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a b s t r a c t
To assess the source of glycerol dialkyl glycerol tetraethers (GDGTs) and their usefulness as proxies for terrestrial
organic matter inputs and temperature in the Yellow River-dominated margin, we measured isoprenoid and
branched GDGT concentrations in surface sediments along a lower Yellow River-estuary–coast transect.
Branched GDGTs dominated over isoprenoid GDGTs in the riverbed sediments and had similar compositions
from river to coast. In contrast, isoprenoid GDGTs displayed an increasing abundance and a decreasing GDGT-0
to crenarchaeol ratio (1.6 to 0.6) toward the sea. Such distribution patterns of GDGTs, combined with the result
from a principal component analysis (PCA), conﬁrmed the different origin of branched and isoprenoid GDGTs
with branched GDGTs being primarily from soil erosion of the Chinese loess plateau (CLP) whereas, in addition
to allochthonous terrestrial inputs, aquatic Thaumarchaeota partially contributes to the isoprenoid GDGT
pool in estuarine and coastal areas. The branched GDGT-derived temperature (avg. 11 °C) is consistent with
the annual mean air temperature (MAT) of the CLP in the middle river basin, a major source region for the Yellow
River sediments, whereas the isoprenoid-derived temperature (12.7 to 28.4 °C) deviated widely from the annual
mean temperature in the study region. Application of a binary mixing model based on δ13C, the branched and
isoprenoid tetraether (BIT) index and branched GDGT concentrations showed consistent decreases in the relative
amount of terrestrial organic carbon toward the sea, but estimates from the latter two proxies were lower than
those from the δ13C.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Over the past decade, several geochemical proxies of organic carbon
sources, temperature and soil pH based on the distribution of glycerol
dialkyl glycerol tetraethers (GDGTs; Fig. 1) have been proposed and increasingly applied to biogeochemical and paleo-environmental studies
(Schouten et al., 2013 and references therein). These proxies include
the TEX86 (TetraEther indeX of 86 carbon atoms) (Schouten et al.,
2002), MBT/CBT (methylation index/cyclization index of branched
tetraethers) (Weijers et al., 2007a) and BIT (branched and isoprenoid
tetraether) indices (Hopmans et al., 2004). The TEX86 proxy is based on
the relative abundance of isoprenoid GDGTs (iGDGTs) which are membrane lipids of Thaumarchaeota, formerly assigned to Crenarchaeota
(Schouten et al., 2002; Sinninghe Damsté et al., 2002). Since the number
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of cyclopentane groups in Thaumarchaeotal iGDGT is primarily controlled by growth temperature, the TEX86 accumulated in sediments
can be used to reconstruct sea (lake) surface temperature (e.g., Kim
et al., 2008, 2010; Powers et al., 2010; Schouten et al., 2002). In contrast
to iGDGTs, branched GDGTs (bGDGTs) are mainly produced by asyet unknown anaerobic bacteria thriving in soil and peat, possibly belonging to the group of Acidobacteria (Hopmans et al., 2004; Sinninghe
Damsté et al., 2011). By examining 134 soil samples from 90 globallydistributed locations, Weijers et al. (2007a) found that the MBT proxy
was dependent on annual mean air temperature (MAT) and to a lesser
extent on soil pH, whereas the CBT proxy is correlated with soil pH. Subsequent studies extended the soil dataset to 278 globally-distributed
soils, and proposed new transfer functions for the reconstruction of soil
pH and MAT (Peterse et al., 2012). Because soils are more widespread
than peat in the terrestrial realm, the occurrence of bGDGTs in aquatic
environments (e.g., lakes and marginal seas) was usually attributed
to allochthonous inputs of soil organic matter via runoff (Hopmans
et al., 2004). A global survey shows that the BIT index is generally higher
than 0.9 in soil/peat and close to 0 in marine environments devoid
of terrestrial inputs (Hopmans et al., 2004; Weijers et al., 2006b),
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Fig. 1. Structures of isoprenoid and branched GDGTs. GDGT-5′ is a regioisomer of crenarchaeol with an anti-parallel conﬁguration of the two glycerol moieties.

although some alkaline soils have exceptionally low BIT values (b0.3)
(Yang et al., 2012).
Despite successful applications of GDGT-proxies (Schouten et al.,
2013 and references therein), caution still should be taken. In-situ production of bGDGTs in lakes and rivers complicates the interpretation of
the MBT/CBT and BIT indices as continental environmental proxies
(Bechtel et al., 2010; Blaga et al., 2010; Tierney et al., 2012; Zell et al.,
2013; Zhu et al., 2011). On the other hand, signiﬁcant inputs of terrestrial iGDGTs can bias the TEX86-derived temperature signal in marginal
seas or small lakes (Powers et al., 2010; Weijers et al., 2006a). Thus, it
is crucial to elucidate the origins of bGDGTs and iGDGTs before they
can be conﬁdently used as environmental proxies.
River-dominated continental margins are subject to the intensive
land–ocean interactions. Because of large terrestrial inputs and relatively high primary productivity, river-dominated continental margins play a key role in the global carbon cycle, and their sediments
contain abundant information about marine and continental environments (Pancost and Boot, 2004). Previous studies of the Amazon
(Kim et al., 2012; Zell et al., 2013), the Yangtze (Yang et al., 2013; Zhu
et al., 2011) and the Mississippi Rivers (Smith et al., 2012) have identiﬁed multiple sources of GDGTs and complex processes in river systems. Compared to other large rivers, the Yellow River (YR) is
distinguished by its extremely high turbidity with suspended particle loads of up to 220 kg m − 3 (Ren and Shi, 1986), and may have
unique microbial community and biogeochemical behaviors. Nevertheless, so far no data is available for GDGTs in the YR, although limited studies have focused on the BIT index in its adjacent seas (Wu
et al., 2013; Zhao et al., 2011).
Here, we present a comprehensive study about the distributions and
compositions of GDGTs in surface sediments along a lower YR-estuary–
coast transect. Our main aims are to: (1) constrain sources of bGDGTs
and iGDGTs by comparing soils in the Chinese loess plateau (CLP), a
principal contributor to the YR sediments (Ren, 2006); and (2) evaluate
the applicability of the GDGT-based proxies in the YR-dominated continental margin.
2. Materials and methods
2.1. Study area and sampling
The YR with a total length of 5464 km drains a wide basin that
covers over 750,000 km2 of China (Wang et al., 2007). It originates in
the Bayankala Mountains of the Tibet Plateau (western China), ﬂows

through nine provinces and discharges into the Bohai Sea (northeastern
China). The upper, middle and lower YR basins have distinct climates
with MATs of 1 to 4 °C, 8 to 14 °C, and 12 to 14 °C, respectively (Chen
et al., 2005) and mean annual precipitations of 368 mm, 530 mm and
670 mm, respectively (IRTCES, 2004). Due to severe soil erosion in
the CLP in the middle river basin, the YR has an annual sediment load
of 1.1 × 109 ton, ranking as the world's second largest river in terms
of sediment load (Milliman et al., 1987). The pattern of a sediment
dispersal off the YR mouth is mainly controlled by the tidal shear fronts
and the tidal currents (Bi et al., 2010). Because of the barrier effect of the
tidal shear front and the weak river ﬂow, most sediment from the YR is
deposited near the estuary and in the adjacent sea, causing the YR delta
to grow at a rate of approximately 1.29 km per year (Li et al., 2001;
Wang et al., 2007). The modern YR delta, with an area of 5400 km2,
formed after 1855 when the YR started to drain into the Bohai Sea
(Pang and Si, 1979).
In July 2011, a total of forty surface sediments (0–10 cm) were collected by a grab sampler. These samples can be divided into four groups,
namely the lower YR, the modern YR estuary (1996–present), the old
YR estuary (1976–1996) and the coast (Fig. 2). They are dominated by
silt (avg. 61.1%), ﬁne sand (avg. 28.9%) and clay (avg. 9.9%). In addition,
ﬁfty surface soil samples (0–2 cm) were collected over an extensive
area of the CLP (latitude from 32°N to 42°N; longitude from 100°E to
120°E) in order to compare their geochemical properties to those of
the sediments in the YR-dominated continental margin. The soils
in the CLP developed on clastic, predominantly silt-sized wind-blown
sediment and include various soil types such as cultivated loessial
soil and dark loessial soil. After collection, all samples were stored at
−20 °C until analysis.
2.2. Grain size, elemental and stable isotope analyses
For grain size analysis, freeze-dried sediments were reacted with excess 1 N hydrochloric acid and hydrogen peroxide to remove carbonates
and decompose the organic matter, respectively (Sun et al., 2011). After
that, sodium hexametaphosphate [Na(PO3)6] was added, and the sediments were allowed to settle for 24 h. After ultrasonication for 1 min,
the sediment grain size was measured by a Mastersizer 2000 Laser
Particle Size Analyzer. The scan range was from 0.02 to 2000 μm, and
categorized into three fractions: sand (64–2000 μm), silt (4–64 μm)
and clay (b 4 μm).
The elemental and stable isotopic analyses were described in detail
by Sun et al. (2011). Brieﬂy, excess 1 N hydrochloric acid was added
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Fig. 2. Sampling sites for surface sediments in the Yellow River dominated continental margin: lower Yellow River reach (dot), modern estuary (square), old estuary (triangle) and coast
(diamond). Dashed line represents the Yellow River channel of 1977–1996. The arrows show the suspended sediment dispersal pattern of the present Yellow River subdelta during the
ﬂood tidal phase.
Bi et al. (2010).

to the sediment to remove inorganic carbon. The sediment residue was
rinsed with ultra-pure water until the solution pH was nearly neutral,
and dried at 45 °C. Organic carbon (OC) and nitrogen (N) contents
were determined with a CHNOS Elemental Analyzer (Elementar,
Germany), whereas the δ13C values were measured with a Flash
EA1112HT coupled to a MAT253 mass spectrometer (Thermo Fisher
Scientiﬁc, Inc.). The standard deviation based on replicate analyses
was 0.02% for OC, 0.005% for TN and 0.15‰ for δ13C.
2.3. Lipid extraction and analysis
The procedures for lipid extraction and analysis were modiﬁed from
Hopmans et al. (2000) and Sun et al. (2011). After addition of squalane
and C46 GDGT as internal standards, the freeze-dried, homogenous sediment (10 g) was ultrasonically extracted with 20 ml dichloromethane
(DCM):methanol (3:1 v:v) for 15 min (3 ×). The combined extracts
were rotary-evaporated to near dryness and transferred to small vials.
The total lipid extracts were separated into an apolar fraction by 5 ml
hexane:DCM (9:1 v:v) and a polar fraction by 5 ml DCM:methanol
(1:1 v:v).
The apolar fraction containing n-alkanes was analyzed with an
Agilent 7890A gas chromatograph with ﬂame ionization detector
(GC–FID). The GC–FID was equipped with an HP5 capillary column
(30 m; 0.32 mm i.d.; 0.25 μm ﬁlm thickness). The injector temperature

was 300 °C. A 1 μl volume of sample was injected in splitless mode
under a constant ﬂow (1.5 ml min− 1). Helium (purity N 99.999%)
was the carrier gas. The GC oven temperature was increased from
60 to 300 °C at a rate of 6 °C min−1 with a ﬁnal isothermal at 300 °C
for 20 min. The n-alkanes were quantiﬁed based on peak areas by
comparison with the internal standard (squalane).
The polar fraction containing GDGTs was dissolved in hexane:
propanol (99:1 v:v) and ﬁltered through a PTFE ﬁlter (0.45 μm pore
size). GDGTs were analyzed on an Agilent 1200 high performance liquid
chromatography-atmospheric pressure chemical ionization-Agilent
6460 mass spectrometer (HPLC–APCI–MS). The injection volume was
5 μl. The separation was achieved on a normal-phase Alltech Prevail
Cyano column (150 mm × 2.1 mm; 3 μm) at a constant ﬂow of 0.2 ml
per min. The elution solvents were hexane (A) and hexane/isopropanol
(9:1 v:v; B). GDGTs were eluted isocratically with 10% B for 5 min and
linear gradient to 80% B in 45 min followed by a column wash with
100% B for 10 min. The APCI and MS conditions were: vaporizer pressure of 4.2 × 105 Pa, vaporizer temperature of 400 °C, drying gas ﬂow
of 6 l min−1, temperature of 200 °C, capillary voltage of 3500 V, and
corona current of 5 μA (3.2 kV). GDGTs were quantiﬁed based on comparisons of the respective protonated-ion peak areas of each GDGT to an
internal standard (IS; C46 GDGT) in selected ion monitoring (SIM)
mode. The protonated ions were m/z 1302, 1300, 1298, 1296, 1050,
1048, 1046, 1036, 1034, 1032, 1022, 1020, 1018 and 744 (IS).
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2.4. Calculations of GDGT-based proxies
TEX86 was calculated following the equation of Schouten et al.
(2002):
TEX86 ¼

2 þ 3 þ 5′
1 þ 2 þ 3 þ 5′

T ¼ −18:6 þ 66:6  TEX86 :

2.5. Statistical analysis
ð1Þ
ð2Þ

An updated TEX86–SST (sea surface temperature) calibration equation from Kim et al. (2010) was also used in order to compare the reconstructed temperature from different calibration equations.
L

TEX86 ¼

1
1þ2þ3

The numbers in the above equations refer to the GDGTs drawn in
Fig. 1, where I, II and III are bGDGTs, and 5 and 5′ are crenarchaeol and
its regioisomer, respectively.

All reported correlation coefﬁcients (r) are based on linear ordinary
least squares regressions computed using the Microsoft Excel (Version
2007 for Windows), and p-values were calculated based on one-way
analysis of variance (ANOVA). In addition, a principal component analysis (PCA) was performed based on the concentration of GDGTs and longchain n-alkanes to identify the relationships among biomarkers. The
ANOVA and PCA were performed using the SPSS 16.0 program (SPSS
Inc., Chicago, Illinois).

ð3Þ
3. Results

L

SST ¼ 67:5  TEX86 þ 46:9:

ð4Þ

The BIT index is deﬁned as the abundance ratio of branched GDGT-I,
II and III to crenarchaeol (Hopmans et al., 2004).
BIT ¼

I þ II þ III
:
I þ II þ III þ 5

ð5Þ

The MBT and CBT proxies were ﬁrst proposed by Weijers et al.
(2007a), but the derived soil pH and mean air temperature (MAT)
were calculated according to the revised calibration (MBT′/CBT) of
Peterse et al. (2012).
MBT ¼

I þ Ib þ Ic
I þ Ib þ Ic þ II þ IIb þ IIc þ III

ð6Þ



Ib þ IIB
CBT ¼ − log
I þ II

ð7Þ

pH ¼ 7:90−1:97  CBT

ð8Þ

MAT ¼ 0:81−5:67  CBT þ 31:0  MBT:

ð9Þ

3.1. Bulk organic matter properties
Organic carbon (OC) in sediments ranged from 0.02% to 0.34% with
an average of 0.13% (Fig. 3a). No signiﬁcant difference (p N 0.05) was
observed for sedimentary OC content from the river to the coast. The
nitrogen (N) content was lower than 0.033% (data not shown),
displaying a similar distribution pattern to OC. The OC/N ranged from
9.5 to 36.0 (avg. 21.9) in the lower YR, 8.6 to 12.4 (avg. 10.6) in
the modern estuary, 8.5 to 28.0 (avg. 15.2) in the old estuary, and
11.2 to 28.0 (avg. 18.3) at the coast (Fig. 3), presenting signiﬁcant differences from the river to the sea (p b 0.05). The δ13C values fell in a
range of −24.2‰ to −21.9‰, exhibiting an increasing trend seaward
(Fig. 3c). The C3 land plants and marine plankton have an average
δ13C value of approximately −27‰ and −20‰, respectively (Meyers,
1997). Hence, the δ13C distribution pattern in the YR-dominated margin reﬂected a gradual seaward decrease in the relative contribution
of terrestrial organic matter to the sedimentary organic carbon pool.
The median grain size of sediments changed from 6.3 to 87.5 μm
(Fig. 3d). A negative correlation between the OC content and the median
grain size (r = −0.89) suggests that sedimentary organic matter was
mainly associated with ﬁne particles.

Fig. 3. Box plots showing distributions of bulk parameters in surface sediments along the transect of the lower Yellow River (river), modern estuary (ME), old estuary (OE) to the coast. The
box plots parameters from bottom to top presenting the lower extreme, lower quartile, median, average, upper quartile and upper extreme values, respectively. a) OC (%); b) C/N; c) δ13C
(‰); and d) median grain size (μm).
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3.2. GDGTs in soils and sediments
The bGDGTs and iGDGTs were detected in all CLP soils with an
average concentration of 5.33 ± 7.46 μg g−1 OC (mean ± SD; same
hereafter) (Table 1). The bGDGTs and crenarchaeol accounted for
51.2% ± 19.1% and 25.0% ± 10.8% of total GDGTs, respectively.
The BIT index had an average value of 0.61 ± 0.18, and the GDGT-0/
crenarchaeol was 0.60 ± 0.43.
For sediments, the total GDGT concentrations varied from 10.9 to
66.6 μg g−1 OC. The relative abundance of bacterial bGDGTs gradually
decreased from the lower YR to the coast, accounting for 70 ± 11%
of total GDGTs in the lower YR, 74 ± 8.1% in the modern estuary,
56 ± 9.8% in the old estuary and 35 ± 14% at the coast (Table 1). The
concentration of iGDGTs consistently increased toward the sea
(7.2 μg g−1 OC in the lower YR vs. 23.4 μg g−1 OC at the coast; Fig. 4),
while the average concentration of bGDGTs, which ranged from 11.6
to 26.3 μg g− 1 OC, did not show a clear spatial trend (Fig. 4). The
BIT index in the lower YR (0.81 ± 0.10) and the modern estuary
(0.79 ± 0.10) was substantially higher than that in the old estuary
(0.59 ± 0.12) and at the coast (0.36 ± 0.14), reﬂecting a deceasing
contribution of terrestrial organic matter toward the sea (Fig. 4). The
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weighed ratio of GDGT-0/crenarchaeol gradually decreased from the
river to the coast with an average of 1.62 ± 0.59 in the lower YR,
1.06 ± 0.23 in the modern estuary, 0.82 ± 0.27 in the old estuary and
0.60 ± 0.14 at the coast (Table 1).
3.3. GDGT-based temperature proxies
The CBT index (− 0.15 to 0.28) did not show a clear spatial trend
from the lower YR to the coast (Table S1). In contrast, the MBT index
displayed a slightly increasing trend toward the sea, ranging from 0.25
to 0.35 (avg. 0.29) in the YR, 0.28 to 0.32 (avg. 0.30) in the modern
estuary, 0.28 to 0.40 (avg. 0.35, except site C2) in the old estuary and
0.34 to 0.39 (avg. 0.37) at the coast (Table S1). Based on the global
MBT′/CBT calibration equations (Peterse et al., 2012), the reconstructed
pH and MAT for our whole study area fell in the range of 7.3 to 8.2 (avg.
7.7; Fig. 5a) and 7.6 to 12.8 °C (avg. 10.2 °C; Fig. 5b), respectively.
Meanwhile, the TEX86 index varied from 0.47 to 0.71, corresponding
to a temperature range of 12.7 to 28.4 °C. The TEX86-derived temperature was much higher in the lower YR (24.4 ± 3.1 °C) and the modern
estuary (21.7 ± 3.9 °C) than in the old estuary (18.3 ± 3.4 °C) and at
the coast (14.2 ± 1.3 °C) (Fig. 5c).

Table 1
Data summary on GDGTs (μg g−1 OC) and LCA (μg g−1 OC) in surface sediments along the transect of lower Yellow River (River), modern estuary (ME), old estuary (OE) and the coast.
Site

Total GDGTs

bGDGT

iGDGT

Crena

GDGT-0

LCAb

bGDGT (%)

GDGT-0/cren

BIT

CLP

Mean

5.33

2.88

2.45

1.23

0.74

–

51

0.60

0.61

River

A1
A2
A3
A4
A5
A6
A7
A8
A9
A10
A11
A12
B1
B2
B3
B4
B5
B6
B7
B8
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
D1
D2
D3
D4
D5
D6
D7

12.9
32.6
15.4
34.2
34.4
10.9
11.9
20.2
15.8
66.6
24.5
14.4
54.5
23.7
33.5
33.4
29.1
45.2
39.4
26.6
31.6
16.7
45.6
33.6
28.4
16.3
39.8
37.4
13.7
20.9
16.9
32.2
24.3
41.9
48.4
43.3
35.3
22.1
27.6
25.8

10.2
23.5
8.51
27.8
15.4
8.44
7.75
12.4
12.1
53.0
19.1
9.64
43.0
18.0
23.3
27.5
24.3
31.7
23.1
19.5
15.3
7.14
20.0
16.6
13.7
8.11
22.4
23.7
9.56
10.5
10.9
23.1
14.9
19.5
10.2
9.83
6.92
9.23
11.7
13.4

2.71
9.12
6.86
6.4
19
2.43
4.18
7.88
3.62
13.6
5.36
4.78
11.5
5.71
10.2
5.86
4.86
13.5
16.4
7.11
16.4
9.59
25.6
17.1
14.7
8.21
17.4
13.7
4.12
10.3
5.98
9.04
9.48
22.3
38.2
33.5
28.4
12.8
15.9
12.4

0.80
3.85
1.80
2.03
8.22
0.73
1.35
2.29
0.93
5.73
1.27
1.71
4.34
2.26
4.38
1.97
1.79
4.82
9
3.01
8.75
5.13
13.2
8.83
7.64
4.09
8.73
6.5
1.47
5.05
2.18
4.09
4.34
11.4
23.9
20.2
16.7
6.76
8.2
6.02

1.4
3.46
4.1
3.09
7.1
1.33
2.08
4.39
2.06
5.07
3.33
1.99
5.06
2.35
4.31
2.25
2.37
6.23
5.34
2.85
5.42
3.32
8.86
5.87
4.99
2.95
6.22
5.32
2.14
3.59
3.01
3.25
3.70
7.75
9.45
8.97
8.57
4.69
5.66
4.62

0.16
0.24
0.79
0.13
0.44
0.35
0.28
0.57
0.14
0.48
0.29
0.27
0.66
0.2
0.23
0.13
0.42
0.20
0.16
0.11
0.28
0.27
0.29
0.28
0.19
0.11
0.22
0.35
0.32
0.13
0.18
0.10
0.24
0.22
0.38
0.36
0.35
0.21
0.18
0.10

79
72
55
81
45
78
65
61
77
80
78
67
79
76
70
82
83
70
59
73
48
43
44
49
48
50
56
63
70
50
65
72
61
47
21
23
20
42
42
52

1.75
0.9
2.28
1.52
0.86
1.84
1.54
1.92
2.22
0.88
2.62
1.16
1.16
1.04
0.99
1.14
1.32
1.29
0.59
0.95
0.62
0.65
0.67
0.66
0.65
0.72
0.71
0.82
1.46
0.71
1.38
0.79
0.85
0.68
0.39
0.44
0.51
0.69
0.69
0.77

0.88
0.79
0.76
0.89
0.53
0.88
0.78
0.78
0.88
0.85
0.91
0.75
0.86
0.82
0.76
0.87
0.89
0.74
0.6
0.76
0.52
0.46
0.48
0.53
0.52
0.53
0.53
0.69
0.81
0.49
0.75
0.7
0.68
0.5
0.2
0.22
0.21
0.44
0.43
0.51

Area
c

ME

OE

Coast

Data from Yang (unpublished data).
a
Cren: crenarchaeol.
b
LCA: long chain n-alkanes (C27 + C29 + C31 n-alkanes).
c
CLP: Chinese loess plateau.
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Fig. 4. Box distributions of GDGTs in the surface sediments along the transect of the lower Yellow River (river), modern estuary (ME), old estuary (OE) and the coast. The box plots parameters from bottom to top presenting the lower extreme, lower quartile, median, average, upper quartile and upper extreme values, respectively. a) iGDGT (μg g−1 OC); b) bGDGT
(μg g−1 OC); c) isomer crenarchaeol fraction; and d) BIT.

4. Discussion
4.1. Distribution and source of GDGTs from river to coast
Although thought to be mainly biosynthesized by pelagic
Thaumarchaeota, iGDGTs are detected in almost all soil and peat samples of the world (Weijers et al., 2006a). This terrestrial-derived
iGDGT can be transported to aquatic systems via runoff, making
iGDGT (e.g., crenarchaeol) not solely of in situ production. In our
study, crenarchaeol was ubiquitous in the CLP soils with an average concentration of 1.23 ± 1.39 μg g−1 OC (Table S1). The relative abundance
of crenarchaeol in the CLP soils (25.0% of total GDGTs) was substantially
higher than the global average (ca. 9% based on 58 samples from 26
globally-distributed locations; Weijers et al., 2006a). Higher relative
abundances of crenarchaeol have been in soils of higher pH (Weijers
et al., 2006a). Thus, the abundance of iGDGT in the CLP is no surprise

since its alkaline soils (avg. pH 7.9) provide favorable living conditions
for Thaumarchaeota (Xie et al., 2012; Yang et al., 2012).
In order to identify the sources of iGDGT in the YR-dominated
continental margin, we calculated the ratio of crenarchaeol
regioisomer:(crenarchaeol + crenarchaeol regioisomer). Sinninghe
Damsté et al. (2012) found that the soil and marine Thaumarchaeota
could biosynthesize crenarchaeol and its regioisomer in relative
abundances of 10%–20% and b5%, respectively. The crenarchaeol
regioisomer / (crenarchaeol + crenarchaeol regioisomer) was 6.1 ±
1.1% in the lower YR sediments, very close to that in surface CLP soils
(6.9 ± 3.1%) (Fig. 4). The relative abundance of the crenarchaeol
regioisomer decreased from lower YR to the sea with an average of
4.4 ± 2.0% in the modern estuary, 2.2 ± 1.1% in the old estuary and
1.2 ± 1.3% at the coast (Fig. 4), reﬂecting increasing contributions of
marine Thaumarchaeota. Along this transect, the crenarchaeol concentration steadily increased from 2.6 ± 2.3 μg g−1 OC in the lower YR,

Fig. 5. GDGT-reconstructed pH (a), annual mean air temperature (MAT; b) and sea surface temperature (SST; c) in the Yellow River dominated continental margin.
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4.0 ± 2.4 μg g−1 OC in the modern estuary, 6.2 ± 3.2 μg g− 1 OC
in the old estuary and 13.3 ± 7.0 μg g− 1 OC at the coast (Table 1).
Since methanogenic archaea and Thaumarchaeota have a GDGT-0 to
crenarchaeol ratio of N 2.0 and 0.2–2.0, respectively (Blaga et al., 2009;
Sinninghe Damsté et al., 2009), the continuous decrease in this ratio
from the lower YR (avg. 1.62) to the coast (avg. 0.60) suggests a greater
contribution of aquatic Thaumarchaeota to iGDGTs toward the sea
(Fig. 4). The GDGT distribution pattern strongly supports that iGDGTs
in the lower YR were primarily derived from erosion of the CLP soil,
but those found in the estuarine and coastal areas were of mixed inputs
from in situ production and ﬂuvial terrestrial inputs.
The bGDGTs are mainly produced by unknown bacteria thriving in
soil and peat (Hopmans et al., 2004; Weijers et al., 2006b). Consequently, the presence of bGDGTs in aquatic environments is often indicative of
an allochthonous terrestrial input. Nevertheless, recent studies have
demonstrated in situ biosynthesis of bGDGTs in lakes (Bechtel et al.,
2010; Tierney and Russell, 2009; Wang et al., 2012) and rivers (Kim
et al., 2012; Zell et al., 2013; Zhu et al., 2011). Unlike iGDGTs, the abundance of bGDGTs did not show a clear trend from the YR to the
coast (Fig. 4). Our statistical analyses revealed no signiﬁcant difference
in bGDGTs between the lower YR, the old estuary and the coast
(p N 0.05), but the modern estuary had signiﬁcantly higher concentrations of bGDGT (avg. 26.3 μg g−1 OC) than the other sites (p b 0.05).
The reason for the abundance of bGDGTs in the modern estuary remains
elusive, probably due to preferential preservation of soil-derived
bGDGTs in the highly dynamic YR estuary. This is corroborated by
Huguet et al. (2008) who observed that soil-derived bGDGTs were
better preserved (7–20%) than marine-derived crenarchaeol (0.2–3%)
under long-term oxygen exposure. Because over 90% of YR sediments
originate from soil erosion in the CLP (Ren and Shi, 1986), we attributed
bGDGTs in the YR-dominated continental margin to a terrestrial origin.
This conclusion is supported by similar distributions of bGDGTs I, II and
III among the CLP, YR, estuarine and coastal sediments (Fig. 6).
A detailed analysis of the BIT index showed an increasing trend offshore in the old estuary (from 0.46 to 0.81) and the coast (from 0.2 to
0.51 except D1) (Fig. 7). This result is unexpected because the BIT
index, an indicator for soil organic matter (Hopmans et al., 2004), usually decreases with increasing distance from the shoreline (Herfort
et al., 2006; Hopmans et al., 2004). Our observed BIT distribution is,
however, consistent with the sediment dispersal pattern of the present
YR subdelta where the wave-induced alongshore current and shear
front greatly inﬂuence ﬂuvial sediment transport (Fig. 2) (Bi et al.,
2010). Under the joint effect of these two currents, the ﬂuvial sediments
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Fig. 7. Variability of the BIT values with the perpendicular distance from the shoreline in
the old estuary (square) and the coast (triangle), Bohai Sea.

of the YR are primarily deposited in offshore areas within the 5 m
isobath rather than in nearshore areas. In other words, more ﬂuvialderived terrestrial organic matter is buried offshore, resulting in higher
BIT values there.
4.2. Proportion and transport of terrestrial organic matter in the
YR-dominated continental margin
Large river-dominated continental margins are characterized by
complex organic matter sources including autochthonous marine and
allochthonous terrestrial organic matter derived from rivers and coastal
erosion. Stable carbon isotopic signatures (δ13C), the organic carbon to
nitrogen ratio (OC/N) and biomarkers (e.g., BIT) have been used to estimate the relative contribution of terrestrial organic matter to the sedimentary organic carbon pool (Meyers, 1997; Zhu et al., 2011; Wu
et al., 2013). Since each proxy has intrinsic drawbacks, a multi-proxy
approach was recommended (Herfort et al., 2006; Meyers, 1997).
Here, we used a binary mixing model to estimate the relative amount
of terrestrial organic carbon based on δ13C, OC/N and BIT, expressed as:
Xsed ¼ f terr Xterr þ f aqu Xaqu
f terr þ f aqu ¼ 1

Fig. 6. Relative abundance of branched GDGTs I, II and III in surface soils of the Chinese
loess plateau (CLP) and surface sediments of the lower Yellow River (river), modern estuary (ME), old estuary (OE) and the coast.

where fterr and faqu refer to the terrestrial and aquatic OC fractions, respectively; Xterr and Xaqu are the terrestrial and aquatic end-member
values of the respective proxies; and Xsed refers to the proxy analyzed.
Based on this study, the average values of δ13C, OC/N and BIT in the
lower-YR sediments were −23.8‰, 21.9 and 0.81, respectively. These
values were used as the terrestrial end-member values in our binary
mixing model. Cai and Cai (1993) reported that marine organisms in
the Bohai Sea had an average δ13C of − 20.9‰, consistent with the
δ13C values of typical marine organic matter (− 19‰ to − 21‰; Fry
and Sherr, 1989). Hu et al. (2009) proposed a OC/N of 6.7 for marine organic matter in the Bohai Sea, whereas Hopmans et al. (2004) reported
that marine environments had a BIT index of 0 (Hopmans et al., 2004).
Hence, we used −20.9‰, 6.7 and 0 as the marine end-member values
for δ13C, OC/N and BIT, respectively.
Since the BIT index is a ratio of bGDGTs to crenarchaeol, its variability
is not only inﬂuenced by soil-derived bGDGTs, but also by marinederived crenarchaeol (Fietz et al., 2012). Consequently, Smith et al.
(2012) proposed an alternative approach to calculate the relative
contribution of soil organic matter to the sedimentary organic carbon
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pool (%OMsoil) based on the bGDGT abundance in soil of source regions,
expressed as:
%OMsoil ¼ ð½Bsample  100Þ=½Bsoil
where [B]sample and [B]soil are the concentrations of bGDGTs I, II and III in
sediment samples and soil, respectively. The mean concentration of
bGDGTs I, II and III in the CLP soils (avg. 2.2 μg g−1 OC) was lower
than in the lower-YR sediments (avg. 10.6 μg g−1 OC), suggesting preferential preservation of soil bGDGTs during long-range transport from
the source region (CLP) to the lower-YR (Huguet et al., 2008, 2009).
Because there was a large range of GDGT abundances in the CLP (0.05
to 49.3 μg g− 1 OC), we used 10.6 μg g− 1 OC as the terrestrial endmember value.
Application of binary mixing models based on the BIT index showed
that terrestrial organic carbon accounted for 97 ± 12% of the sedimentary organic carbon pool in the modern estuary, 73 ± 14% in the old
estuary and 44 ± 18% at the coast. Meanwhile, the δ13C-based calculation indicated that the average terrestrial organic carbon fraction was
100 ± 11% in the modern estuary, 75 ± 17% in the old estuary and
72 ± 20% at the coast, whereas the OC/N-based calculation yielded
values of 26 ± 11% in the modern estuary, 56 ± 37% in the old estuary
and 76 ± 37% at the coast (Table 2). Based on the bGDGT concentration,
the fraction of terrestrial organic carbon was 136 ± 50% in the modern
estuary, 79 ± 28% in the old estuary and 61 ± 22% at the coast
(Table 2). The apparent overestimation and large standard error of the
latter estimates in the modern estuary are likely caused by the large
variability in the bGDGT abundance in the lower YR sediments (from
7.8 to 53.0 μg g−1 OC), resulting in a large uncertainty of the soil endmember values used in our model.
The binary mixing model based on all proxies, except OC/N, showed
a consistent decrease in the relative amount of terrestrial organic carbon
toward the sea. The abnormally low terrestrial organic carbon contribution in the modern estuary derived from OC/N (26%) was probably
caused by interference of mineral-associated inorganic nitrogen. However, an extremely low y-intercept (0.006%) in the plot of N versus OC
for the samples in the modern estuary (r = 0.95) suggests that the contribution of inorganic nitrogen alone is not sufﬁcient to explain the low
OC/N in the modern estuary. Alternatively, the preferential utilization of
N by microbial degradation and the accumulation of microbial organic
matter in sediments can lower the OC/N (Meyers, 1997). Compared to
δ13C, the GDGT-based proxies generally gave lower terrestrial organic
carbon fractions, e.g., 44% (BIT) vs. 61% (bGDGTs) vs. 72% (δ13C) at the
coast. Such discrepancy could be explained by the fact that the BIT
index and bGDGTs are of speciﬁc indicators for soil rather than bulk terrestrial organic matter (Smith et al., 2010; Walsh et al., 2008; Weijers
et al., 2006b).

unpublished data). The 0.3 pH unit difference between the average estimated and measured values is less than the calibration error of the
CBT proxy (RMSE = 0.8; Peterse et al., 2012). The MBT/CBT-based
MAT ranged from 7.6 to 12.8 °C with an average of 10.1 °C (Fig. 5b),
consistent with the annual MAT of the middle YR basin (ca. 11 °C)
(Chen et al., 2005), a major source region for the YR sediments (Ren,
2006). The minor difference (0.9 °C) between the estimated and measured averages is much less than the calibration error of the MBT′/CBT
proxies (RMSE of 5.7 °C; Peterse et al., 2012). Thus, our results conﬁrmed the validity of the MBT/CBT proxies in the YR-dominated continental margin.
The reconstructed temperature based on Eqs. (2) (Schouten et al.,
2002) and (4) (Kim et al., 2010) is consistent with each other (a mean
difference of 1.9 °C; Table S1). Given this, we only discuss the result
from Eq. (2) hereafter. From the lower YR to the coast, the TEX86derived temperature varied from 12.7 to 28.4 °C, with a mean value of
24.4 ± 3.4 °C in the lower YR, 21.7 ± 3.9 °C in the modern estuary,
18.3 ± 3.5 °C in the old estuary and 14.2 ± 1.4 °C at the coast
(Fig. 5c). The large TEX86-temperature variability could be attributed
to spatial changes in the source of iGDGTs as terrestrial and aquatic
organisms may have different responses to growth temperature (see
Section 4.2). With the exception of the coastal area, the reconstructed
temperature was substantially higher than the annual mean temperature in the YR-dominated margin (i.e., 12 °C) (Zhang et al., 2006). Following an analysis of surface sediments from 82 lakes, Blaga et al.
(2010) suggested that the TEX86 proxy is valid only when the GDGT0/crenarchaeol is b2.0 and BIT is b0.4. In our dataset, all samples had a
GDGT-0/crenarchaeol lower than 2.0, but only those from the coastal
area had a BIT value lower than 0.4 (Table 1). So our result from the
YR-dominated margin agrees well with the results of the lake study
(Blaga et al., 2010).
4.4. Principal component analysis
To further understand the relationship between individual bGDGTs
and iGDGTs in the YR-dominated margin, a principal component analysis (PCA) was performed. The data used in the PCA included ﬁfteen
GDGT compounds (Table 1) and long-chain n-alkanes (C27 + C29 +
C31; LCA; Table S1) from forty surface sediments in the YR-dominated
margin (Fig. 1). PCA results showed that the ﬁrst four principal components (PCs) accounted for 90.3% of the total variances, each of which

4.3. Applicability of MBT/CBT and TEX86 proxies
The MBT/CBT proxies have been applied to marine sediments of the
Congo Fan (Weijers et al., 2007b), the Yangtze River shelf (Zhu et al.,
2011) and high latitude environments (Peterse et al., 2009) to reconstruct continental MAT and soil pH. In our study, the CBT-derived
pH ranged from 7.3 to 8.2 (avg. 7.7, Fig. 5a), close to the average
pH of modern soil in the CLP (5.5–9.1, avg. 8.0) (Xu et al., 2006; Yang,

Table 2
Relative amounts (%) of terrestrial organic matter in surface sediments from the modern
Yellow River estuary (ME), old Yellow River estuary (OE) and the nearby coast based on
different proxies.

ME
OE
Coast

δ13C

C/N

BIT

bGDGTs

100 ± 11
75 ± 17
72 ± 20

26 ± 11
56 ± 37
76 ± 37

97 ± 12
73 ± 14
44 ± 18

136 ± 50
79 ± 28
61 ± 22

Fig. 8. The 3D plot of principal component analysis (PCA) based on 40 sediment samples
from the Yellow River dominated continental margin. LCA: long chain n-alkanes.
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accounted for 38.5%, 31.8%, 12.7% and 7.3%, respectively (Fig. 8). Based
on the 3D PCA plot, all bGDGTs, except for bGDGT IIIc, had high positive
loadings on PC 1 (0.49 to 0.95) and low loadings on PC 2 (− 0.06 to
0.20), while all iGDGTs had high positive loadings on PC 2 (0.71 to
0.96) and relatively low loadings on PC 1 (− 0.19 to 0.33). This result
was consistent with the multiplicity of bGDGTs (soil origin) and iGDGTs
(mixed soil and aquatic origin) in the YR-dominated margin (see
Section 4.1). Unexpectedly, LCA was clearly separated from bGDGTs in
the PCA plot (Fig. 8) although both are proxies of terrestrial organic
matter (Meyers, 1997; Hopmans et al., 2004). In the PCA plot, LCA had
extremely low loadings on PC 1 (0.007) and PC 2 (0.10), but high positive loading on PC 4 (0.88). The low correlation between LCA and
bGDGTs (r b 0.15; p N 0.2) was likely due to different transport pathways, which resulted in different distribution patterns. Soil-associated
bGDGTs are exclusively supplied by runoff, whereas plant-derived LCA
can be subjected to both atmospheric transport and riverine transport
(Hopmans et al., 2004; Walsh et al., 2008). In the YR-dominated margin,
atmospheric transport is particularly important in the winter when the
strong northwestern winds from land to ocean predominate during the
East Asian Winter Monsoon (Fu et al., 2002).
4.5. Implications of GDGT-proxies in river-dominated margins
The world's 10 largest rivers, including the YR, transport approximately 40% of the fresh water and particulate matter to the sea
(Milliman and Meade, 1983). Consequently, coastal areas under the inﬂuence of these large rivers are characterized by high primary productivity and high sedimentation rates. Despite its importance on the
global carbon cycling and environmental changes, the source and chemical composition of sedimentary organic carbon in the river-dominated
margins display highly spatial and temporal heterogeneity, and its biogeochemical behavior is not well understood (Bianchi et al., 2002).
Among the commonly used source indicators such as δ13C, C/N, longchain n-alkanes and lignin, each has intrinsic drawbacks (Herfort
et al., 2006). Thus, the GDGT-based proxies (the BIT index, MBT/CBT
and TEX86) provide additional tracers to evaluate organic carbon source
and sea/continental temperature. It was originally assumed that,
in aquatic environments, iGDGTs are mainly derived from aquatic
Thaumarchaeota, whereas bGDGTs are allochthonous and derived
from soil bacteria (Hopmans et al., 2004; Schouten et al., 2002;
Weijers et al., 2006a, 2007a). However, based on the study of globallydistributed sites, Fietz et al. (2012) found a signiﬁcant correlation between the concentrations of bGDGTs and crenarchaeol (p b 0.01;
r2 = 0.57–0.99), indicating that a common or mixed source for both
GDGT types is typical in lacustrine and marine settings. Given the
ongoing debate on GDGT sources, more studies are needed. Our work
in the YR-dominated margin supports different origins for bGDGTs
and iGDGTs. The constant and predominant soil origin of bGDGTs conﬁrms the reliability of the MBT/CBT proxies to record continental temperature and pH of the CLP, whereas the variability/multiplicity of the
iGDGTs' sources from the YR to the coast causes signiﬁcant deviation
of the TEX86-derived temperature from actual values. Thus, our study
highlights that the provenance of GDGTs is an important factor in determining the accuracy of the GDGT-based proxies, which should be kept
in mind when these proxies are applied to other environments where
terrestrial inputs are signiﬁcant.
5. Conclusions
We conducted a comprehensive study on the composition and
distribution of GDGTs in surface sediments of the YR-dominated continental margin. The distribution pattern of GDGTs and the PCA demonstrated that bGDGTs were strictly derived from soil erosion of the
Chinese loess plateau, whereas iGDGTs varied in source by location,
they were primarily derived from soil erosion in the lower YR and
modern estuary, but originated from both soil and in situ production
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in the old estuary and the coastal area. Consequently, the bGDGTbased MBT/CBT proxies reliably recorded the temperature and pH
signals of the CLP, while the iGDGT-based TEX86 proxy returned large
deviations from the actual temperature. Our study highlights that the
provenance of GDGTs must be determined before they can be used conﬁdently as environmental indicators. The assessment of the terrestrial
organic matter contribution to the sedimentary organic carbon pool in
the estuarine/coastal areas, based on the BIT, δ13C and bGDGT concentrations, was generally consistent with each other, demonstrating
the applicability of these proxies in the YR-dominated margin. Nevertheless, in agreement with previous studies (e.g., Walsh et al., 2008;
Smith et al., 2012), estimates of the terrestrial organic matter fraction,
based on the GDGT-proxies, were lower than those from the δ13C, and
were attributed to the fact that bGDGTs are speciﬁc to soil organic
matter, whereas the δ13C is related to bulk organic carbon content.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.marchem.2013.11.006.
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