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Records of Asia Summer Monsoon (ASM) from the Chinese loess and the speleothem display distinct
features. The very different proxies that were applied to the two archives may be responsible for this
discrepancy. A direct comparison between the speleothem and the loess records under the same proxy
system of rainwater d18O may help to resolve this puzzle. Here we show that the calcified microcodium in
the loess deposits may record the oxygen isotopic composition of the summer rainwater. A microcodium
based d18O record covering the past 140 kyrs was generated, which shows similar magnitude of the
overall variation to that of the speleothem records. However, much weaker precession variability was
registered in the microcodium record during the last interglacial period. Instead, the microcodium d18O
record is more consistent with the widely used summer monsoon proxy of magnetic susceptibility in the
loess deposits with clear glacial-interglacial pattern. This similarity may originate from the low sedi-
mentation rate of the interglacial paleosol layer that preferentially record the peak ASM signals on the
precession band. It is also possible that the orbital variability of ASM between the North China and South
China is inherently different with more ice-volume related influence in the north. A longer microcodium
d18O record in sequences of higher sedimentation rate and a reliable record of summer rainfall may help
to resolve these possibilities.

© 2017 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

The dominant orbital cycles of summer precipitation, which is of
great importance to decipher the driving force of monsoonal
climate, have been found to be very different in region influenced
by ASM (An et al., 2011, 2015; Bloemendal et al., 1995; Cai et al.,
2015; Cheng et al., 2016; Clemens et al., 2010; Kathayat et al.,
2016; Li et al., 2017; Nie et al., 2008, 2017; Sun et al., 2006; Wang
et al., 2014). On the northern margin of the ASM influenced re-
gion, the records based on the loess-and-paleosol sequences from
the Chinese Loess Plateau (CLP) display a coexistence of 100-, 41-,
and 23-kyr periods with dominance of 100-kyr cycles after the
mid-Pleistocene transition (Ding et al., 1995; Kukla et al., 1990; Liu,
1985; Liu et al., 1999; Sun et al., 2015). However, the speleothem
stable oxygen isotopic records from the southern China reveal
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dominance of precession cycles (23-kyr) (Cheng et al., 2009, 2016;
Wang et al., 2008; Yuan et al., 2004). This complexity may originate
from the very different proxies applied to the two archives as the
processes, besides the strength of ASM, that affect the proxy value,
may be very different. Comparing the records of loess and speleo-
them under the same proxy system may have the potential to
clarify this puzzle.

Oxygen isotope of rainwater is a widely used hydrological tracer
for the intensity of ASM due to the preferential removal of heavy
18O isotope fromwater vapor during condensation of cloud droplet
(Dansgaard, 1964; Hu et al., 2008; Yuan et al., 2004). It is generally
accepted that stronger ASM produces more negative d18O value of
rainwater. Cave deposits in widespread regions across the East and
South Asia show coherent variation of d18O (Cheng et al., 2016) that
is consistent with the anticipated influence of precession and North
Atlantic cooling on the intensity of ASM on orbital (Kutzbach, 1981)
and millennial time scale (Lin et al., 2013, 2014, 2017; Wang et al.,
2001), respectively. Following the same reason, the d18O value of
rainwater on the CLP may also record the strength of ASM because
the CLP is located on the northern margin of ASM influenced region
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so that the accumulative effect of precipitation in East Asia can be
reflected.

Chinese loess is a typical calcareous soil (Liu, 1985) that contains
abundant carbonate minerals for the d18O researches. It has been
shown that the carbonate in loess is a mixture of pedogenic car-
bonate and detrital carbonate (Li et al., 2013). Thus, investigations
on the oxygen isotopic composition of carbonate in the loess de-
posits are challenging and very limited (Chen et al., 1996; Han et al.,
1997; Li et al., 2007; Sheng et al., 2002). Among these limited
studies, most of the d18O records were generated from the car-
bonate nodules (Ding and Yang, 2000; Ji et al., 2017; Rao et al.,
2006; Suarez et al., 2011) although other types authigenic car-
bonates are also abundant in the loess deposits. The best carbonate
record of rainwater d18O should have a quasi-continuous distribu-
tion and a purely authigenic origin. However, the formation of
carbonate nodules is related to the re-deposition of the leached
carbonate in its overlying soil layer. Both of the leaching and the re-
deposition require distinct climate conditions. A wet condition is
needed for leaching while a much too wet condition may inhibit
carbonate re-deposition. Thus, the distribution of carbonate nodule
in the loess deposits is rather scattered with concentrated abun-
dance at the bottom of paleosol layers (An et al., 1989). Evidences
from trace metal compositions (Li et al., 2013) and intra-specimen
variations of d13C and d18O (Yang et al., 2012) also suggest existence
of significant amount of detrital carbonate in the carbonate nodule.
The precipitation season of the carbonate nodule is also unclear
while only the d18O of summer rainfall can reflect the strength of
ASM. Thus, a continuously distributed pure authigenic carbonate
that precipitates during the summer season is desired to recon-
struct the d18O of monsoonal rainwater and thus the strength of
ASM.

Recent works have shown that microcodium, a calcified plant
debris, is rather continuously distributed in the loess deposits (Li
et al., 2017). Trace element compositions of the microcodium
Fig. 1. Map showing the sampling sites on the CLP. The d18O values of mic
show a purely authigenic origin with little detrital contamination
(Li and Li, 2014). It has been shown that the microcodium can re-
cord the trace element composition of soil water that was
controlled by summer monsoon intensity (Li and Li, 2014; Li et al.,
2017). Thus, the microcodium in the loess deposits has great po-
tential to record the d18O of monsoonal precipitation.

This work investigates the suitability of microcodium in Chinese
loess as a recorder for the d18O of monsoonal rainwater. The d18O
values of the modern and Holocene microcodium are used to
constrain the seasonality of the microcodium records. A micro-
codium d18O record is generated on the central CLP covering the
last interglacial-glacial cycles. The paleoclimate implication of the
new record is also discussed associated with other summer
monsoon proxies in the loess and cave deposits.

2. Material and methods

Holocene paleosol were collected from ten sites across the CLP
(Fig. 1). The modern soil developed on the eolian deposits of late
Holocene was also collected from Weinan site (109�290E, 34�270N)
to the south margin of CLP. Samples of eolian deposits covering the
past 140 kyrs were collected at 5-cm (~500 yr) resolution from the
Xifeng section (107�470E, 35�450N) on the central CLP. Magnetic
susceptibility (MS) of the samples was measured at low-frequency
using Bartington Instrument MS2B meter to establish stratigraphy
of the sections.

Different types of authigenic carbonate, namely microcodium,
carbonate nodule, matrix carbonate, rhizoconcretion, and
strawberry-like carbonate grains were picked from the sieved
sediment (>75 mm) by hand under binocular microscope. For most
of the samples, about twenty pieces of microcodiumwere picked to
reduce the intra-sample variability. The picked carbonate of every
sample was then crashed and mixed in a vial. The oxygen isotopic
compositions of the mixed carbonate were analyzed by a MAT-253
rocodium from the Holocene paleosol across the CLP are also labeled.



Table 1
d18O values (‰, PDB) of individual microcodium pieces within one sample.

d18O (1) d18O (2) d18O (3) d18O (4) Mean ss

�15.75 �14.10 �14.64 �14.77 �14.82 0.69

Fig. 2. Correlation between the microcodium d18O of Holocene paleosol across the CLP
and summer (June-July-August) monthly mean temperature (a), and summer monthly
mean precipitation (b). Temperature and precipitation data are derived from China
Meteorological Data Sharing Service System.
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gas sourced mass spectrometry using a Kiel IV carbonate device at
the Nanjing Institute of Geology and Palaeontology, Chinese
Academy of Sciences (CAS). Standard isotopic corrections were
applied and the oxygen-isotope compositions were reported in
d18O relative to PDB. The precision of the carbonate standard
samples is 0.08‰ in standard derivation for d18O. Standard devia-
tion (ss) of d18O among individual microcodium pieces within one
sample is about 0.69‰ (Table 1), which may reflect inter-annual
variations. Thus, the average d18O uncertainty measured on ho-
mogenized microcodium of 20 pieces is estimated to be about
0.15‰ (sm ¼ ss/√n, n ¼ 20).

The age model of the magnetic susceptibility record of the
Xifeng Section is established by the accepted correlation (Ding
et al., 2002; Hao et al., 2012; Sun et al., 2006) between the grain
size (Sun et al., 2006), which reflects the strength of winter
monsoon, and the global ice volume (Lisiecki and Raymo, 2005).
The rapid shifts in the grain size that correspond to the glacial
terminations is used as tie points of the age model. Between tie
points, grain-size weighted interpolation is used (Porter and
Zhisheng, 1995). To avoid possible downward leaching effect of
the microcodium record, the age model of the microcodium d18O
record is constructed by tying the rapid shift of d18O during the
marine isotope stages (MIS) 6/5, 5/4, 2/1 transitions to the spe-
leothem records.
3. Results

The d18O values of different types of authigenic carbonates
picked from the Holocene paleosol show large variation (Table 2).
The d18O values of microcodium are much lower than those of the
other types of authigenic carbonates by about 2e4‰. The d18O
value of modern microcodium from Weinan is characterized by a
narrow range with a very low average value of �11.2‰ ± 0.5‰ (2s,
n¼ 5) (Table 3). Holocene paleosol across the CLP also show narrow
range and even slightly lower d18O values of microcodium
from �12.04‰ to �13.17‰ (Fig. 1). The d18O values of Holocene
microcodium show no correlation with the local climate factors,
such as summer temperature and precipitation amount (Fig. 2). No
strong positive correlation can be found between the d13C and d18O
value of microcodium from Xifeng profile (r2 ¼ 0.09).

The d18O values of microcodium from the Xifeng section vary
Table 2
d18O values (‰, PDB) of different carbonates picked from Holocene samples within
one sample.

Carbonate Pingliang Huanxian Yanchang

Microcodium �12.87 �12.34 �12.10
Carbonate nodule �9.19 �8.51 �8.16
Matrix carbonate �10.32 �8.62 �9.41
Rhizoconcretion �9.91 �10.74 �10.13
Strawberry-like carbonate grain �10.59 e e

Table 3
d18O values (‰, PDB) of modern microcodium from Weinan.

d18O (1) d18O (2) d18O (3) d18O (4) d18O (5) Mean ss

�11.11 �11.52 �11.34 �10.84 �11.32 �11.23 0.26

Fig. 3. The microcodium d18O record in Xifeng section and age model. (a) Microcodium
d18O record plotted on depth scale (smoothed by a 5-cm width Gaussian filter). (b)
Mean grain size of quartz (yellow)(Sun et al., 2006) and MS (red) plotted on depth
scale. (c) LR04 composite of benthic d18O (Laskar et al., 2004). Vertical dash lines show
the tie points of the age model. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
from�10‰ to�16‰ (Fig. 3a). Similar low d18O values are observed
in MIS 1, 3, 5 and similar high d18O values appear in MIS 2, 4, 6
(Fig. 3).
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4. Discussion

4.1. Formation season of microcodium

The very low d18O value of microcodium compared with other
types of authigenic carbonates (Table 1) can be explained by the
combination of a summer formation of the microcodium and a
minimum influence of transpiration on the soil water d18O. The lack
of positive correlations between d13C and d18O suggest limited ef-
fect of kinetic fractionation (Hendy, 1971; Wang et al., 2001). Thus,
the formation season of microcodium can be traced by comparing
the d18O value of modern microcodium to that of the expected
authigenic carbonate precipitated in different monthly based on
the observed rainwater d18O and the equilibrium fractionation
factor determined by soil temperature. Themonthly average d18O of
rainwater in the studied region has been well constrained by In-
ternational Atomic Energy Agency (Fig. 4a). The equilibrium frac-
tionation factor between calcite and water is based on Kim and
O'Neil (1997):

1000 ln a ¼ 18.03 � 103/T � 32.42

where a is the fractionation factor, T is the soil temperature in
Kelvin at 0.05 m depth (Fig. 4b). The expected d18O of the calcite
precipitated during summer show the lowest value due to the
combined effects of low rainwater d18O and high temperature.

The d18O value of modernmicrocodium fromWeinan, a site near
Xi'an where the monthly GNIP d18O data is available, only matches
with that of calcite precipitated during summer season (Fig. 4c).
Fig. 4. The expected d18O of calcite precipitated during different seasons. (a) Oxygen
isotopic composition of rainwater around CLP. The data is derived from the Global
Network of Isotopes in Precipitation (GNIP) database from their web site at http://
www-naweb.iaea.org/napc/ih/IHS_resources_gnip.html. The stations with good data
(more than 2 calendar year) around CLP are used. (b) Monthly mean surface soil
temperature at 0.05 m depth. Temperature data are derived from China Meteorological
Data Sharing Service System. (c) Calculated oxygen isotopic composition of calcite. The
grey bar shows the range of modern microcodium d18O.
Possible deeper depth of microcodium formation and thus lower
summer soil temperature compared to the surface soil temperature
may result in higher expected d18O value of the calcite precipita-
tion. The possible influence of transpiration will also result in
higher d18O value of soil solution and thus the authigenic calcite.
Thus, the match of modern microcodium to the lowest expected
d18O value of the authigenic calcite argues strongly a summer for-
mation of microcodium and a minimum effect of transpiration on
the soil d18O. A summer precipitation of microcodium is consistent
with the suggestion of summer time formation of soil carbonate
according to the clumped isotope thermometry (Quade et al., 2013).

4.2. Influence of temperature

The effect of temperature on the equilibrium isotope fraction-
ation should be considered when using the d18O of microcodium to
reflect that of the rainwater. The temperature dependence of oxy-
gen isotope fractionation between calcite and water is about
~-0.23‰/�C (Kim and O'Neil, 1997). Such a low temperature
sensitivity may help to explain the lack of correlation between
temperature and themicrocodium d18O for the Holocene soil across
the CLP (Fig. 2) because temperature changes of less than 6 �C could
only introduce d18O variation of less than 1.38‰while the influence
of other variability such as regional changes of rainwater d18O may
largely exceed this value.

The influence of temperature on the microcodium d18O is also
limited on glacial-interglacial scale. The assumed maximum 8 �C
difference between glacial and interglacial periods (Braconnot
et al., 2007; Eagle et al., 2013) on the CLP would only lead to a
variation about 1.84‰, which is much smaller than the observation
of ~6‰. Thus, being similar to the speleothem d18O (Cheng et al.,
2006), microcodium d18O, may mainly reflect the changes of rain-
water d18O.

4.3. Paleoclimate implications

Similarity between the microcodium d18O and the speleothem
d18O records can be found (Fig. 5). The ~6‰ overall variation of the
microcodium d18O is similar to that of Chinese speleothem (Cheng
et al., 2016). Being similar to the speleothem d18O record, the
microcodium d18O record also shows similar value during MIS 3
comparable to those during the MIS 1 and MIS 5.

The major difference between the microcodium d18O and spe-
leothem d18O is during the MIS 5 where precession cycles are much
weaker/absent in microcodium record (Fig. 5). The lack of proces-
sion cycles during the MIS 5 results in consistence between the
microcodium d18O and the widely used summer monsoon proxy of
magnetic susceptibility (An et al., 1991; Liu et al., 2012; Maher,
2016; Nie, 2011; Zhou et al., 1990) in the loess deposits with clear
ice-volume related pattern. The major discrepancy between the
microcodium d18O and magnetic susceptibility is the signal
amplitude during the MIS 3. It has been argued that a lower mag-
netic susceptibility value during the MIS 3 compared to those
during MIS I and 5 may reflect influence of higher sedimentation
rate on the accumulation of pedogenic magnetic enhancement
because the 10Be flux show similar precipitation amount of the MIS
3 compared to those of MIS 1 and 5 (Zhou et al., 2014).

The lack of precession cycles of the microcodium d18O record
during the MIS 5 may originate from the low sedimentation rate of
the interglacial paleosol layer that may preferentially record the
peak ASM signals on the precession band. It is also possible that the
orbital variations of ASM between the North China and the South
China are inherently different with more ice-volume related in-
fluence in the north. It has been suggested that the speleothem d18O
may largely reflect processes such as the upper stream rainfall in
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Fig. 5. Comparing the microcodium d18O record with other time series. (a) LR04
composite of deep seawater d18O that reflects global ice volume (Lisiecki and Raymo,
2005). (b) The loess magnetic susceptibility. (c) The stacked microcodium d18O with
error bar showing 2� standard error of the stacked mean (open cycles are smoothed
record using a 0.5-ky Gaussian filter). (d) Speleothem d18O (Cheng et al., 2016). (e) The
summer (June 21st) insolation at 25� N.
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tropics rather than the strength of ASM. Thus, we argue that the
similarity between the microcodium d18O and speleothem d18O
records may originate from the inherited d18O signal of south China
while the difference between the microcodium d18O and speleo-
them d18O records indicates that the strength of ASM may have
experienced influence of ice-volume related factors such as tem-
perature, pCO2 (Lu et al., 2013), and land to sea distances (Ding
et al., 1995; Liu and Ding, 1998).

5. Conclusion

Constrains based on the d18O of modern precipitation and soil
temperature indicate that the very low d18O value of the calcified
microcodium in Chinese loess is caused by the summer time pre-
cipitation of the calcite crystals. Being benefited from limited in-
fluence of transpiration and crystallization temperature, the d18O of
microcodium can reflect that of summer rainwater. The d18O of
summer rainfall recorded by the microcodium shows a pattern that
is more similar to the glacial-interglacial pattern of the widely used
monsoon proxy of magnetic susceptibility in the loess deposits
rather than the precession dominated speleothem d18O records in
the South China. Lower deposition rate of loess during the inter-
glacial period and thus possible homogenization of the precession
signal due to the pedogenic turnover may contribute partly to the
difference between the microcodium and speleothem records. It is
also very likely that the strength of ASM in East Asia is very
different from the tropical monsoon that generates the speleothem
d18O signals though upper stream depletion. A longer microcodium
d18O record in profiles with higher deposition rate may help to
clarify the discrepancy between the loess and the speleothem re-
cords in future.
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