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Leaf wax n-alkanes have been recently introduced into loess deposits for paleovegetation and paleo-
climate reconstruction. However, the paleoclimate significance of some n-alkane parameters such as
chain-length ratios (L/H, C27/C31, C29/C31, and (Ca7+Ca9)/(C31+C33)) remains to be clarified. In order to

Keywords: evaluate the validity of those proxies in loess deposits, leaf wax n-alkanes were analyzed from a
n-{\lkane northwest-southeast transect on the Chinese Loess Plateau since the Last Glacial Maximum (LGM). The
gzﬁr;izzéoess n-alkanes show a bimodal distribution between Cq4 and Cs3 with Carbon number maxima (Cpax) at C14 or
Last Glacial Maximum Cy6, and at C3q or Cs3, indicative of both terrestrial plant and microbial origin. L/H variations are in good
Paleoclimate agreement with climate changes both temporally and spatially, i.e. the higher L/H ratio the warmer and

wetter climate and vice versa. Therefore, the L/H ratio in Chinese loess can serve as an efficient proxy for
paleoclimate. By comparing long-chain n-alkane ratios with pollen records, we suggest that the generally
used woody plant proxies (Cp7 and Cyg) and grass proxies (C3; and Cs3) are not applicable to Chinese
loess. As the Chinese Loess Plateau was dominated by herbs in both the LGM and the Holocene, the long-
chain n-alkane ratios may mainly reflect changes in the species composition of local vegetation. For a
better understanding of leaf wax n-alkanes in Chinese loess, further studies are required to investigate
the n-alkane distributions in both the major plant species and their associated surface soils on the
Chinese Loess Plateau.

© 2015 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

Leaf wax forms a hydrophobic layer covering aerial plant organs,
which serves as a waterproof barrier protecting plants against
desiccation, ultraviolet radiation, and pathogens (Eglinton and
Hamilton, 1967; Kolattukudy, 1976a). The waxy coats typically are
complex mixtures of mainly n-alkanes, n-alcohols, n-alkanoic acids,
and wax esters (Eglinton and Hamilton, 1967; Kolattukudy, 1976a;
Eglinton and Eglinton, 2008). Among these, n-alkanes have
attracted particular interest for paleoenvironmental research, as
they can be easily identified and isolated from a variety of geologic
materials and are relatively robust to geologic alteration.

In the past decade, some n-alkane parameters such as chain-
length ratios have been introduced into loess deposits for
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paleovegetation and paleoclimate studies (Xie et al., 2003, 2004;
Zhang et al., 2003, 2006; Liu and Huang, 2005, 2008; Bai et al.,
2009; Zech et al., 20093, b, 2010; 2012; Buggle et al., 2010; Gocke
et al., 2010). Some researchers suggested that C3; and C33 repre-
sent input from grasses while Cy7 and Cyg represent input from
woody plants (trees and shrubs) (Cranwell, 1973; Meyers and
Ishiwatari, 1993; Schwark et al., 2002; Meyers, 2003; Bai et al,,
2009). For this reason, ratios constructed from long-chain n-al-
kanes (e.g., C27/C31, ng/C31. and (C27+C29)/(C31+C33)) have been
increasingly used in loess deposits to estimate the relative contri-
bution of woody plants and grasses (Yang et al., 2006; Zhong et al.,
2007; Zhang et al., 2008; Zeng et al., 2011). However, the validity of
these n-alkane ratios has been challenged by investigations of n-
alkanes in woody plants, grasses, and their associated soils from
China and North America, which indicate that they all have highly
variable but significant amounts of Co9 and C31 (Rao et al., 2011; Luo
et al, 2012; Bush and Mclnerney, 2013). In addition, the
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paleoclimate significance of L/H ratio (the ratio of low- to high-
molecular-weight n-alkanes) remains to be clarified (Xie et al.,
2004; Zeng et al., 2011). Therefore, the paleoenvironmental impli-
cations of n-alkanes in loess deposits need to be carefully evaluated.

On the Chinese Loess Plateau, a pronounced spatial climatic
gradient similar to the present pattern existed in both glacials and
interglacials (Derbyshire et al., 1995; Yang and Ding, 2003, 2008;
Yang et al., 2012, 2014; Jiang et al., 2013, 2014). This provides a
unique opportunity to evaluate the paleoenvironmental implica-
tions of n-alkanes in loess deposits through temporal and spatial
comparisons. Here we present leaf wax n-alkane records from a
northwest—southeast loess transect in the Chinese Loess Plateau
since the Last Glacial Maximum (LGM), with the aim of exploring
the paleoenvironmental implications of chain-length ratios in
Chinese loess.

2. Setting and stratigraphy

Our study transect runs northwest—southeast from Huanxian
near the Mu Us desert margin, to Lingbao in the southeast Loess
Plateau. Three loess sections located at Huanxian (36.39°N,
107.14°E), Fuxian (36.01°N, 109.18°E), and Lingbao (34.34°N,
110.50°E) were sampled (Fig. 1). The modern climate of the study
area is characterized by seasonal alternations of wet, warm sum-
mer monsoon and dry, cold winter monsoon. From Huanxian to
Lingbao, there is a positive southeastward gradient in both mean
annual temperature (from ~8 to ~13 °C) and mean annual precip-
itation (from ~380 to ~630 mm), with ~60—80% of the precipitation
concentrated in summer season.

All the sections consist of the Holocene soil SO and the upper part
of loess unit L1. The Holocene soil SO is dark in colour because of its
relatively high organic matter content. SO can be approximately
classified as a Calcic Chernozem at Huanxian, a Luvic Phaeozem at
Lingbao, and an intergrade between them at Fuxian (FAO, 1988), and
displays a southeasterly increase in pedogenic development, which
coincides with the modern spatial climatic gradient.

Radiocarbon (Liu et al., 1994) and OSL (Huang et al., 2006; Lu
et al.,, 2007) dating have provided an age of ~11-9 ka for the base
of SO soil unit and an age of ~3 ka for the top of SO. The loess unit L1
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is yellowish in colour and massive in structure, deposited during
the last glacial period. The loess unit L1 can be divided into five
subunits, termed L1-1, L1-2, L1-3, L1-4, and L1-5. L1-2 and L1-4 are
weakly developed soils, and the other subunits are typical loess
horizons. Previous studies have shown that L1-1 is correlated with
marine isotope stage (MIS) 2 (~27—11 ka), and L1-2 with the late
MIS 3 (~38—-27 ka) (Kukla, 1987; Ding et al., 2002; Lu et al., 2007;
Yang and Ding, 2014). The stratigraphy of all the sections is
correlative in the field, suggesting near-continuous dust accumu-
lation since the last glacial period. To ensure that we used a com-
plete cold—warm cycle for n-alkane studies, all the sections were
sampled down to loess unit L1-2.

3. Materials and methods

For all the sections, a total of 282 samples were collected at
5—10 cm intervals. Bulk magnetic susceptibility and grain size were
measured for all samples using a Bartington MS2 susceptibility
meter and a SALD—3001 laser diffraction particle analyzer. About
10 g of each sample was measured for magnetic susceptibility. Ul-
trasonic pretreatment with addition of a 20% solution of (NaPO3)g
was used to disperse the samples prior to particle size determi-
nation (for details see Ding et al. (1999)).

A total of 30 samples were selected for n-alkane analysis. In
order to avoid potential contamination during the n-alkane
extraction, all glassware was sequentially washed with detergent,
chromic acid (soaked for 24 h), tap water, and distilled water, and
finally annealed at 450 °C for 5 h. Filter papers were Soxhlet
extracted with a mixed solvent of dichloromethane and methanol
(3:1, v:v) for 72 h prior to use. All samples were dried at 40 °C and
ground. An aliquot (80—100 g) of each sample was Soxhlet—ex-
tracted with dichloromethane:methanol (3:1, v:v) for 48 h. Total
lipid extracts were separated by column silica gel chromatography,
and the hydrocarbon fraction was eluted with hexane.

n-Alkanes were identified and quantified using a Konik HRGC
4000B Gas chromatography with flame ionization detector (FID)
and a non-polar capillary column (HP-5MS 60 m x 0.25 mm x
0.25 pum) at the Institute of Geology and Geophysics, Chinese
Academy of Sciences. The GC oven temperature program initiated
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Fig. 1. Map showing the study sites (dots) in the Chinese Loess Plateau.
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at 80 °C (held for 2 min), increased at 10 °C/min to 150 °C, and then
at4 °C/min to 290 °C (held for 20 min). Compounds were identified
through comparison of retention times with n-alkane references
(C7—C40). Compound concentrations were determined by
comparing the peak areas of samples with those of the references
(C7—C4p) at a concentration of 100 ng/ul.

4. Results
4.1. Magnetic susceptibility and grain size

The alternation of loess and soils is clearly expressed in the grain-
size and magnetic susceptibility records (Fig. 2). In the three sec-
tions, soil unit SO is characterized consistently by finer particle size
and higher susceptibility values compared with loess unit L1-1
(Fig. 2). In the Huanxian section, the median grain size and the
susceptibility values fall in the range 30—48 um and
30—60 x 10-8 m?/kg for loess unit L1-1, and in the range 20—32 pm
and 40—110 x 1078 m3/kg for the Holocene soil SO. The values are
17—25 pm and 45—100 x 10~8 m®/kg for L1-1 and 9—23 pm and
90—-160 x 10~% m3/kg for SO at Fuxian, and 18—30 pm and
50—90 x 10~ m?/kg for L1-1 and 14—28 pm and 60—180 x 10~8 m?/
kg for SO at Lingbao. From Huanxian southeastward to Lingbao along
the transect, the median grain size generally decreases and the
magnetic susceptibility increases for both loess and soil units. These
spatial characteristics coincide with the pattern of a southerly in-
crease in pedogenic development for both loess and soil units
(Derbyshire et al., 1995; Yang and Ding, 2003), and with the pattern
of the present spatial climatic gradient.

4.2. n-Alkane distributions

n-Alkanes from the three sections range from Cy4 to C33 and
show a bimodal distribution (Fig. 3). Compounds in the range of C14
to Cyg exhibit no odd- or even-carbon preference with a carbon
number maximum (Cpax) at Ci4 or Cyg, while those ranging from
C,7 to C33 show a strong odd-carbon number predominance with a
Cmax at C31 or C33 (Fig. 3).
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4.3. Temporal and spatial records of n-alkane chain-length ratios

4.3.1. L/H ratios

L/H ratio has been used to indicate the relative input of micro-
organisms and terrestrial higher plants in soils (Xie et al., 2004; Bai
et al, 2006; Wang et al., 2007; Zeng et al.,, 2011), which was
calculated as follows:

Ci4 + C15 + Cig + Ci7 + Cig + Cg

= 1
Co7 + Cog + g + C39 + C31 + C32 + (33 (1)

L/H

where Cy is the concentration of the n-alkane (C) with x carbons.

From the LGM to the Holocene, L/H ratios increased on average
from 0.5 to 0.9 at Huanxian, from 0.3 to 0.8 at Fuxian, and from 0.8
to 3.8 at Lingbao (Fig. 4). From northwest to southeast along the
transect, L/H ratios displayed an overall increase in both loess and
soil horizons (Fig. 4), consistent with the previous finding that L/H
values are generally higher in soils of warm and wet climate than in
those of cold and dry conditions (Bai et al., 2006; Wang et al., 2007).
The averaged L/H value increases more rapidly southeastwards in
the Holocene soil unit (SO) compared to the LGM loess unit (L1-1),
with an increase of 2.9 and 0.3, respectively.

4.3.2. Long-chain n-alkane ratios
Long-chain n-alkane ratios were calculated as follows:

Go7 + Cy9
C C C C =2 =7 2
(Ca7+Ca9)/(C31+C33) Ca1 + Cos (2)
C
C7/C31 = C_27 (3)
31
C
Ca9/C31 :szg (4)
31

where Cy is the concentration of the n-alkane with x carbons.
Fig. 5 illustrates the temporal and spatial changes in the long-
chain n-alkane ratios. In the Huanxian and Lingbao sections, all
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Fig. 2. Stratigraphic column, median grain size (Md), and magnetic susceptibility (SUS) for the Huanxian, Fuxian, and Lingbao sections. The shaded zones indicate the Holocene

Optimum (S0) and the late MIS 3 (L1-2).
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Fig. 3. n-Alkane distributions of some representative samples from loess unit L1-1 and soil unit SO of the loess transect. The associated odd-over-even predominance (OEP) was
calculated using the equation of Zech et al. (2009a). OEP=(Cy7+Ca9+C31+C33)/(Ca6+Cas+C30+C32) (5), where C is the concentration of the n-alkane (C) with x carbons.
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Fig. 4. Temporal and spatial changes in L/H ratios at Huanxian, Fuxian, and Lingbao. The shaded zone indicates the Holocene Optimum.

the n-alkane ratios increased significantly from the LGM to the
Holocene, while they decreased dramatically in the Fuxian section.
Along the loess transect, all the n-alkane ratios generally show a
southeastward decrease for both loess and soil units. The OEP
values in all of the sections exhibited an overall decrease from the
LGM to the Holocene (Fig. 5A).

5. Discussion
5.1. Sources of n-alkanes

n-Alkanes in the range of Ci4 to Cyo without an odd or even
carbon number preference are generally indicative of a bacterial

and algal input (Han and Calvin, 1969; Albro, 1976; Weete, 1976;
Wakeham, 1990). Although abundant algal spores were found in
some loess sections, particularly in the southern Loess Plateau
(Jiang and Ding, 2005; Jiang et al., 2014), algae typically produce
short-chain n-alkanes (Cpax of Cys, Cq7 or Cqg) (Han and Calvin,
1969; Gelpi et al., 1970; Weete, 1976) different from the cases in
our samples (Cpax of C14 or Cy6; Fig. 3). Therefore the short-chain n-
alkanes in the three loess sections may be derived mainly from
microorganisms.

n-Alkanes typically ranging from Cys5 to C35 with a strong odd-
over-even carbon chain preference are derived from terrestrial
higher plant leaf waxes (Eglinton and Hamilton, 1967; Kolattukudy,
1976b). Long-chain n-alkanes with such characteristics were also
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Fig. 5. Comparison of n-alkane and pollen records from Huanxian, Fuxian, and Lingbao. A) Changes in long-chain n-alkane ratios, OEP, and arboreal pollen/non-arboreal pollen (AP/
NAP) values since the LGM. The pollen data are from Jiang et al. (2013, 2014) and Zhao and Ding (2014). The shaded zone indicates the Holocene Optimum. B) Spatial changes in
average values of long-chain n-alkane ratios and AP/NAP for the LGM and Holocene Optimum.

observed in our samples (Fig. 3), indicating a terrestrial higher plant
origin.

Leaf wax n-alkanes in the three sections are derived from both
microorganisms and higher-plants. Although leaf wax can be
transported by wind over a long distance (Gagosian et al., 1981;
Conte and Weber, 2002), the eolian leaf wax input into Chinese
loess should be very limited as the loess deposits were transported
from the arid, barren regions of northwestern China (e.g., Sun,
2002; Yang and Ding, 2008). Therefore, we suggest that the long-
chain n-alkanes reflect mainly local vegetation.

5.2. L/H ratio as a potential paleoclimate indicator

L/H ratio of soil organic matter can be affected by microbial
activities, including the biodegradation of leaf wax n-alkanes and
the contribution of microbe-derived n-alkanes (Johnson and Calder,
1973; Grimalt et al., 1988; Huang et al., 1996; Xie et al., 2003; Bai
et al.,, 2006; Wang et al., 2007). Microbes are generally character-
ized by short-chain n-alkanes (Han and Calvin, 1969; Albro, 1976;

Wakeham, 1990; Ladygina et al., 2006), which may partly
contribute to short-chain n-alkanes in soils (Huang et al., 1996;
Freeman and Colarusso, 2001; Xie et al, 2003, 2004). On the
other hand, microbes are capable of utilizing long-chain n-alkane
substrate as a carbon and energy source for metabolism (Rehm and
Reiff, 1981; Wentzel et al., 2007), leading to a reduction in long-
chain n-alkanes. It is therefore inferred that enhanced microbial
activities can result in a decrease of L/H ratio. Although some
studies (Zaady and Offer, 2010; Svircev et al., 2013) suggested that a
few microorganisms (e.g., Nostoc and Phormidium) tend to flourish
in arid environments, modern soil surveys (Voroney, 2007 and
references therein) have shown much greater microbial pop-
ulations and activities in warm-humid conditions than in cold-dry
conditions. This explains the observation that more microbes exist
in the paleosols than in the loess layers (Maher and Thompson,
1995; Jia et al., 1996, 2013; Peng et al., 2000).

From the LGM to the Holocene, a significant increase in L/H
values is seen in all of the sections (Fig. 4), in accordance with a
warmer and wetter climate in the Holocene than in the LGM (Rutter
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and Ding, 1993; Liu and Ding, 1998; Yang and Ding, 2008; Jiang
et al,, 2010). From northwest to southeast along the transect, the
L/H value exhibited an overall southeastward increase in both the
LGM and the Holocene (Fig. 4), coinciding with the present spatial
climatic gradient, namely a southeastward increase in temperature
and rainfall. In addition, the spatial gradient of L/H ratio is much
steeper in the Holocene than in the LGM (Fig. 4). This is consistent
with the conclusion made from colour reflectance (Yang and Ding,
2003), stable isotope (Liu et al., 2005) and pollen records (Jiang
et al., 2014), that a steeper climatic gradient occurred in in-
terglacials than in glacials. In this context, the L/H ratio can serve as
an efficient proxy for paleoclimate, with high values indicating
warm and wet conditions, and vice versa.

5.3. Validity of long-chain n-alkane ratios as proxies for
paleovegetation

In order to examine the applicability of previously posited
generalities that high long-chain n-alkane ratios (C7/Cs1, C29/Cs1,
and (Cy7+Cy9)/(C31+Cs3)) reflect a relatively high input of woody
plants (Cranwell, 1973; Meyers and Ishiwatari, 1993; Schwark et al.,
2002; Zhang et al., 2006; Bai et al., 2009), a comparison was made
between the n-alkane and pollen records for the three sections
(Fig. 5). In the Huanxian section, the long-chain n-alkane ratios
were higher in the Holocene than in the LGM, whereas higher OEP
and arboreal pollen/non-arboreal pollen (AP/NAP) values were
seen in the LGM than in the Holocene. In contrast, the Holocene soil
SO in the Fuxian section shows lower long-chain n-alkane ratios
and OEP values but higher AP/NAP values than the glacial loess unit
L1-1. In the Lingbao section, the long-chain n-alkane ratios were
higher in the Holocene than in the LGM, showing a similar pattern
to AP/NAP but an opposite pattern to OEP. For a spatial view of the
Loess Plateau, all of the long-chain n-alkane ratios exhibited an
overall decrease from northwest to southeast during the LGM,
whereas the AP/NAP ratio did not show any regular spatial pattern
(Fig. 5). During the Holocene, the three n-alkane ratios decreased
southeastwards, whereas the AP/NAP ratio displayed an opposite
spatial pattern. It is thus evident that the long-chain n-alkane ratio
variations cannot be explained by the AP/NAP changes.

Microbial degradation tends to lower the OEP values (Zech et al.,
2009a, 2010, 2012; Buggle et al., 2010). Our results exhibited lower
OEP values in the Holocene than in the LGM (Fig. 5A), indicating
that warm-wet interglacial conditions greatly favor degradation of
soil organic matter. However, the observed long-chain n-alkane
ratio changes (Fig. 5A) cannot be explained by the organic matter
degradation. This is because we found no consistent relationship
between OEP and long-chain n-alkane ratio records for the three
sections despite that all the sites were dominated by steppe vege-
tation throughout the study interval (Jiang et al., 2014; Zhao and
Ding, 2014).

Previous studies demonstrate that Chinese Loess Plateau was
dominated by herbs (mainly the Asteraceae, Chenopodiaceae, and
Poaceae families) rather than trees or shrubs in both the LGM and
the Holocene (Sun et al.,, 1997; Jiang et al., 2013, 2014; Zhao and
Ding, 2014; Yang et al., 2015, Fig. 5). Modern plant surveys from
both the Chinese Loess Plateau and other regions have shown that
(i) a large number of species investigated in the Asteraceae and
Poaceae families show a Cpax of Cog or C3y (Martin-Smith and
Subramanian, 1967; Gnecco et al., 1989; Maffi, 1996; Schwark
et al., 2002; Bi et al., 2005; Liu and Huang, 2005), and (ii) several
common species studied in the Chenopodiaceae family are char-
acterized by a Cipax of Ca7 or Cyg (Liu and Huang, 2005; Carr et al.,
2014). All these observations are different from the general
assumption that grasses are predominant of C3; and Css.

Therefore the long-chain ratios (C27/C31, C29/C31, and (Ca7+Cag)/
(C31+Cs3)) in Chinese loess cannot be used to reflect relative input
of woody plants and grasses. Instead, they may mainly reflect
changes in the species composition of the steppe vegetation on the
Loess Plateau. For a better understanding of leaf wax n-alkanes in
Chinese loess, further studies are required to investigate the n-
alkane distributions in both the major plant species and their
associated surface soils on the Chinese Loess Plateau.

6. Conclusions

Leaf wax n-alkanes in Chinese loess show a bimodal distribution
between Cy4 and C33 with maxima at Cq4 or Cy6 and at C371 or Css,
indicating both terrestrial plant and microbial sources. The L/H
variations coincide with climate changes both temporally and
spatially, i.e. the higher L/H ratio the warmer and wetter climate
and vice versa. Thus the L/H ratio in Chinese loess is a reliable proxy
for paleoclimate. The temporal and spatial changes in long-chain n-
alkane ratios (C27/Cs1, C29/C31, and (Ca7+Ca9)/(C31+C33)) are at odds
with pollen records (AP/NAP), indicating that the generally used
woody plant proxies (Cp7 and Cyg) and grass proxies (C3; and Cs3)
are not applicable to Chinese loess. As steppe prevailed on the
Chinese Loess Plateau both in the LGM and the Holocene, the long-
chain n-alkane ratios may mainly reflect changes in the species
composition of local vegetation.
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