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Abstract The recently proposed global and local calibrations for the mean annual air temperature (MAT) reconstruction on the
basis of 5- and 6-methyl brGDGTSs have rarely been applied to the Chinese LPS yet, leaving the applicability of these calibrations
unclear. Here, we used the improved chromatography method to analyze 198 loess-paleosol samples from the Weinan section in
the southern CLP for the past 350 kyr. The 6-methyl brGDGTs comprise a major proportion of total brGDGTs, pointing to alkaline
conditions for most soil samples from the Weinan LPS. The decoupled profile variation of MBT'sme and MBT'sue suggests their
response to different enviromental factors, possibly soil pH (or soil moisture) and temperature, respectively. This discrimination
further corraborates that temperature and monsoonal precipitation were not in phase during the last four deglaciations on the
CLP. Temperature estimates for the six calibrations tested show similar trends but remarkably differ in amplitudes. The soil
moisture appears to affect the global MBT'/CBT calibration, the global MAT,, calibration (a calibration based on the multiple
linear regression) and the Chinese local SSM (Stepwise Selection Method) calibration, resulting in a significant underestimation
of late Holocene temperature. In contrast, the dry climate has no effect on the global MBTsug calibration. Of the six calibrations,
only the Chinese local SSM calibration and global MAT., calibration produce temperature variation amplitude over the past 350 ka
that is consistent with other independent proxy data. The recently proposed local calibrations based on 5- and 6-methyl brGDGTs
for North China yield the amplitude of temperature changes that is much larger than the results determined by other approaches.
All the six calibrations have their own weakness in the MAT reconstruction, due partly to the inconsistency between the brGDGT
distribution in the Weinan LPS and the modern soils used to establish these calibrations.
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Introduction system (ASM and AWM) has been well documented by

The loess-paleosol sequences (LPS) in the Chinese Loess
Plateau (CLP) have been proven to be good records of
paleoclimatic changes during the Quaternary period (Heller
and Liu, 1982; Liu and Ding, 1998; Ding et al., 2002). The
interplay between the Asian summer and winter monsoon
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using a variety of geochemical and geophysical proxies,
e.g., magnetic susceptibility (An et al., 1991; Fang et al,,
1999; Maher et al., 1994), grain size (Ding et al., 1995)
and the chemical weathering index (Ding et al., 1995; Guo
et al.,, 1996). Although temperature and precipitation are
climatic factors closely related to ASM in the CLP, mod-
ern meteorological monitoring reveals that the pattern and
amplitude of variation in temperature and precipitation do
not necessarily follow those of ASM (Liu et al., 2004).
The (semi)quantitative reconstruction of temperature and
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precipitation independently are thus required to better un-
derstand the interaction between the climatic factors and
their driving forces. On the basis of statistical relationship
between proxies and temperature or precipitation for modern
surface soils, the paleo-precipitation or paleo-temperature
of CLP has been tentatively reconstructed by using proxies
including magnetic susceptibility (Maher and Thompson,
1995; Porter et al., 2001), phytolith assemblages (Lii et al.,
2007), cosmogenic '“Be (Zhou et al., 2014) and organic
carbon isotopes (Ning et al., 2008), etc.

The branched glycerol dialkyl glycerol tetraethers
(brGDGTs) are also increasingly used tools for quantitative
paleotemperature reconstruction in the LPS (Peterse et al.,
2011, 2014). They are membrane lipids of some unknown
bacteria that occur ubiquitously in terrestrial and marine
environments (reviewed by Schouten et al., 2013). Their
source bacteria are presumed to prefer a heterotrophic and
anaerobic lifestyle (Weijers et al., 2004, 2009; Sinninghe
Damsté et al., 2011). These lipids consist of two branched
alkyl chains linked to two glycerol backbones via the ether
bonds. The varying number of methyl and cyclopentyl
moieties in the nine brGDGTs enables the development of
MBT (methylation index of branched tetraethers) and CBT
(cyclization of branched tetraethers) index, which qualify the
relative number of methyl moiety and cyclopentyl rings, re-
spectively (Weijers et al., 2007). MBT index is demonstrated
to be mainly governed by mean annual temperature (MAT)
and soil pH, whereas CBT only correlates with soil pH in
global soils (Weijers et al., 2007). Due to the low abundance
of brGDGT-IIIb and Illc, these two compounds were ex-
cluded in the modified methylation index MBT' (Peterse et
al., 2012). The combination of MBT(") and CBT, namely
MBT(')/CBT proxy, was widely used to reconstruct MAT
and also soil pH in the LPS (Peterse et al., 2011; Gao et al.,
2012; Zech et al., 2012; Jia et al., 2013), estuarine sediments
(e.g. Sinninghe Damsté et al., 2012; Loomis et al., 2012)
and peatlands (e.g. Weijers et al., 2011). Nevertheless, the
global MBT'/CBT calibration produced significantly biased
temperature estimates in semi-arid and arid regions because
it appears that soil moisture and in turn MAP may impact
both the MBT' and CBT indices in the water-limited soils
(Menges et al., 2014; Wang et al., 2014). A local MBT/CBT
calibration, which was developed on the basis of brGDGT
distribution in >100 Chinese soils covering a large climatic
gradient, reduced the error in the temperature estimates, and
later applied in the Weinan Holocene paleosol (Yang et al.,
2014a, 2014b).

Recently, the original nine brGDGTs were found to harbor
1-3 isomers that exhibit different positions of methyl group
(De Jonge et al., 2013). The 5- and 6-methyl brGDGTs, re-
spresenting methyl at w/a 5 and w/a 6 position, respectively,
show completely different response to pH and MAT (De
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Jonge et al., 2014b). MBT'sug, the methylation index after
exclusion of 6-methyl brGDGTs, was found to be related
only to MAT, whereas MBT'sui, the methylation index for
6-methyl brGDGTs, was pH-dependent (De Jonge et al.,
2014a). Also, the relative abundance of 5- and 6-methyl
brGDGTs is controlled primarily by soil pH (De Jonge et
al., 2014a; Yang et al., 2015). The newly developed global
MBT'sme and MAT,, calibration for the MAT reconstruc-
tion can to some extent reduce the scatter in the original
MBT'/CBT calibration, which may be partly caused by soil
moisture (Peterse et al., 2014; Yang et al., 2014a; Wang et
al., 2015). A recent study shows that the local calibrations
based on 5- and 6-methyl brGDGTs for Northern China may
improve the accuracy of temperature estimates compared to
the global ones (Wang et al., 2016).

Until recently, almost all the paleo-reconstructions using
brGDGTs in the LPS from the CLP have been performed
based on the traditional nine brGDGTs, whose isomers
generally co-eluted in the liquid chromatography (Peterse et
al., 2011, 2014; Gao et al., 2012; Jia et al., 2013; Yang et al.,
2014a). It has been widely demonstrated that separation of 5-
and 6-methyl brGDGTs can markedly improve the accuracy
of temperature and soil pH reconstruction in modern surface
soils (De Jonge et al., 2014a; Ding et al., 2015; Xiao et al.,
2015; Yang et al., 2015). However, the applicability of these
isomer-based proxies and their pertinent calibrations to the
Chinese LPS has not been thoroughly tested yet, despite the
fact that Lu et al. (2016) has used the new chromatography
method to separate 5- and 6-methyl brGDGTs and found
some differences between traditional and new proxies in
the Lantian LPS. Thus, we analyzed the 5- and 6-methyl
brGDGTs in a LPS from Weinan in southwestern CLP using
an improved liquid chromatography methodology and quati-
tatively reconstructed the paleotemperature variation over
the last 350 kyr using different brGDGT-derived proxies
and their pertinent calibrations. The results were compared
to determine which proxy and calibration fit best for the
paleotemperature in the southern CLP (Figure 1).

2. Materials and methods

2.1 Sampling

The Weinan LPS is located at the southeast part of CLP
(Figure 2). Modern Weinan is mainly impacted by both
ASM and AWM, resulting in a warm/humid summer and
a cold/dry winter. The MAT and MAP averaged for 30
yrs (1961-1990) are 14.0°C and 575 mm, respectively
(http://www.cma.gov.cn/). The Weinan section contains 34.8
m of LPS from L,LL, loess (the topmost of L4 phase corre-
sponding to Marine Isotope Stage, MIS 10) to the Holocene
paleosol Sp, and covers the last three glacial-interglacial
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Figure 1 The structures of bacterial branched glycerol dialkyl glycerol tetracthers (brGDGTS).
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Figure 2 Chinese Loess Plateau and the sampling site in Weinan (black star). Black diamionds denote MS (Mangshan), LT (Lantian) and YB (Yuanbao)
sections which used the MBT(')/CBT proxy for the MAT reconstruction. The grey lines and spots represent the sampling regions for the North China soils
reported by Wang et al. (2016). The arrows indicate the motions of the East Asia Summer Monsoon (EASM) and East Asia Winter Monsoon (EAWM),
respectively.
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cycles (MIS 1-9).

2.2 Magnetic susceptibility analysis and age model

The magnetic susceptibility was analyzed at 10 cm intervals,
following the method described by Hao et al. (2012). The
low-frequency magnetic susceptibility for a total of 349 sam-
ples was measured at 0.47 kHz using a Bartington Instrument
MS 2B magnetic susceptibility meter.

The age model of the Weinan section was obtained by in-
terpolation between geomagnetic polarity boundaries (Ding
et al., 2002), using magnetic susceptibility as an indicator
of accumulation rate (Kukla et al., 1988; Ding et al., 2002).
This model is widely used to date the loess-paleosol sections
of CLP (Bloemendal et al., 1995; Wu et al., 2001). The
high correlation between magnetic susceptibility or grain size
of loess/paleosol with benthic §'*O records implies a strong
coupling between the Asia summer/winter monsoon and ice
volume changes (Ding et al., 1995, 2002; Hao et al., 2012),
which allows to establish the chronology of Chinese LPS by
correlation of mean grain size/magnetic susceptibility with
the benthic 0'°0 stack. Thus, ages of the glacial terminations
and interglacial/glacial transitions inferred from the benthic
0"%0 can be used as time controls for generating the loess
chronology (Porter and An, 1995; Hao et al., 2012). In this
study, the time controls reported by Ding et al. (2002) were
used to determine the age model of the Weinan LPS. The data
of magnetic susceptibility and grain size, analyzed at 10 cm
intervals, represent an average time resolution of 0.3-2.6 kyr.

2.3 Lipid extraction

The loess-paleosol samples from Weinan were transported to
the lab immediately after collection and dried in an oven at
45°C. A total of 198 samples were subjected to lipid extrac-
tion. Ofthem, 97 samples from 0-8.4 m depth, were collected
from the last glacial loess (L1) and the Holocene paleosol (So)
at 10 cm intervals. The remaining 101 samples from 8.4-34.8
m depth were collected at 40 cm interval.

Samples were ground into powder with a mortar and pestle

Table 1 Definitions of GDGT indices

and passed through a 20 mesh sieve to remove tiny roots and
carbonate nodules. Each sample (40—50 g) was extracted with
dichloromethane (DCM): Methanol (9:1, v/v) using an Ac-
celerated Solvent Extractor (ASE 100, Dionex). The above
extracts were concentrated via a rotary evaporator and then
separated into apolar and polar fractions in a silica gel col-
umn by n-hexane and MeOH, respectively. All polar frac-
tions containing GDGTs were passed through 0.45 pm poly-
tetrafluoroethylene (PTFE) syringe filters and dried under a
gentle stream of nitrogen gas.

2.4 GDGT analysis and proxy calculation

Each polar fraction was re-dissolved in 300 pL n-hexane:
ethyl acetate (EtOA) (84:16, v/v), and spiked with a known
amount of Cy glycerol trialkyl glycerol tetraether (GTGT),
a synthesized internal standard (Huguet et al., 2006). An
aliquot of each sample was injected and GDGTs were an-
alyzed using an Agilent 1200 series liquid chromatography
coupled to an Agilent 6460A triple quadruple mass spectrom-
etry (LC-MS/MS). The separation of brGDGTs was achieved
on two silica columns (150 mmx2.1 mm, 1.9 pm, Thermo
Finnigan) in tandem. The elution gradients followed Yang
et al. (2015). The selected ion monitoring (SIM) mode was
used, monitoring m/z 1050, 1048, 1046, 1036, 1034, 1032,
1022, 1020, 1018 and 744, to improve the signal to noise ra-
tio. The MS conditions followed Hopmans et al. (2004). The
6-methyl brGDGTs were denoted by an accent after the ro-
man numerals for their corresponding 5-methyl isomers.

Several global or local calibrations for paleotemperature
reconstruction have been proposed on the basis of the em-
pirical relationship between brGDGT-derived proxies and
temperature for the modern surface soils (Peterse et al.,
2012; De Jonge et al., 2014b; Yang et al., 2014a; Wang et
al., 2016). These calibrations were used to infer temperature
in the Weinan LPS to determine which fits best for the
LPS on the CLP. The temperatures proxies were calculated
according to the calibration equations shown in Table 1.
The Roman numerals in Table 1 refer to the corresponding
GDGT structures shown in Figure 1.

Index Definition

Reference

MBT'

MBT'sme MBT'sme = (Ia+Ib+Ic)/(la+Ib+c+Ta+IIb+1Ic+I11a)
MBT ez MBT s = (Ia+Tb+lc)/(Ta+Tb+Hc-+Ta+ITb+TIc"+ITTa’)
Index 1 = log ((IatIb+Ic+IIa'+I1Ia")/(Ic+I-
Index 1 Ta+IIc+ITTa+I1Ia'))
IR IReme=Y (6-methylated brGDGTs)/Y (5-methylated
6ME

brGDGTs+6-methylated brGDGTs)

MBT'=(Ia+Ib+Ic)/(Ia+Ib+Ic+I1a+1la"+1Ib+I-
Ib'+1c+Ic'+1Ia+111a")

CBT CBT=logo[(Ib+IIb+1Ib")/(Ta+1Ia+1Ia")]

Peterse et al. (2012)

Peterse et al. (2012)
De Jonge et al. (2014a)
De Jonge et al. (2014a)

De Jonge et al. (2014a)

De Jonge et al. (2014b)
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2.5 Calculation of paleotemperature

Three global and three Chinese local brGDGT calibrations
for the temperature reconstruction were tested. As brGDGTs
were separated into 5- and 6-methyl components in this study,
each of the original nine brGDGTs was calculated as a sum
of all its isomers. Temperatures were calculated according to
the six calibrations as follow.

The global MBT'/CBT calibration of Peterse et al. (2012):

MAT = 0.81 — 5.67 x CBT + 31.0 x MBT’,
n=176, R*=0.59, (1)
root mean standard error, RMSE 5.0°C.

The Chinese local calibration proposed by Yang et al.
(2014a):
MAT = 209 — 134 x [lla+1a’] — 17.2
x [[la+1Ma’] — 17.5 x [Ib+1Ib’]+11.2 x [Ib], 2)
n=120,R* = 0.87, RMSE 1.7°C.
The above two equationsare developed on the basis of the
traditional nine brGDGTs.

The global calibration of MBT’sue against MAT proposed
by De Jonge et al. (2014a):

MAT,,. = —8.57 + 3145 x MBT',s., 3)
n=222,R* = 0.66, RMSE 4.8°C.
The multiple linear regression calibration based on the frac-
tional abundances of 5- and 6-methyl brGDGTs (De Jonge et
al., 2014a):

MAT =7.17+17.1 x [1a]+25.9 x [Ib]
+34.4 x [Ic] — 28.6 x [1Ia], 4
n=222,R> = 0.68, RMSE 4.6°C,
and two Chinese local calibrations recently proposed by
Wang et al. (2016) based on the distribution of 5- and
6-methyl brGDGTs in 148 soils from the temperate northern

China, covering a soil pH range of 4-9 and a MAT range of
—5°C to 13°C:

MAT=27.63 x Index 1 — 5.72,

— 2 __ o (5)
n =148, R* = 0.75, RMSE 2.5°C,
T, : MAT =18.84 x [la]+ 42.44 x [Ib]
—149.68 x [Ic] — 52.00 x [Tla]+ 6.36, (6)
n=148,R* = 0.77, RMSE 2.5°C.
3. Results

3.1 BrGDGT distribution in the Weinan LPS

All the 5- and 6-methyl brGDGTs were detected in the
Weinan LPS. As GDGT-IIIc and Illc' are generally below
the detection limit in most samples, only 13 brGDGTs,
including Ia, Ib, Ic, Ila, IIa’, IIb, IIb’, Ilc, II¢’, Ila, Illa’,

Sci China Earth Sci

June (2017) Vol. 60 No. 6 1163

IIIb and IIIb" were used for the data processing (Figure 3).
GDGT-Ia, -Ib and -IIa’ collectively comprise 70% of total
brGDGTs on average. Among them, brGDGT-Ia accounted
for 17.8-46.5% of total brGDGTs, being the most abundant
brGDGT component in general. The GDGT-IIIb concentra-
tion was quite low in most samples and even lower than the
detection limit in some samples. The overall distribution of
brGDGTs in loess layers was not significantly different from

[ tetramethylated-brGDGTs
5Me-brGDGTs la Ic
[ 6Me-brGDGTs
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Figure3 The separation of brGDGTs in a selected sample (10NJ-60) using

two silica columns following the method described by Yang et al. (2015).
The roman numerals refer to the structures in Figure 1.
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that in paleosols. For example, the brGDGTs for Sy and L,
were both dominated by Ia and Ib, followed by pentamethy-
lated I1a’ and IIb’. The 6-methyl brGDGTs exhibited a higher
abundance than their 5-methyl isomers in both loess and pale-
osols, accounting for 34.6% of the total brGDGTs on average.

MBT'sme and MBT'sme showed similar variation tendency
in most intervals of the past 350 kyr in the Weinan LPS. In
the profile, MBT'sue generally changes ahead of MBT gue,
but during some periods, e.g. ca 161.8-153.4 ka B.P. and
136.4-127.6 ka B.P. (Figure 4; highlighted grey bars), the
variation of MBT'syg and MBT'sue exhibited an opposite
trend.

3.2 Temperature reconstruction using different calibra-
tions

3.2.1 Temperature reconstruction using the traditional nine
brGDGTs

The MAT of the past 350 ka reconstructed from the global
MBT'/CBT calibration (eq. (1)) ranged between 10.6°C and

1.0
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0.8

0.7

- 800

- 600

+ 400

S0 K] S1 L2 S2 L3 S3 L4
0 50 100 150 200 250 300 350
Age (ka B.P)

Figure 4 The variation of (a) IReme, (b) MBT'sme, (¢) MBT'eme and
(d) MAP reconstructed from magenetic suscepitibility using calibrations
reported by Porter et al. (2001) in the Weinan section for the past 350 kyr.
The grey bars highlight the periods when MBT'sye and MBTgve show the
opposite variation trend. The lithologic column shows the loess (light) and
paleosol (dark), with S and L denoting paleosol and loess, respectively.
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22.7°C, with a value of 11.2°C for the topmost sample. The
MAT produced from the Chinese local calibration (eq. (2))
varied from 13.2°C to 20.8°C, with a variation range of 7.6°C
over the glacial-interglacial cycles. The maximum MAT
(20.8°C) yielded by the eq. (2) occurred at the beginning
of MIS 7, and was slightly higher than MAT for MIS 5, the
penultimate interglacial. Furthermore, the eq. (2)-inferred
MAT record revealed that the MIS 5c (ca. 113 ka B.P.) was
the warmest within MIS 5, which was similar to the results
of Lii et al. (2007) and Peterse et al. (2014). The minimum
MATs yielded by the eqgs. (1) and (2) both occurred at the
late Holocene, with the temperature of 10.6°C and 13.2°C,
respectively. The MATs reconstructed from the eqs. (1) and
(2) generally exhibited similar values during glacial periods
but differed significantly during the interglacial periods.
The eq. (1)-derived MAT was ca. 2°C higher than the eq.
(2)-derived one during the interglacial period (Figure 5b).

3.2.2 Temperature reconstructions using the 5- and
6-methyl brGDGTs

Although the egs. (3) and (4) have similar RMSE in the re-
construction of MAT, the temperatures they produced dif-
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Figure5 Comparison of the temperature variation over the past 350 kyr re-
constructed from the traditional nine brGDGT-based calibrations with North-
ern Hemisphere insolation at 65°N and the magnetic susceptibility for the
Weinan LPS; (a) Northern Hemisphere insolation at 65°N (Berger, 1978);
MAT produced by (b) the MBT'/CBT calibration reported by Peterse et al.
(2012) (grey curve) and by the Chinese SSM calibration reported by Yang et
al. (2014) (black curve); (c) the magnetic susceptibility for the Weinan LPS.
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fered remarkably in the Weinan LPS. The MBT'syg calibra-
tion yielded temperatures that ranged from 13.9°C to 21.9°C
and a MAT estimate for late Holocene (17.4°C) that was much
higher than the modern MAT (14.0°C) (Figure 6b). The high-
est reconstructed MAT (21.9°C) was present in the upper
part of L2 layer (MIS 7), corresponding to an age of ca.
131.1-158.3 ka B.P. (Table 2). It was even higher than the
MAT estimates for the adjacent S1 layer (MIS 5), an inter-
glacial period that has been generally considered to be the
warmest over the last 350 ka (Petit et al., 1999; Kawamura et
al., 2007). The lowest reconstructed MAT (13.9°C) occurred
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Figure 6 Comparison of temperature reconstructed from the calibrations
based on 5- and 6-methyl brGDGTs with the magnetic susceptibility and the
benthic foraminifera §'*0. (a) The benthic foraminifera 6'*0 stack (Lisiecki
and Raymo, 2005); (b) MATs produced by the global MBT'sye and MAT
calibrations (the grey line and black line, respectively). The Arabic numerals
1-9 indicate the marine isotope stage (MIS); (¢) MAP inferred from magnetic
susceptibility for the Weinan section, using the calibration reported by Porter
et al. (2001).
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at 190 ka, which is the transitional period from S2 to L2
layer. In contrast, the MAT,, calibration (eq. (4)) yielded
temperatures that showed a wider range (10.6°C) than that
produced by the MBT'syg calibration (eq. (3); 8.0°C). Simi-
lar to other reconstructions, the maximum MAT produced by
the eq. (4) (23.7°C) also occurred at the beginning of MIS 7,
and was also slightly higher than the MAT estimates for MIS
5. The minimum MAT (13.1°C) reconstructed from eq. (4)
was present at the transition from L4 to S3 (Table 2).

The MAT produced by the eq. (5) ranged from 6.8°C for
the boundary between L2 and S1 to 24.6°C for the Holocene
maximum, with a total temperature range of 17.8°C (Figure
7). Similarly, the maximum MAT (22.1°C) inferred from the
eq. (6) also occurred at the early Holocene and the minimum
MAT (-10.3°C) at the transition from L2 to S1, with a large
variation range of 32.4°C (Figure 7).

4. Discussion

4.1 Decoupled variation in MBT'syg and MBT'sme

In comparison with MBT'eume, a considerable delay (up to
10 ka) was observed in the profile variation of MBT'syg in
the Weinan LPS over the past 350 ka. The decoupled pro-

-1071 — Eq. (6) T., MAT
Eq. (5) soil MAT(Index 1)
| S0 L1 S1 L2 S2 L3 S3 L4
0 50 100 150 200 250 300 350
Age (ka B.P.)

Figure 7 The temperatures reconstructed from the local calibrations based
on 5- and 6-methyl brGDGTs (eq. (5), black triangle; eq. (6), grey triangle).

Table 2 The reconstructed temperatures using different calibrations for the Weinan LPS over the past 350 kyr

Max MAT (°C) Depth of max MAT (m) Min MAT (°C)  Depth of min MAT (m) MAT range (°C) MAT for top So (°C)
eq. (1) 22.7 30.4, S3 10.6 0.075, SO 12.1 11.2
eq. (2) 20.8 25.0, S2 132 0.075, SO 7.6 13.5
eq. (3) 21.9 12.7, S1 13.9 21.4, S2-12 8.0 17.4
eq. (4 23.7 24.6, S2 13.1 33.9, L4-S3 10.6 14.3
eq. (5) 24.6 2.125, SO 6.8 11.4, L2-S1 17.8 11.9
eq. (6) 22.1 2.125, SO -10.3 11.4, L2-S1 324 11.2
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file variation in MBT'sve and MBT'sye is more obvious in the
past 80 kyr when sampling was conducted in a higher reso-
lution. MBT'sme and MBT'sue essentially represent the rela-
tive abundance of 6- and 5-methyl brGDGTs vs. tetramethy-
lated brGDGTs (Ia, Ib and Ic), respectively. Thus, the profile
difference between MBT'sme and MBT'sve can be clearly vi-
sualised by the ratio of 6- vs. 5-methyl brGDGTs, namely
IR¢me index (Figure 4). The maximum IReme value appears
at the penultimate glaciation (ca. 126-152 ka B.P.), which
is characterized by relatively high MBT'sue values and low
MBT'eme values. Yang et al. (2015) noted that the differ-
ence between MBT'sye and MBT'sumE, as well as the IRgue
proxy, was both primarily controlled by soil pH in modern
surface soils. The maximum IReme values mean that the high-
est soil pH in the Weinan LPS and possibly the driest climate
over the past 350 ka occur at the penultimate glaciation. This
is consistent with the low northern hemispheric solar insola-
tion at 65°N at this time interval, which was believed to be
the major driving force of temperature and precipitation on
the CLP (Peterse et al., 2011, 2014; Gao et al., 2012). As
suggested by the high IR¢ve values (>0.9) at the penultimate
glaciation, the 5-methyl brGDGTs only account for a small
proportion of total brGDGTs; this might somewhat increase
the error of MBT'sye calculation because unclear peaks for
some S-methyl brGDGT components in the chromatogram
were observed during manual intergration (Figure 8). Thus,
it cannot be fully ruled out that errors produced from the low
abundance of 5-methyl brGDGTs may partly account for the
abnormally higher MBT'sy at the penultimate glaciation.
The discrepancy in the profile trends between MBT'sug and
MBT'6me throughout the LPS can be attributable to the differ-
ent environmental variable(s) that they respond to. De Jonge
et al. (2014a) and subsequent studies reveal that MBT sy
is strongly controlled by MAT while MBT'qur depends pri-
marily on soil pH in humid and sub-humid regions (Yang et
al., 2015). Further studies suggest that MBT've is mainly
governed by the soil moisture in water-limited soils from
semi-arid and arid regions (Dang et al., 2016; Wang et al.,
2016). Thus, it is most likely that the MBT’sye and MBT sme
curves primarily reflect the variation of MAT and soil pH (or
soil moisture), respectively. MAP has been generally thought
to be the major environmental control on soil pH and soil
moisture in monsoon-dominated region of China (Yang et al.,
2014b). The variation of MBT'eume in the Weinan LPS may
therefore indirectly reveals the change in monsoon precipi-
tion. In fact, the decoupled variation in temperature and mon-
soonal precipitation has been also observed in other LPS, e.g.,
the Mangshan Section, Lantian Section and Yuanbao Sec-
tion (Peterse et al., 2011, 2014; Gao et al., 2012; Jia et al.,
2013), where the stalagmite 6'*0 or magnetic susceptibility
of loess-paleosol were used as proxies for monsoon precipi-
tation (Maher and Thompson, 1995; Porter et al., 2001; Hu et
al., 2008). However, due to a larger age uncertainty for the

10YG-520
m/z 1050 la'

10YG-436
m/z 1050

Illa

@

Figure 8 The normal (a) and unclear peaks (b) of brGDGT-Illa.

LPS than for the stalagmites, the lag time between tempera-
ture and monsoonal precipitation is difficult to be determined
accurately in these LPS. As MBT gy is positively correlated
with soil moisture and in turn the MAP when IReme>0.5
(Dang et al., 2016), it affords a novel approach to the re-
construction of MAP in the LPS. Currently, although the
MAP cannot be reconstructed quantitatively using MBT'sve
due to a lack of calibration, the variation trend of temper-
ature and precipitation can be obtained by using MBT'sue
and MBT'sme, respectively, which are both calculated from
brGDGTs in the same section. The delay time between
paleo-precipitation and paleotemperature can therefore be
more precisely determined using only these two indices.

4.2 Comparison of temperatures estimated by different
calibrations

The temperature curves estimated by two calibrations based
on traditional nine brGDGTs (eqs. (1) and (2)) exhbit the
same trends and vary in phase with the Northern Hemisphere
summer insolation at 65°N, suggesting the Northern Hemi-
sphere summer insolation might be the major driving forcing
of temperature variation in Weinan area. However, the two
curves differ largely in amplitude (Figure 5b). The global
MBT'/CBT calibration (eq. (1)) yields a wider amplitude
(12.1°C) of temperature variation than the Chinese SSM
calibration which produced a variation amplitude of 7.6°C
(13.2°C to 20.8°C). The variation amplitude of the latter
is more consistent with that reconstructed using phytolith
assemblage in the same LPS (Li et al., 2006, 2007). More-
over, the temperature (10.8°C) estimated for the topmost
sample by the global MBT'/CBT calibration is much lower
than the modern temperature (14.0°C). MAT reconstructed
from the global MBT'/CBT calibration is overestimated
for interglacial period but underestimated for the cold cli-
mate like late Holocene and the top layer of L4 loess (ca.
342.5-339.5 ka B.P.), consistent with our previous study for
the Holocene (Yang et al., 2014a). This suggests that the
local Chinese calibration have indeed improved the accuracy
of paleotemperature reconstruction in the LPS.

After exclusion of 6-methyl brGDGTs, the calibrations
based primarily on 5-methyl brGDGTs were believed to be
more accurate in the reconstruction of MAT (De Jonge et al.,
2014a; Ding et al., 2015; Yang et al., 2015). Compared to
the result from the global MBT'/CBT calibration (eq. (1);
12.1°C), the global MBT'sme calibration (eq. (3)) indeed
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yields a more reasonable amplitude (8.0°C) of temperature
variation over the glacial-interglacial cycle. This amplitude
is more consistent with that produced by the local Chinese
SSM (Figure 5b) or reported by another study (Lii et al.,
2007). The temperature estimate for late Holocene (17.4°C)
is higher than the MAT of modern days in Weinan (14.0°C),
possibly pointing to a bias towards the growing season
air temperature. The MBT'sye calibration (eq. (3)) also
produced some obviously unreliable temperature estimates.
For example, the MBT'sye-inferred temperature shows that
MIS 7 (the upper half L2 layer; ca.131.1-158.3 ka B.P.) is a
period even warmer than the adjacent MIS 5 (S1 layer); the
latter has been generally considered to be the warmest over
the past 350 ka in other studies (Petit et al., 1999; Kawamura
et al., 2007).

Although the eqgs. (3) and (4) show similar RMSE, the
temperatures reconstructed from them are different in the
Weinan section. In addition to the difference in the temper-
ature variation amplitude, the biggest differences between
the two curves occur at the late Holocene and the transition
period from MIS 6 to MIS 5 (the upper part of L2 to S1).
The MAT (eq. (4) produced a total temperature variation
amplitude of 8°C for the Holocene, which is much higher
than that determined by phytolith (Li et al.,, 2007), and a
temperature for the topmost soil that is close to modern
MAT (14.0°C). However, closer inspection reveals that the
temperature estimate is higher for the last glacial maximum
(LGM; 20 ka B.P.) than for the late Holocene, a similar
situation observed for the global MBT'/CBT -calibration
(eq. (1)) and the Chinese SSM calibration (eq. (2)). This is
incosistent with the results from the climate modelling and
other sedimentary archives, e.g., marine and lake sediments
in the eastern Africa, which all show the LGM temperature
is lower than modern temperature (De Villiers et al., 1995;
Lea et al., 2000; Loomis et al., 2012). As noted earlier by
Yang et al. (2014b), the present-day soils might be drier than
the LGM soils, which was supported by a much higher Ry
value for the present than for the LGM in the Weinan LPS.
Therefore, the soil aridity at late Holocene may to some
extent influence the brGDGT calibrations, resulting in a
lower temperature estimate for the present than for the LGM.
As shown in Figure 4, the MBT'sme reaches its minimum
value at late Holocene within the past 350 ka (<0.4); in
contrast, the MBT'sye value is higher in modern days than
in the LGM. This suggests that the low MBT'qur value was
the main reason why the temperature was underestimated by
the traditional MBT'/CBT calibration. Of the four calibra-
tions discussed above, only the global MBT'syg calibration
appears to be less affected by the soil moisture, yielding a
higher temperature at late Holocene than at the LGM that
accords with other studies (Li et al., 2007). In fact, De
Jonge et al. (2014a) also found that both the MBT'/CBT and
MAT,, calibrations underestimated the actual temperatures

for a set of soils from relatively dry Iberian peninsula (100
mm<MAP<500 mm) and the impact of soil moisture on
the latter calibration cannot be fully excluded although the
latter has an improvement in the accuracy of temperature
reconstruction compared to the former.

A wide range of studies have shown that local calibrations
are generally considered to be better for paleoclimate recon-
struction than global ones (e.g. Sinninghe Damsté et al.,
2008; Bendle et al., 2010; Yang et al., 2014a). The local cali-
brations based on 5- and 6-methyl brGDGTs, i.e., eqs. (5) and
(6), however, do not perform better in the MAT recontruc-
tion than the global ones. Although these two calibrations in-
deed produced temperatures for the topmost soils that are con-
sistent with modern MAT, the variation amplitude of recon-
structed MAT can reach up to 32.4°C for the four glacial-in-
terglacial cylces, with the Holocene temperature fluctuation
up to 15°C, which is obviously inconsitent with other stud-
ies (L et al., 2007). The glacial-interglacial cycles cannot
be clearly identified according to the eq. (5) and 6-inferred
MAT. For example, the temperature estimates were remark-
ably lower for S1 (MIS 5) than for the two neighouring loess
layers L1 and L2. In fact, the soils used for the local calibra-
tions (eqs. (5) and (6)) were collected primarily from the sites
with a drier and colder modern climate than Weinan (Wang
etal., 2016). The temperature reconstructed for most time in-
tervals within the past 350 ka is higher than the modern MAT
in Weinan, despite of the calibrations used. The range of tem-
perature and soil humidity for Weinan over the past 350 ka is
expected to be outside of those for the two local calibrations.
Thus, the two local calibrations might be more applicable to
the LPS in the Northern CLP.

To sum up, it appears that none of exsiting calibrations
can produce temperatures that not only track the glacial-in-
terglacial cyle but also agree well with other studies. This
can be partly explained by that the abundance of brGDGT iso-
mers in the Weinan section (Figure 9a) is remarkably different
from that in either global soils or North China soils reported
in previous studies (De Jonge et al., 2014a, Figure 9b; Wang
et al., 2016, Figure 9¢). The 6-methyl brGDGTs accout for
a large fraction of total brGDGTs in soils from North China
region (Wang et al., 2016) and Weinan LPS than in global
soils (De Jonge et al., 2014a). The fractional abundance of
ITa, a major component involved in many proxies, is only
3.6% on average in the Weinan LPS, in striking contrast with
a mean value of 18% in the global soils. The brGDGT-IIa’
in North China soils shows the highest abundance within all
brGDGTs, with a relatively lower abundance of tetramethy-
lated brGDGTs (Ia, Ib and Ic), which is remarkably different
from the brGDGT distribution pattern in the Weinan LPS. The
different brGDGT distribution between the Weinan LPS and
modern soils means that soils used for calibrations may not
capture the environmental conditions when the LPS was de-
veloped. As the brGDGT distribution may be affected by
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Figure 9 The histograms showing the fractional abundance of each brGDGT for (a) the Weinan LPS, (b) global surface soils reported by De Jonge et al.
(2014a), (c) north China soils reported by Wang et al. (2016), (d) the Holocene paleosol in the Weinan LPS and (e) the L1 loess of the Weinan LPS. The dark
bars highlight the 6-methyl brGDGTs and the light bars refer to the 5-methyl brGDGTs.

confounding factors including temperature, soil pH and
soil moisture, the combined character of these three envi-
ronmetal parameters for modern soils used for calibrations
may be somewhat different from that for the LPS samples.
Therefore, a local calibration covering a wider MAT and
precipitation range is needed to better constrain the pale-
otemperature in the LPS.

5. Conclusion

The 5- and 6-methyl brGDGTs in a set of loess-paleosol sam-
ples for the past 350 kyr from the Weinan LPS were analzyed

to test the applicability of exsiting brGDGT calibrations for
the MAT reconstruction. The 6-methyl brGDGTs represent
a major proportion of the total brGDGTs in the LPS and ex-
ert a significant impact on the original MBT'/CBT proxy par-
ticularly when climate is dry (R»>0.5). A notable offset in
the profile variation between MBT'sye and MBT'sve suggests
a decoupled temperature and monsoonal precipitation during
the last four deglaciations. The soil moisture or pecipitation
may impact the global MBT'/CBT calibration, the Chinese
local SSM calibration and the global MAT, calibration, re-
sulting in a lower temperature estimate for the present than
for the LGM. Except the late Holocene dry period, the Chi-
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nese local SSM calibration and the global MAT,, calibration,
which are based on the traditional nine brGDGTs and sepa-
rated 5-/6-methyl brGDGTs, respectively, can both yield rea-
sonable temperature range for the past 350 ka. However, the
local calibrations based on 5-/6-methyl brGDGTs in North
China soils produced temperature variation amplitude much
larger than that determined by other approaches and should
be used with caution in the southern CLP.
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