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ABSTRACT
The Asian monsoon is a key component of the Earth’s climate 

system that directly affects the livelihood of 60% of the world popu-
lation. Reliable reconstruction of changes in monsoon precipitation 
during the Holocene is required to better understand the present cli-
mate conditions and to predict future climate processes in the Asian 
monsoon domain. Reconstruction of changes in Holocene monsoon 
precipitation has been done in various regions of this domain using 
a variety of paleoclimate proxies. However, different proxies have 
yielded different paleoclimate records of long-term monsoon rainfall 
variability. We apply compound-specifi c stable hydrogen isotope com-
positions of the plant wax n-alkanes isolated from the Hongyuan peat 
sequence in eastern Tibet to reevaluate the regional carbonate oxy-
gen isotopic and lake-level records. The D/H ratios of the n-alkanes 
resolve the apparent discrepancy among the different paleoclimate 
proxies. Our result indicates that lake-level fl uctuation is a reliable 
recorder of changes in the amount of summer monsoonal precipita-
tion while long-term isotope records largely refl ect large-scale changes 
in the source of water vapor rather than a local precipitation signal. 
Combining lake-level, biomarker, and carbonate isotopic records, we 
conclude that the early Holocene monsoon precipitation in southwest 
China has been greatly infl uenced by the Indian monsoon.

INTRODUCTION
The climate of eastern Asia is dominated by the Asian monsoon sys-

tem, which consists of two independent components: the East Asian mon-
soon (EAM) and the Indian Ocean monsoon (IOM). The Asian monsoon 
system constitutes one of the most active atmosphere-ocean-land inter-
actions on Earth, controlling the regional precipitation. In the East Asian 
component, summer heating creates a low-pressure zone over Siberia that 
causes the transport of relatively warm and moist maritime air masses 
from the Pacifi c Ocean toward Siberia. In the Indian Ocean component, 
summer heating of the Tibetan Plateau creates a low-pressure zone that 
induces maritime air to fl ow landward from the Indian Ocean until it 
encounters the Himalaya Mountains, rises, cools, and drops its moisture.

Some paleoclimate data, such as lake water levels and pollen profi les, 
indicate that increases of summer monsoon precipitation in the Holocene 
appear to be asynchronous among regions with variable wetness (An 
et al., 2000; He et al., 2004), suggesting that responses of summer precipi-
tation to precessional change in summer Northern Hemisphere insolation 
are regionally variable, with earlier and later optimums in the north and 
south, respectively. In contrast, oxygen isotope records from stalagmites 
and lake sediments indicate that change in precipitation over eastern Asia 
was almost synchronous, except for an earlier increase in the south, at 
least in the monsoon domain of China and India (Gu et al., 1993; Wei and 
Gasse, 1999; Fleitmann et al., 1993; Dykoski et al., 2005; Cai et al., 2010) 
(Figs. 1B–1E). This pattern closely follows changes in summer insolation 

in the area, indicating a rainfall pattern for all of China directly linked to 
the orbital changes in summer insolation.

The apparent discrepancy among the monsoon proxies remains an 
open question and raises the idea that the different proxies may record 
different aspects of monsoonal climate. Both lake level and any isotope 
proxies  are controlled not only by common factors such as precipitation 
amount and temperature-infl uenced evaporation, but they are also affected 
by proxy-dependent factors. Lake-level fl uctuation is sensitive to the 
amount of summer precipitation for most lakes in the monsoon domain, but 
changes in fl uxes of surface runoff and groundwater could also be impor-
tant. Isotope proxies are signifi cantly affected by moisture delivery routes. 
A tacit assumption in the precipitation reconstructions based on the isotope 
proxy is that the origin and transport pathway of moisture have remained 
constant over geological time, but this assumption is fundamentally fl awed 
over the postglacial time scale (LeGrande and Schmidt, 2009). However, 
because of the absence of a widely suitable paleohydrologic proxy, we have 
not heretofore been able to deal with this issue with certainty. Improved 
understanding of the two independent summer monsoon systems is needed 
to develop a better understanding of the climatic responses of the Asian 
monsoon system to global climate change. Here we apply a novel approach, 
the combination of the hydrogen isotopic compositions (δD values) and 
relative contributions of different plant biomarkers from a peat deposit, to 
resolve the discrepancy in the Asian monsoon paleoclimate history.

SAMPLE AND METHOD
We studied the Hongyuan peat sequence, located near the east-

ern edge of the Tibetan Plateau at an elevation of 3505 m. Its location 
(32°46′N, 102°30′E) is close to the present boundary between the EAM 
and IOM at 105°E and thus is ideal to track their interplay. The present 
climate of the area is cool and moist. Annual precipitation ranges between 
560 and 860 mm, and 80% of the moisture falls in June, July, and August 
with the summer monsoon. The chronostratigraphy of the peat core is 
well constrained by a detailed accelerator mass spectrometry radiocarbon-
dated record (Zhou et al., 2010). Dried peat was ultrasonically extracted 
fi ve times with fresh chloroform. The extracts were separated into satu-
rated hydrocarbons, aromatic hydrocarbons, and nonhydrocarbon frac-
tions by silica gel column chromatography. Compound-specifi c δD values 
of C23–C31 odd n-alkanes were determined using a gas chromatograph 
(GC)–thermal conversion system consisting of a HP6890 GC connected 
to a Finnigan MAT Delta Plus XL mass spectrometer. Thermal conver-
sion was performed at 1450 °C in a microvolume ceramic tube. Analytical 
errors for most n-alkane δD values are ±5‰.

RESULTS AND DISCUSSION
Measurement of the δD values of both aquatic and emersed plant 

wax n-alkanes is a relatively novel approach to reconstruct past precipita-
tion (e.g., Sachse et al., 2006; Hou et al., 2006; Shuman et al., 2006). In 
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the Hongyuan peat bog, vegetation is dominated by water-loving marsh 
plants (Hong et al., 2003), suggesting that n-alkanes in Hongyuan peats 
are derived from both submerged and emersed peat-forming plants. Sub-
merged plants have n-alkane distributions dominated by C23 and C25, 
whereas the waxes of emersed plants like sedges are composed largely of 
C29 and C31 n-alkanes (Ficken et al., 2000; Nichols et al., 2010). Meteoric 
water is the only source of hydrogen for most plants, and as with carbon-
ate δ18O, the isotope ratio of plant δD integrates multiple environmental 
factors, including the origin of the water vapor, the temperature-infl uenced 
evaporation, and precipitation. δD values of aquatic and emersed plants 
refl ect common factors such as the origin of the water vapor and precipita-
tion amount effect. However, unlike emersed plants, submerged aquatic 
plants do not undergo evapotranspiration in wet regions (Mügler et al., 
2008; Aichner et al., 2010). Their n-alkane δD values are governed by 
the hydrogen isotopic composition of their environmental water, modifi ed 
by biochemical discrimination (~–160‰) during the synthesis of lipids 
(Sachse et al., 2004). In contrast, δD of emersed plants is signifi cantly 
infl uenced by leaf evapotranspiration that proceeds faster for H2O than for 
HDO, with the consequence that D becomes enriched in their leaf waters 
(Roden and Ehleringer, 1999). The degree of this enrichment is driven by 
a variety of factors (temperature, isotopic composition of water vapor, and 
relative humidity), but mostly depends on relative humidity. The δD val-
ues of emersed plant n-alkanes are therefore sensitive to regional humidity 
change, which is controlled by local precipitation (Sachse et al., 2004, 
2006). Thus, the isotopic difference between n-C23 (more submerged 
origin) and n-C31 (more subaerial origin) n-alkanes (ΔδDC23–C31

) in wet-
land peat samples allows us to cancel out the effect of change in mois-
ture source and focus only on the evaporative enrichment, which records 
regional relative humidity and thus probably precipitation. Because the 
growing season of wetland plants is restricted to summer, the ΔδDC23–C31

 
record reliably refl ects evolutionary changes in summer relative humid-
ity, which is linked to summer monsoon precipitation. It has also been 

reported that δD of plant leaf wax relates to plant ecological life form (i.e., 
tree, shrub, and grass) (Liu et al., 2006; Hou et al., 2007). Thus, diversity 
of plant types could introduce signifi cant uncertainties to the sedimen-
tary δD of biomarker. However, this effect is minimal for a wetland peat 
archive due to the low diversity of plant species.

In general, n-alkane δD values in Hongyuan peat samples increase 
with carbon number (Fig. 1A; Fig. DR1 in the GSA Data Repository1). 
δD values of C25 n-alkane are similar to that of C23 n-alkanes, whereas δD 
values of C29 n-alkane are close to C31 n-alkanes. The δD of C23 n-alkanes 
has a good positive correlation with that of C25 n-alkane (R2 = 0.88), but a 
much weaker relation with that of C31 n-alkane (R2 = 0.51). These results 
indicate that C23 and C25 n-alkanes are derived from aquatic plants while 
C31 n-alkanes originate from emersed plants. δD values of C27 n-alkane 
are between those of C23 and C31 n-alkanes (Fig. DR1), suggesting that 
sources of C27 n-alkane are a mixture of both aquatic and terrestrial plants. 
Thus, in this study, we defi ne C23 (and C25) n-alkanes and C31 n-alkane as 
submerged and emersed plant biomarkers, respectively.

The Hongyuan paleohydrological proxies show several important 
features. First, the overall patterns of Holocene changes of C23 and C31 
n-alkane δD values (Fig. 1A) are similar to those of carbonate δ18O records 
(Figs. 1B–1E) in both the EAM and IOM domains. A marked decrease in 
δD occurs at the beginning of the Holocene, with relatively low δD values 
during the Holocene climate optimum, and then a gradual increase from 
the middle to late Holocene, although the onset of the negative shift in the 
Hongyuan record at the beginning of the Holocene lags oxygen isotope 
data. Because of sparse resolution in our δD record around the beginning 
of Holocene (only two data points), it is a diffi cult to evaluate if the lag is 
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Figure 1. Comparison of various isotope proxies in monsoon domain over past 12 k.y. A: δD records of C23 (open circles), C25 (solid circles), 
and C31 (open squares) n-alkanes in Hongyuan (China) peat core (this study); 14C ages are also plotted with 2σ error bars. B: Speleothem 
δ18O record in Dongge Cave (Dykoski et al., 2005). C: Speleothem δ18O record in Sanbao Cave (Dong et al., 2010). D: Carbonate δ18O record in 
Qinghai Lake (Liu et al., 2007). E: Carbonate δ18O record in Seling Lake (Gu et al., 1993). F: Isotopic difference between C23 and C31 n-alkanes 
(ΔδΔδDC23–C31) in Hongyuan (this study). G: Water-level change in Qinghai Lake (Yafeng et al., 1993). H: Water-level change in Bangong Lake 
(Yafeng et al., 1993). I: Summer insolation change at 33°°N (Berger and Loutre, 1991). Lake-level records are from internal region near modern 
Asian monsoon limit. Shaded area represents early Holocene precipitation maximum recorded in ΔδΔδDC23–C31 in Hongyuan.

1GSA Data Repository item 2011253, Figure DR1 (hydrogen isotope ratio  
δD of C23–C31 odd n-alkanes in Hongyuan peat core over the past 12 k.y.), is 
available online at www.geosociety.org/pubs/ft2011.htm, or on request from 
 editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, 
CO 80301, USA.
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signifi cant. However, given the overall similarity of the fl uctuation pattern, 
it is likely that δD values of n-alkanes in the Hongyuan peat core refl ect 
almost the same climatic signal as the carbonate δ18O values in speleo-
thems and lake sediments on a long time scale rather than plant ecological 
forms (Liu et al., 2006), confi rming extraregional correlations of isotopic 
records in the Asian monsoon domain.

Our data resolve the apparent discrepancy among the different Asian 
monsoon precipitation proxies. The ΔδDC23–C31

 record exhibits obvi-
ous millennial-scale fl uctuations with a pronounced increase in relative 
humidity at the beginning of the Holocene (10–9 ka) and a remarkable 
drop at 4 ka (Fig. 1F). This feature is not observed in speleothem and lake 
oxygen isotope records. In contrast, lake water level at sites near the mon-
soon domain boundary (Qinghai and Bangong) show a similar profi le, 
with the highest water level at the onset of the Holocene, a declining trend 
throughout the Holocene, and millennial-scale fl uctuations (Yafeng et al., 
1993) (Figs. 1G and 1H).

Therefore, our biomarker δD record indicates that lake-level recon-
struction is a reliable recorder of changes in amount of local precipitation, 
as suggested by previous studies of lakes on the Tibetan Plateau (Morrill, 
2004), and that the oxygen isotope variation does not simply refl ect changes 
in amount of precipitation on long time scales. Given the strong extra-
regional similarity of the isotope records throughout the monsoon domain, 
a possible explanation is that isotope records largely depend on large-scale 
monsoon activity such as alteration of landward transport of moisture on 
a long (orbital) time scale. A model simulation showing that variability of 
water vapor isotopes delivered from the tropical ocean to China closely 
resembles speleothem δ18O records in the south over the Holocene also 
suggests that the long-term variability of speleothem δ18O in South Asia is 
linked to a change in source moisture isotope composition (LeGrande and 
Schmidt, 2009). Several lines of evidence support this hypothesis. Other 
models have also identifi ed a weakening in the EAM precipitation at the 
early Holocene insolation peak due to ocean feedbacks to orbital forcing 
(Liu et al., 2004). Furthermore, less Holocene variability of EAM precipi-
tation in the south region, which is closer to the rainfall source, is also sug-
gested by reconstructions of independent quantitative precipitation based 
on the transfer function method using speleothem δ18O records (Hu et al., 
2008). These studies consistently indicate that precipitation in the south 
area of EAM domain was not signifi cantly enhanced in the early Holocene.

In contrast to the EAM, the IOM intensity is closely linked to insola-
tion (Fleitmann et al., 1993), suggesting that the remarkable increase in 
rainfall in continental areas in the early Holocene is linked to the IOM. 
A signifi cant change in the water vapor isotopic composition must have 
occurred during air mass transport from the marine source of this moisture. 
The route from the Indian Ocean crosses the eastern Himalayas (elevation 
to ~8000 m), whereas the route from the Pacifi c Ocean does not encoun-
ter such high mountains. During passage over the Himalayas, expansion 
and consequent cooling of the air masses would precipitate moisture as 
snow, and preferential precipitation of DHO would leave the remaining 
water vapor with a more negative δD value. Thus, it is probable that iso-
tope records also refl ect a change in relative contributions of the moistures 
originating from the Indian Ocean and the Pacifi c Ocean (Maher, 2008). 
In fact, early Holocene intensifi cation of the summer monsoons inferred 
from various paleoclimate proxies implies deeper continental penetration 
of the moist air masses from their Indian and Pacifi c maritime sectors 
(Jiang et al., 2006). Thus, waxing and waning of the two air mass compo-
nents may have infl uenced the isotopic composition of rainwater.

The IOM evidently began to deliver moisture to southern China start-
ing ca. 11 ka and became the dominant source of water to this location 
during the early Holocene (10.5–7 ka) (Herzschuh, 2006). Isotopic records 
at sites infl uenced by IOM (southwestern China) become less negative ca. 
7 ka while this shift occurred later in the EAM domain (eastern China), 
suggesting a delivery of moisture with more depleted isotopic values from 

the Indian Ocean in the early Holocene (Fig. 1). The increased contribution 
of water from the IOM suggests that strengthening of this Asian monsoon 
component was largely responsible for the wetter climate of the early Holo-
cene in this part of China. The decreases and increases in the plant-wax 
n-alkane δD values in the Hongyuan peat sequence confi rm that the bound-
ary between the infl uence of the Indian Ocean and East Asian components 
of the Asian monsoon shifted over the past 12 k.y. before settling at 105°E. 
As to precipitation change after the middle Holocene, the EAM probably 
played a substantial role. The decrease in precipitation at 4 ka is likely 
explained by a southward shift of the EAM rain front (An et al., 2000), 
which is linked to a southward shift of the Intertropical Convergence Zone, 
as suggested by a general circulation model (Yokoyama et al., 2011).

Considering these different lines of evidence and our data, the fun-
damental tenet that the variability of isotope records mainly refl ects pre-
cipitation amount in monsoon domain areas may not necessarily be the 
case over long time scales due to changes in sources of moisture asso-
ciated with reorganization of atmospheric circulation patterns. Although 
our data basically support the idea that changes in the Indian Ocean sum-
mer monsoon are largely driven by insolation over orbital time scales 
(Fleitmann et al., 2007), the Holocene monsoon precipitation has been 
spatially variable over China, as suggested by previous lake-level records 
(An et al., 2000; He et al., 2004). The proximal cause or causes of the 
millennial-scale fl uctuations of rainfall intensity remain unresolved. In 
addition, quantitative rainfall reconstructions based on other proxies such 
as loess and/or paleosol and pollen show that variation patterns of pre-
cipitation also differ among continental sites (Wang et al., 2003; Maher, 
2008). This discordance suggests that the irregularity of the monsoon 
rainfall patterns in different parts of China may be attributed to regional 
topographic conditions and complex local climatic situations, in particu-
lar the monsoon circulation of continental China. More high-resolution 
biomarker δD data from different regions could help us to understand the 
causes of  millennial-scale fl uctuations of monsoon precipitation and their 
local responses to climate changes in the Holocene.
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