the following order: nearshore
sediments < surrounding soils < offshore sediments.

3.2. d13CTOC and d13CDIC

The d13CTOC values (Table 1) varied from �27.6‰ to �26.9‰

(avg. �27.2‰) for offshore sediments, from �25.8‰ to �25.1‰

(avg. �25.5‰) for surrounding soils and from �26.9‰ to �25.9‰

(avg. �26.4) for nearshore sediments. The d13CDIC values (Table 1)
varied from �3.3‰ to 0.3‰ (avg. �2.4‰) for offshore sediments,
from �18.3‰ to �12.5‰ (avg. �16.2‰) for surrounding soils and
from �11.4‰ to �9.1‰ (avg. �10.3‰) for nearshore sediments.

4. Discussion

4.1. Lifestyle of Thaumarchaeota in Lake Qinghai and surrounding soils

The correlations among d13CBP-cren, d13CTOC and d13CDIC indicate
that Thaumarchaeota in Lake Qinghai are mainly chemolithoau-
trophic. First, the values for BP-cren (�26.9‰ to �22.2‰) from off-
shore sediments are close to those reported for marine sediments,
which vary between �22‰ and �20‰ (e.g. Hoefs et al., 1997;
Schouten et al., 1998a; Wakeham et al., 2003; Pancost et al.,
2008). Crenarchaeol, as well as BP-cren, is considered a specific
biomarker for Thaumarchaeota (Pitcher et al., 2011). Gene analysis
of cultured Nitrosopumilus maritimus indicated that marine crenar-
chaeol grew chemolithoautrophically, assimilating HCO�3 via a
modified 3-hydroxypropionate/4-hydroxybutryrate pathway
(Walker et al., 2010). Indeed, the chemical properties (saline, alka-
line and NaCl dominated) of Qinghai Lake are similar to the marine
environment (Wang et al., 2012), suggesting that Thaumarchaeota
may have a similar carbon source and carbon assimilation way.
This could help explain the comparable d13C values for BP-cren
for Lake Qinghai and marine systems. 16S rRNA gene analysis also
indicated that Thaumarchaeota are abundant in Lake Qinghai (Jiang
et al., 2008). Second, there was an enrichment in 13C from 0‰ to
5.4‰ for BP-cren from offshore sediments vs. TOC (Table 1 and
Fig. 3B). The carbon isotopic composition of an organism is nor-
mally controlled by the carbon source and the mechanism by
which that carbon is assimilated (Weijers et al., 2010). In order
to check the variation between the d13C values of archaeal lipids
and the carbon source, we plotted the values for BP-0 and BP-cren
vs. d13CTOC and d13CDIC (Fig. 3). The carbon isotopic composition of
heterotrophic microorganisms is supposed to resemble that of the
involved OM (Hayes, 1993) and the isotopic fractionation during li-
pid biosynthesis ranges between �8‰ and �2‰ (e.g. Hayes, 1993,
2001). In offshore sediments of Lake Qinghai, BP-cren was enriched
in 13C relative to TOC and the carbon isotopic fractionation be-
tween them varied from 0.0‰ to 5.6‰ (Table 1). This indicates that
Thaumarchaeota in Lake Qinghai are unlikely to be heterotrophic.
However, heterotrophs cannot be fully excluded because the

Fig. 2. GC trace of biphytanes released after BBr3/Li(C2H5)3BH treatment (cf. Summons et al., 1998) for sample L2. BP-0, BP-1, BP-2 and BP-cren refer to the structures in
Appendix; IS, internal standard.
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Thaumarchaeota may preferentially consume a 13C-enriched com-
ponent of the TOC pool, which is easy to assimilate by microbes
and is ca. 0–9‰ enriched in 13C relative to bulk tissue (e.g. Abelson
and Hoering, 1961; van der Meer et al., 2001; van Dongen et al.,
2002; Copley et al., 2003; Berggren et al., 2010). Last, the carbon
isotopic fractionation for the offshore sediments between BP-cren
and DIC is similar to that in marine systems. The fractionation
(eBP-cren-DIC) of ca. �21.3‰ for offshore sediments is close to that
in a marine ammonia-oxidizing archaea organism, N. maritimus
(eBP-cren-DIC �20‰), as reported by Könneke et al. (2012). Also,
the fractionation between BP-cren and DIC (�23.0‰ to �19.1‰)
is similar to that in environmental studies of crenarchaeol (Dd13C
�23‰ to �17‰; Hoefs et al., 1997; Kuypers et al., 2001; Pearson
et al., 2001; Mussmann et al., 2011) and the NHþ4 oxidizing bacte-
rium, Nitrosomonas europaea (Dd13C �20‰; Sakata et al., 2008).

In contrast to the chemolithoautrophic lifestyle of Tha-
umarchaeota in offshore sediments of Lake Qinghai, however, a
portion of the carbon assimilated by Thaumarchaeota might origi-
nate from OC in the surrounding soils. The d13CTOC values vary from
�25.8‰ to �25.1‰ for surrounding soils, while d13CBP-cren values
vary from �27.0‰ to �22.8‰. The fractionation between them
varies from�2.0‰ to 2.9‰ (Table 1). The poor correlation between
d13CTOC and d13CBP-cren suggests that soil Thaumarchaeota are unli-
kely to be heterotrophic (Table 1 and Fig. 3B). The d13CBP-cren values
are generally depleted by 0.9‰ to 12.8‰ relative to those of DIC,
which may indicate that soil Thaumarchaeota are chemolithoau-
trophic. However, a large variation of �14.0‰ to �4.6‰ fraction-
ation between BP-cren and DIC of soil Thaumarchaeota was

found. This indicates that Thaumarchaeota in surrounding soils
are not completely chemolithoautrophic and probably mixo-
trophic. Indeed, 13CO2 stable isotope probing also revealed an auto-
trophic or mixotrophic lifestyle for soil Thaumarchaeota (Zhang
et al., 2010; Pratscher et al., 2011; Xia et al., 2011). In addition, a
pure culture of soil Thaumarchaeota reported by Tourna et al.
(2011) provided direct evidence for co-assimilation of OC. They
found that only upon addition of a low amount of pyruvate, was
growth of the pure culture of N. viennensis strongly enhanced, indi-
cating a mixotrophic lifestyle.

4.2. Geochemical implications from BP-0

BP-0, derived mainly from GDGT 0, could be determined for all
the samples since GDGT 0 was the most abundant iGDGT in the
lake Qinghai sediments and surrounding soils (Wang et al.,
2012). For offshore sediments, d13C values for BP-0 were similar
to those of BP-cren. The similar values indicate similar source
organism(s) (e.g. Thaumarchaeota). For the surrounding soils, how-
ever, BP-0 was ca. 5.6‰ depleted relative to the cyclic biphytanes.
The different compositions suggest that, unlike offshore sediments,
there were additional sources for BP-0. The d13C values for BP-0
varied between �25.0‰ and �22.1‰, with an average of �23.6‰

for offshore sediments. These were enriched in 13C relative to the
surrounding soils (�30.5‰ to �25.4‰, avg. �29.2‰) and near-
shore sediments (�42.7‰ to �32.0‰, avg. �37.4‰). Sinninghe
Damsté et al. (2009) also reported that the isotopic composition
of BP-2 and BP-cren was 5‰ enriched relative to BP-0 in Lake

Fig. 3. The d13C values of acyclic and tricyclic biphytanes in Lake Qinghai sediments and surrounding soils vs. d13CTOC or d13CDIC. (A) d13CBP-0 vs. d13CTOC; (B) d13CBP-cren vs.
d13CTOC; (C) d13CBP-0 vs. d13CDIC and (D) d13CBP-cren vs. d13CDIC.
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Challa sediments and suggested (partly) there were different
sources for GDGT-0 and crenarchaeol. In fact, when we plot the dif-
ference in d13C values for BP-0 and BP-cren vs. the ratio of the con-
centration of the BP-0 and BP-cren, a trend can be observed (Fig. 4).
If the ratio increases, the isotopic difference should increase. This
phenomenon was also reported by Schouten et al. (1998b), who
thought that there was an additional source for the apparent rela-
tionship of BP-0. Indeed, BP-0 carbon skeletons could derive from
methanogenic archaea, soil and marine Thaumarchaeotes
(Sinninghe Damsté et al., 2002; Weijers et al., 2006b), or other
archaea (Weijers et al., 2010). Additionally, the trend in Fig. 4
shows that the d13C values of BP-0 derived from additional sources
(e.g. methanogenic or methanotrophic archaea) were lower than
for BP-0 derived from Thaumarchaeota. This is consistent with
the fact that biphytanes derived from methanogenic or methano-
trophic archaea are generally depleted in 13C relative to those from
Thaumarchaeota.

The relationship between d13CTOC and d13CBP-0 revealed a het-
erotrophic lifestyle for the BP-0 synthesizing organism in the sur-
rounding soils. First, BP-0 was 0–4.8‰ depleted in 13C relative to
TOC and the carbon isotopic fractionation between them varied
from �4.9‰ to �2.9‰ (Table 1). This fractionation basically
matches the isotopic fractionation during lipid biosynthesis
[�8‰ to �2‰ (e.g. Hayes, 1993, 2001)]. Second, there was a good
positive correlation between d13C values of BP-0 and d13CTOC for
nearshore sediments and surrounding soils (R2 0.847, n = 8,
Fig. 3A). Third, the d13C values of BP-0 from surrounding soils
and nearshore sediments tracked poorly the variation in d13CDIC

(Table 1 and Fig. 3C). This poor correlation between d13C and
d13CDIC suggests that the organisms that synthesize BP-0 in sur-
rounding soils and nearshore sediments are unlikely to be
chemolithoautrophic.

Apparently, the d13CBP-0 values changed due to the variation in
sedimentary environment since they originated from different
archaeal organisms. For the offshore sediments, d13CBP-0 values
were the highest since Thaumarchaeota were dominant and are
mainly chemolithoautrophic. For nearshore sediments, d13CBP-0

values were the lowest, probably because of the presence of meth-
anogenic and/or methanotrophic archaeal communities. For sur-
rounding soils, d13CBP-0 values were intermediate because of the
dominance of methanogenic archaea and soil Thaumarchaeota,
the former being possibly heterotrophic and the latter chemolit-
hoautrophic or mixotrophic based on our results above: In
general, the d13C values of BP-0 are in the order: nearshore

sediments < surrounding soils < offshore sediments. Moreover,
the variation in d13CBP-0 values was considerably wide (�42.7‰

to �22.1‰) (Table 1). Based on this, we suggest that d13C values
of BP-0 may be a sensitive indicator for examining the depositional
environments between terrestrial and lacustrine systems in the NE
Qinghai-Tibet Plateau.

The average d13CBP-0 values were �23.6‰, �29.2‰ and �34.2‰

for offshore sediments, surrounding soils and nearshore sediments,
respectively. The large difference in d13CBP-0 values between off-
shore sediments and surrounding soils indicates that the terrestrial
iGDGT input to offshore sediments seems minor. This estimation
can be also explained by the branched and isoprenoid tetraether
(BIT) index. BIT index was originally defined by Hopmans et al.
(2004) as a proxy for estimating the relative input of terrestrial
OM to marine settings and has also been applied to some lacustrine
systems (Blaga et al., 2009) for understanding the soil contribution
to these environments. The BIT value was close to 0 for open
marine sediments, from 0.02 to 0.97 for coastal marine settings
(Hopmans et al., 2004) and usually > 0.9 for soil (Sun et al.
(2011) and references therein). Based on our previous study (Wang
et al., 2012), the average BIT values (0.32) for offshore sediments of
Lake Qinghai were much lower than those for surrounding soils
(0.73) which also indicates that terrestrial iGDGT input to offshore
sediments of Lake Qinghai seems minor.

4.3. d13CBP-cren, a good recorder of d13C values of DIC?

The relationship between d13CBP-cren and d13CDIC in offshore sed-
iments of Lake Qinghai supports the suggestion that d13C values of
BP-cren may be a good recorder of the d13C value of DIC in lacus-
trine systems. This is because the d13C values of BP-cren between
the modern and ancient marine environment are notably consis-
tent. The values for modern marine settings are generally between
�22‰ and �19‰ (e.g. Hoefs et al., 1997; Pancost et al., 2001;
Schouten et al., 2001; Schubotz et al., 2011). These are close to
those for ancient marine systems (�22‰ to �17‰; e.g. Hoefs
et al., 1997; Schouten et al., 1998b; Kuypers et al., 2001). In
addition, the variation in d13C values of BP-cren generally matches
the changes in d13C values of DIC. That means if the 13C in the DIC
pool is enriched or depleted, the 13C value of BP-cren should be en-
riched or depleted accordingly (Kuypers et al., 2001; Smittenberg
et al., 2005). For example, Smittenberg et al. (2005) reported 13C
depleted crenarchaeol (�25‰ to �24‰) in Drammensfjord, due
to the presence of depleted recycled HCO�3 .

Unlike offshore sediments, the d13C values of BP-cren in sur-
rounding soils poorly tracked d13CDIC, which means that the values
of BP-cren may not be suitable for recording the values for DIC in
this system (Table 1 and Fig. 3D). The mean eBP-cren-DIC values were
�21.3‰ for offshore sediments, much lower than those for sur-
rounding soils (�9.0‰) and nearshore sediments (�17.9‰). There
was a negative relationship between d13CBP-cren and d13CDIC

(Fig. 3D). If d13C values of tricyclic biphytanes increase, d13C values
of DIC should decrease. This negative correlation suggests that
there are additional carbon sources (e.g. atmospheric CO2), other
than water DIC, assimilated by soil Thaumarchaeota. Moreover,
based on the results discussed above, soil Thaumarchaeota are
chemolithoautrophic or mixotrophic. The different lifestyle likely
affects the isotopic fractionation.

5. Conclusions

The d13C values of BP-0 may be an sensitive indicator for exam-
ining the depositional environments between terrestrial and lacus-
trine systems since the distributions in offshore sediments (avg.
�23.6‰) and surrounding soils (avg. �29.2‰) differed. The

Fig. 4. Difference in stable carbon isotopic compositions of BP-0 and BP-cren
plotted as a function of the concentration ratio of BP-0 and BP-cren. Samples were
extracted from Qinghai Lake sediments and surrounding soils.
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different distributions also indicate that iGDGTs in offshore sedi-
ments were produced in situ and terrestrial iGDGT input to off-
shore sediments of Lake Qinghai seemed minor. Thaumarchaeota
in offshore sediments of the lake are mainly chemolithoautrophic,
while in surrounding soils they are likely to be mixotrophic. Our
results also support the suggestion that the values of d13CBP-cren

may be a good recorder of d13C values of DIC in lacustrine systems.
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