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Abstract This study focuses on Holocene monsoon
dynamics on the central Tibetan Plateau (TP) inferred
using a sediment record from Lake Nam Co. A high-
resolution (decadal) multi-proxy approach, using
geochemical, micropaleontological, and sedimento-
logical methods was applied. Fifteen AMS-"*C ages
were used to establish the chronology, assuming a
reservoir effect of 1,420 years. Our results point to a
first strong monsoonal pulse at Lake Nam Co
~11.3 cal ka BP, followed by colder and drier con-
ditions until ~10.8 cal ka BP. A warm and humid
climate from ~ 10.8 to ~9.5 cal ka BP is related to a
strong summer monsoon on the central TP, triggering
a lake-level highstand at ~9.5 cal ka BP. Declining
minerogenic input after ~9.5 cal ka BP indicates less
moisture availability until ~7.7 cal ka BP. Following
stable conditions between ~7.7 and ~ 6.6 cal ka BP,
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a warm and wet climate is inferred for the time span
from ~6.6 to ~4.8 cal ka BP. A change towards
drier conditions after ~4.8 cal ka BP points to a
weakening of the Indian Ocean Summer Monsoon on
the central TP, further diminished after ~2.0 cal
ka BP. A short-term wet spell occurred from ~ 1.5 to
~1.3 cal ka BP. By comparing the results derived
from Lake Nam Co with several lacustrine records
from the central, northern, and eastern TP, a similar
but not synchronous pattern of monsoon-driven
paleoenvironmental change is observed. Although
the general trend of lake and catchment evolution on
the TP during the Holocene is also reproduced in this
record, pronounced spatial and temporal offsets with
respect to distinct climate events were detected,
suggesting periods of non-uniform moisture and
temperature evolution.
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Introduction

Multiple lacustrine records on the Tibetan Plateau
(TP) have been used to reconstruct monsoon-forced
paleoenvironmental changes during the late Quater-
nary (Herzschuh 2006; Mischke et al. 2008; Miigler
et al. 2010; Wischnewski et al. 2011). Both sampling
resolution and age control, however, show high
variability (Shen et al. 2005; Herzschuh et al. 2006;
Morrill et al. 2006; Zhu et al. 2009). Although the
general pattern of climate evolution on the TP is
reproduced in numerous studies, uncertainties exist
regarding the occurrence, duration, and supra-regional
significance of distinct climate oscillations. Whereas
regional discrepancies of moisture evolution on the TP
were reported by Wischnewski et al. (2011), synchro-
nous behavior of Lake Nam Co on the central TP and
the Hongyuan peat bog on the northeastern TP was
proposed by Kasper et al. (2012) for the late Holocene.
Moreover, some lacustrine records are discontinuous
(Morrill et al. 2006; Zhu et al. 2009), complicating
detailed comparison of paleoenvironmental evolution
at different sites. Despite these limitations, monsoonal
forcing of environmental change on the TP is
suggested by several authors (Morrill et al. 2006;
Wu et al. 2006; Kramer et al. 2010a, b), highlighting
the need for a high-resolution, multi-proxy study on
late Quaternary monsoon dynamics on the TP.

Several sediment cores were obtained at different
water depths at Lake Nam Co. Hydro-acoustical (lake-
bottom profiling), geochemical, biogeochemical, sed-
imentological, and micropaleontological analyses
were conducted to reconstruct changing paleoenvi-
ronmental conditions dating back to ~8.9 cal ka BP
(Li et al. 2008, 2009; Zhu et al. 2008, 2010a; Daut
et al. 2010; Frenzel et al. 2010; Miigler et al. 2010;
Wang et al. 2010a). Nevertheless, some problems arise
in comparing these records, because reservoir effect
dating corrections used different methods (Zhu et al.
2008; Miigler et al. 2010). In addition, distinct lake
level changes are assumed to have resulted in depo-
sitional gaps within the cores because of reworking of
material at the coring location during lower lake
levels. Therefore, a continuous record of the entire
Holocene derived from the deepest central part of
Lake Nam Co is still missing.

For our study, sediments were recovered from the
central part of the lake, providing a continuous lacus-
trine sediment record reaching beyond the LGM. Only
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the Holocene part of the core is discussed here. This
study aims to reconstruct the Holocene evolution of the
Indian Ocean Summer Monsoon (IOSM) on the central
TP at multi-decadal (~ 50-year) resolution. Geochem-
ical, sedimentological, and micropaleontological meth-
ods were used to identify high- and low-amplitude
changes in sediment composition, indicating paleoen-
vironmental changes associated with strengthened or
weakened monsoonal pulses (Wu et al. 2006; Zhu et al.
2008). The timing of these changes is used for
comparison of monsoon-forced lake system responses
on the central, northern, and eastern TP.

Study site

Lake Nam Co (30.7°N, 90.7°E, 4,718 m asl, Fig. 1a)
is located in the south-central part of the TP. From W
to E, the lake has a maximum length of ~78 km and a
maximum N to S distance of ~44 km (Wang et al.
2010a). In 2004, a surface area of 2,015 km? was
estimated (Zhu et al. 2010b). The maximum water
depth is 98.9 m (Wang et al. 2009). As a high-
mountain lake, Nam Co is covered by ice for
3-5 months per year. The pH of the water body
ranges from 8.0 to 9.8 (Wang et al. 2009). Because
Nam Co is a terminal lake, the water balance is
primarily controlled by precipitation, evaporation, and
freshwater supply from the catchment. The latter
comprises an area of 10,600 km? (Zhang et al. 2008).

According to Liu (1998), the Nam Co region has a
semi-arid subarctic plateau climate. For the time span
from 14 July, 2005 to 13 July, 2006, a mean
temperature of 0 °C was recorded. The annual precip-
itation is 282 mm for the given period, dominated by
summer monsoon precipitation (You et al. 2006).

The Nam Co lake basin is of tectonic origin and
was formed by uplift processes of the Himalayan
Mountains during the Tertiary (Guan et al. 1984).
Deposits near the lake shore are composed of uncon-
solidated Pleistocene to Holocene sediments of gla-
cial, glaciofluvial, and fluvial origin. In addition,
lacustrine and aeolian sediments occur within the
catchment (Lehmkuhl et al. 2002).

Materials and methods

Prior to coring, hydro-acoustic profiling of the lake
bottom was performed (Daut et al. 2010). Using a
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Fig. 1 Lake Nam Co on the central Tibetan Plateau (Xizang,
China). The line at the filled star marks the track of the hydro-
acoustic profile (a). The coring locations of sediment cores
analyzed by Zhu et al. (2008) and Miigler et al. (2010) are

parametric echo sounding system (SES 96 light,
Innomar Technologie GmbH), well-layered and
undisturbed sediments >35 m thick (no basement)
were detected in the SE of Lake Nam Co and selected
for core retrieval (Fig. 1b, c).

Five gravity cores and one piston core (NC 08/01,
30.73°N, 90.78°E) were obtained at a water depth of
93 m using a modified gravity corer (ID 63 mm)
(Meischner and Rumohr 1974) and an UWITEC
piston corer (ID 90 mm). Using patterns of magnetic
susceptibility, a composite record 10.4 m long was
generated from gravity core NC 08/01 Pilot 3 and the
piston core.

Laboratory methods

AMS-"*C dating of fifteen bulk sediment samples
(Table 1) was performed by Beta Analytic. A

indicated by filled circles. Sediment coring was performed in the
southeast of Lake Nam Co, highlighted by the framed image
section (b, ¢). Bathymetric map from Wang et al. (2009)

reservoir effect of 1,420 years, obtained by dating
surface sediment, was subtracted from all radiocarbon
ages. Inverted ages at the top of the sequence from
26.5 to 6.5 cm sediment depth were omitted as
outlined by Kasper et al. (2012), using '*’Cs and
219pp data. Corrected ages were calibrated with OxCal
4.1.7 (Bronk Ramsey 2009; Reimer et al. 2009). For
establishing the chronology (Fig. 2), median values of
calibrated ages were included in a deposition model
(Bronk Ramsey 2008).

Grain size distributions at 1-cm resolution were
obtained using a Microtrac S3500 Particle Size
Analyzer. Samples were treated with hydrogen per-
oxide to remove organic matter. Carbonates were
dissolved by hydrochloric acid. Grain sizes were
condensed to classes of clay (<2 pm), silt (2-63 pum),
and sand (63-2,000 pm). In addition, the median was
calculated.
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Table 1 '*C-AMS ages for sediment core NC 08/01

Lab. no. (Beta Depth AMS radiocarbon age Reservoir-corrected 2o Calibration (Oxcal 4.1.7)
Analytic) (cm) (cal a BP) age (cal a BP) -

Median Error range

(cal a BP) (cal a BP)
260883 0.0 1,420 £+ 40
277415* 6.5 2,550 £ 40 1,130 + 40 1,030 1,170-960
269540* 10.5 1,900 £ 40 480 £ 40 520 620470
277416* 14.5 2,310 £ 40 890 + 40 810 920-730
260884 * 20.5 2,200 £ 40 780 £ 40 710 770-670
277417* 26.5 1,970 + 40 550 + 40 560 650-510
269541 355 1,930 + 40 510 £ 40 530 630-500
277418 46.5 2,490 £ 40 1,070 £ 40 980 1,060-930
269542 65.5 2,910 £ 40 1,490 + 40 1,370 1,520-1,300
260872 104.5 3,550 + 40 2,130 £ 40 2,110 2,300-2,000
269537 134.5 4,540 + 40 3,120 + 40 3,350 3,440-3,250
269536 176.6 6,660 £ 40 5,240 £ 40 5,990 6,180-5,920
260873 206.6 9,060 £ 50 7,640 £ 50 8,440 8,540-8,380
269538 236.6 11,320 £ 60 9,900 £ 60 11,320 11,600-11,210
271057 278.2 12,060 £+ 60 10,640 £+ 60 12,590 12,700-12,430

Omitted "*C-AMS ages (Kasper et al. 2012) are marked with an asterisk

Sediments were analyzed with an ITRAX XRF Core-
Scanner (Cox Analytical Systems), producing multiple
element scan profiles with a step size of 2 mm.
Geochemical analyses were carried out applying ICP-
OES (Varian Liberty 150, Agilent Technologies). In
total, 237 samples were processed, applying a micro-
wave-assisted, modified aqua regia digestion. In addi-
tion, an HCI digestion was performed for 113 samples
(4-cm interval) to separate carbonate-bound and non-
carbonate fractions of different elements. To ensure data
reliability, a certified reference material (River sediment
LGC6 187) was analyzed in the same way. Error
estimates were based on triple measurements of
individual samples, shown as error bars (Fig. 3).

Total carbon (TC), total organic carbon (TOC),
total nitrogen (TN), and total sulfur (TS) were
measured with a CNS elemental analyzer (Vario El,
Elementar Analysensysteme GmbH). Total inorganic
carbon (TIC) content was calculated by subtracting
TOC from TC. Again, 237 samples were processed,
covering the whole core section with a spatial
resolution of ~1 cm. Triple measurements were
carried out to quantify the analytical error (Fig. 3).
TOC and TN were used to calculate atomic C/N ratios.

About 4 ml of sediment per sample were used for
micropaleontological analysis. The sediment was
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disintegrated by wet-sieving (200-pm mesh size) and
dried at room temperature. All ostracods were picked,
checked for preservation and adult/juvenile ratio, and
counted. Valves with evidence of transport or disso-
lution were excluded from counting as tentatively
allochthonous. The ostracod accumulation rate was
calculated using the sample-specific sedimentation
rates derived from the chronology and a reference dry-
weight of 1 g per sample. Because of frequently low
ostracod numbers, up to five adjacent samples were
grouped together to obtain at least 50 valves for
calculating relative abundances within the ostracod
association of every sample group. Where this number
could not be reached, no relative abundances were
calculated. Between ~5.7 and ~3.3 cal ka BP, no
micropaleontological sampling was performed.

Results

The uppermost 2.5 m of the record comprise the
Holocene. Accumulation rates ranging between
0.13 mm per year (~11.3 to ~3.3 cal ka BP) and
0.4 mm per year (since ~ 3.3 cal ka BP) were calcu-
lated (Fig. 2).
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Fig. 2 Age-depth relationship and sediment accumulation rates
for core NC 08/01. Dashed lines show periods of different mean
annual lake sedimentation

Distinct changes in carbon, nitrogen, and sulphur
are recorded between ~11.3 and ~7.7 cal ka BP,
marked by a drop in TIC at ~11.3 cal ka BP, the
Holocene minimum in TOC at ~11.2 cal ka BP, and
a subsequent long-term, high-amplitude decrease in
TIC, culminating at ~9.5 cal ka BP. The latter is
accompanied by rising values of TOC, TN, and TS
(Fig. 3). Subsequently, the reverse pattern is observed,
showing a decrease in TOC, TN, and TS, especially
after ~8.3 cal ka BP. During that time, an increase in
TIC is recorded, reaching highest values from ~ 7.7 to
~6.6 cal ka BP (Fig. 3).

High-amplitude changes in major elements are
centered at ~11.3 and ~9.5 cal ka BP, expressed by
both a decline in Ca and Sr and a rise in K, Al, Rb, Ti,
and Fe (Fig. 3). After ~9.5 cal ka BP, rising concen-
trations of Ca and Sr occur, with highest values from
~7.7to ~6.6 cal ka BP. For K, Al, Rb, Ti, and Fe, a
decrease is recorded until ~7.7 cal ka BP, followed

by a slight increase after ~ 6.6 cal ka BP. From ~ 6.6
to ~2.0 cal ka BP, oscillations of lower amplitude
are observed.

A distinct increase in Ca at ~2.0 cal ka BP is
linked to a contemporaneous decrease in K, Al, Rb, Ti,
and Fe. After ~0.25 cal ka BP, a diverse pattern is
visible, marked by an increase in Ti, Rb, and Fe and a
decline in Ca, K, and Al (Fig. 3). Mg shows a short-
duration maximum at ~4.0 cal ka BP and rising
concentrations after ~3.5 cal ka BP (Fig. 3). The
Fe/Mn ratio displays rising values from ~10.9 to
~9.4 cal ka BP and small peaks at ~5.9 and
~4.0 cal ka BP (Fig. 3).

Grain-size distributions show low variability
throughout the Holocene. Sediments are mainly
composed of silt, with minor contributions of clay
and sand (Fig. 3). The median of the grain sizes ranges
from 4.0 to 18.1 um, with an average median of
7.2 um. A slight shift to finer material is displayed by
the median at ~6.9 cal ka BP, showing a decline
from 6.9 um (~11.6 to ~6.9 cal ka BP) to 5.4 um
(~6.9 to ~2.0 cal ka BP). For the last ~2.0 cal
ka BP the median increases to a mean value of 8.9 um.

The ostracod record shows high valve accumula-
tion rates from ~11.6 to ~10.8 cal ka BP (Fig. 3).
The minimum in ostracod abundance between ~ 10.1
and ~8.9 cal ka BP is followed by a short-term
increase ~ 8.0 cal ka BP and low accumulation rates
from ~7.9 to ~5.7 cal ka BP. Increased abundance
is recorded at ~ 3.3 cal ka BP. After ~3.3 cal ka BP
distinct oscillations occur, showing the highest abun-
dance at ~2.4 cal ka BP and two minima at ~0.6 and
~0.5 cal ka BP (Fig. 3). The ostracod associations
show a rather monotonous species composition. The
dominating species is Leucocytherella sinensis
Huang, 1982, which makes up >50 % of the associ-
ation in almost all samples (Fig. 1, Electronic Sup-
plementary Material). ?Leucocythere dorsotuberosa
Huang, 1982 is slightly more abundant after ~2.5
cal ka BP and reaches dominances similar to those of
Leucocytherella  sinensis after ~0.2 cal ka BP.
Fabaeformiscandona gyirongensis Yang, 1982 is rare
from ~11.6 to ~3.3 cal ka BP and is found in high
proportions from ~2.5 to ~0.8 cal ka BP (Fig. 1,
ESM). All other species are rare and show scattered
occurrences, except for Candona xizangensis Huang,
1982, which is present in most samples, but in small
numbers. Candona candida O. F. Miiller, 1776, Eucypris
gyirongensis Yang, 1982, and Limnocythere inopinata
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Fig. 3 Geochemical, sedimentological, and micropaleontolog-
ical properties of the record. Dashed lines mark prominent time
intervals of distinct changes mentioned in the text. The unit pa

Baird, 1843 are found more frequently from ~0.7 cal k-
a BP to present (Fig. 1, ESM).

Discussion

Lake productivity and autochthonous carbonate
precipitation

Lake productivity in Lake Nam Co is assumed to be
indicated by biologically precipitated carbonates and
the amount of aquatic organic material. In addition, a
chemical pathway of carbonate precipitation is taken
into account, showing a strong linkage to productivity
related processes, as both are primarily triggered by
hydrological and hydrochemical variations and chang-
ing temperatures (Daut et al. 2010; Miigler et al.
2010). To assess the accumulation of carbonates, both
Mg and Ca are used. Ca, highly correlated to TIC
(r = 0.93), was chosen instead of TIC, which shows
larger measurement uncertainty. High concentrations
of Mg and Ca are supposed to show enrichment of
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(peak area) refers to XRF-derived data. Note that no micropa-
leontological sampling was performed between ~5.7 and
~3.3 cal ka BP

carbonates as a consequence of intense biological or
chemical precipitation (Daut et al. 2010).
Accumulation of organic matter is indicated by
TOC, TN, and the TOC/TN ratio (Meyers and
Ishiwatari 1993; Meyers 2003), of which TOC is
linked to air and water temperatures (Zhu et al. 2008,
2010a). The nutrient supply is represented by TN
(Meyers 2003). A high proportion of TOC points to
enhanced autochthonous production or allochthonous
influx of organic matter, which are further differenti-
ated by the TOC/TN ratio (Mayr et al. 2005). Intense
decomposition of organic material can result in anoxic
conditions at the lake bottom, indicated by TS and
rising levels of the Fe/Mn ratio (Tracey et al. 1996;
Holmer and Storkholm 2001; Haberzettl et al. 2007).
The ostracod accumulation rate may indicate
benthic productivity, reflecting changing reproduction
rates of ostracods. Benthic productivity is linked to
planktonic productivity and submersed macrophyte
density. Thus, it is strongly influenced by water depth,
with highest productivity in shallow water. Hence,
higher ostracod accumulation rates suggest higher
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lake productivity (Boomer et al. 2005). Other factors
that influence the ostracod accumulation rate might
include syndepositionary dissolution of the calcitic
valves, transport processes, or oxygen deficiency at the
lake bottom (Griffiths and Holmes 2000; Zhu et al.
2010a).

A clear linkage between lake productivity, as well as
autochthonous carbonate precipitation, to variations in
monsoon strength is suggested by this study. Changes
in monsoonal precipitation, air temperatures, and
associated glacier melt-water release should be
recorded as both a hydrological signal, via varying
carbonate precipitation, and a temperature signal (TOC
accumulation) within the lake. A strengthening of the
monsoon, and hence warm and wet conditions, might
result in low autochthonous carbonate accumulation as
a consequence of less chemical precipitation and a lack
of benthic ostracods. Higher amounts of TOC can be
linked to rising temperatures or slower degradation of
organic material under anoxic conditions.

Reduced temperatures can be inferred from the
drop in TOC between ~11.3 and ~11.2 cal ka BP.
The lowering of Ca at ~11.3 cal ka BP and from
~11.2to ~9.5 cal ka BP (Fig. 3) suggests a decline
of carbonate accumulation or a lack of biota. Espe-
cially from ~10.9to ~9.4 cal ka BP, the high Fe/Mn
ratio indicates anoxic conditions at the lake bottom,
probably responsible for the minimum of ostracod
abundances documented between ~10.1 and
~8.9 cal ka BP, at low temporal sampling resolution.
Because the preservation of valves is generally good
and no dissolution evidence was observed, carbonate
dissolution is excluded as a reason for the abundance
minimum. Therefore, low Ca is believed to primarily
indicate less chemical carbonate precipitation and a
declining abundance of benthic ostracods. Rising
concentrations of TOC, TN, and TS during these
times of low Ca content can be explained by better
preservation of organic material under anoxia, or may
be linked to greater production of aquatic organic
matter, as the low TOC/TN ratio (<10) suggests
dominance of autochthonous material (Meyers 2003).
The latter would indicate warmer conditions, espe-
cially at ~9.5 cal ka BP. As a consequence of this
monsoon-forced warming, glaciers within the catch-
ment would have released large amounts of freshwa-
ter, triggering lake expansion and causing less
chemical as well as biological carbonate precipitation.

The latter is probably caused by at least temporary
oxygen deficiency at the lake bottom, diminishing
benthic ostracods.

Increasing concentrations of Ca after ~9.5 cal
ka BP are possibly related to a lowering of carbonate
solubility caused by a rising salinity as a result of lake
level decline. Hence, an intense chemical precipitation
of carbonates under drier conditions, culminating
between ~7.7 and ~6.6 cal ka BP, is inferred.
Alternatively, a bloom of planktonic and benthic
Ca-bearing organisms might be inferred, as indicated
by the peak of the ostracod accumulation rate at
~ 8.0 cal ka BP. The latter is supported by the decline
of TS, suggesting the development of a more oxygen-
ated lake bottom environment. Declining values of
TOC, TN, and TS during this period (~9.5 to
~ 6.6 cal ka BP) may indicate intense decomposition
of organic material or less accumulation of organic
material, suggesting colder conditions, especially at
~8.3 cal ka BP. From ~7.7to ~6.6 cal ka BP, high
levels of Ca accumulation probably driven by phyto-
plankton productivity or chemical precipitation are
recorded, indicating drier conditions. The scarceness
of ostracods during this period might point to lower
annual temperatures or a stronger annual temperature
gradient. Longer ice coverage can diminish oxygen
availability, at least seasonally, at the lake bottom,
resulting in low numbers of ostracods even under
shallower-water conditions at the coring location.

The drop in Ca after ~6.6 cal ka BP (Fig. 3)
indicates less carbonate precipitation. Benthic organ-
isms are probably absent as a result of anoxia, as
shown by rising Fe/Mn values at ~5.9 cal ka BP.
TOC and TN suggest low variability of temperature
and nutrient supply during that time.

A distinct peak of Mg at ~4.0 cal ka BP is
probably related to an intense chemical precipitation
of Mg-rich carbonates. Enhanced accumulation of
carbonates is further accelerated after ~3.5 cal ka BP
as shown by Ca and Mg ~2.0 and by Ca ~1.1 cal
ka BP, showing drier conditions. An intense biolog-
ical precipitation of carbonates is indicated by the high
ostracod abundance at ~3.3 cal ka BP and after
~2.4 cal ka BP. A slight shift to less biological
carbonate precipitation and probably lower tempera-
tures is recorded for the last ~0.25 cal ka BP, as
shown by the decreasing abundance of ostracods and
the lowering of the TOC.
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Allochthonous sediment influx

Bedrock weathering, glacial erosion, and periglacial
processes are major sources of fine-grained debris
within the catchment, which can be transported into
the lake. Moreover, glacier melt water contributes a
high proportion of suspended allochthonous sediments
to the lake. For quantifying fluxes of clastic material,
multiple elements, e.g. K, Al, Fe, Rb, and Ti have been
used (Haberzettl et al. 2005, 2006; Wu et al. 2006;
Daut et al. 2010). Elemental ratios of Ca/Ca, Mg/Mg,
and St/Sr (aqua regia/HC]) are also applied as a proxy
of allochthonous sediment input. A ratio of >1 is
assumed to show non-carbonate phases of Ca, Mg, and
Sr as part of the minerogenic input. The ratio of Rb and
Sr was used to evaluate the sediment supply from the
catchment. A positive shift of the Rb/Sr ratio is
interpreted to indicate an increased influx of terrige-
nious material (Xu et al. 2010).

High concentrations of allochthonous elements
point to enhanced moisture supply within the catch-
ment. This is probably caused by intensified glacier
melt water release, primarily triggered by changing
temperatures, or an increase in precipitation. Both
processes are directly controlled by the strength of the
IOSM at Lake Nam Co by means of latent heat flux
and moisture transport (Herzschuh 2006). Periods of
strong monsoon intensity probably resulted in an
intensified fluvial input of clastic material.

High-amplitude changes of sediment influx from
~11.3 to ~7.7 cal ka BP show enhanced levels of
minerogenic input and wetter conditions at
~11.3 cal ka BP, a drier climate from ~11.2 to
~10.8 cal ka BP, and maximum moisture supply from
~10.0 to ~9.2 cal ka BP (Fig. 3). Centered at
~9.5 cal ka BP, elemental ratios of Ca, Mg, and Sr
show an increased accumulation of allochthonous
material, also denoted by the peak of the Rb/Sr ratio at
~9.4 cal ka BP (Fig. 3). Hence, the strongest intensi-
fication of the monsoon is inferred at ~9.5 cal ka BP,
followed by drier conditions until ~7.7 cal ka BPanda
rather stable system with lowest rates of allochthonous
minerogenic input from ~7.7 to ~6.6 cal ka BP.

Enhancement of moisture availability is recorded
between ~6.6 and ~4.8 cal ka BP. A decrease of
sediment input occurs after ~4.8 cal ka BP, followed
by stable conditions up to ~2.0 cal ka BP, a prom-
inent dry spell at ~2.0 cal ka BP, and a subsequent
increase in moisture supply between ~ 1.5 and
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~ 1.3 cal ka BP. The latter is followed by less min-
erogenic input and drier conditions after ~ 1.3 cal
ka BP. A small increase in sediment influx likely
occurred after ~0.25 cal ka BP (Figs. 3, 4).

Lake level changes

Because of overall homogeneity in grain size distri-
butions, except for the last ~2.0 cal ka BP, changing
lake levels are inferred from geochemical and micro-
paleontological proxies. Lower carbonate accumula-
tion is believed to indicate expanding water volume as
was observed in previous studies (Haberzettl et al.
2009). The abundance of ostracods is also coupled to
water depth, showing the highest abundance in
shallow waters. In addition, high levels of allochtho-
nous elements suggest enhanced fluvial runoff. There-
fore, these proxies denote lake level change, with
rising lake levels linked to a strong IOSM.

High ostracod abundances and intense accumula-
tion of carbonates indicate low lake level from ~11.6
to ~10.8 cal ka BP (Fig. 3), interrupted by a short-
term lake level rise at ~ 11.3 cal ka BP. From ~10.8
to ~9.5 cal ka BP all proxies point to lake volume
expansion. A lake level highstand is reached at
~9.5 cal ka BP, reflecting the Holocene optimum of
moisture availability. A lowering of the lake level is
inferred from ~9.5 to ~7.7 cal ka BP, probably
tracing a transition from warm-humid to cold-dry
conditions. A low lake level at ~8.0 cal ka BP is
supported by the presence of shallow-water ostracods
Eucypris gyirongensis and Candona candida (Fig. 1,
ESM; Wrozyna et al. 2009; Frenzel et al. 2010). From
~7.7to ~6.6 cal ka BP stable lake level is inferred.

Changes in both carbonate precipitation and min-
erogenic influx indicate lake level rise from ~6.6 to
~4.8 cal ka BP (Figs. 3, 4). This is supported by the
slight fining of the sediments after ~6.9 cal ka BP
(Fig. 3), pointing to a longer-distance transport of
material to the coring location (Haberzettl et al. 2010)
as a result of higher lake level. Decreasing lake level at
~4.0 and ~3.5 cal ka BP is recorded by enhanced
accumulation of Mg-rich carbonates.

Amplified lake shrinkage occurs after ~2.0 cal
ka BP. This period is followed by rising lake levels
from ~1.5to ~ 1.3 cal ka BP and lowering of the lake
level at ~1.1 cal ka BP. The lake level decrease after
~0.7 cal ka BP is recorded by the shallow-water
ostracods Eucypris gyirongensis and Limnocythere
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inopinata (Wrozyna et al. 2009; Frenzel et al. 2010;
Fig. 1, ESM). From ~0.25 cal ka BP to recent times,
rising lake level is indicated by an increase in
minerogenic input.

Monsoon-driven paleoenvironmental change
on the central, northern, and eastern TP

Numerous lacustrine records from the central, north-
ern, and eastern part of the TP show a consistent
pattern of paleoenvironmental change during the
Holocene. This is attributed to synchronous variations
in the strength of the IOSM influencing these areas
(Herzschuh 2006; Wang et al. 2010b; Zhang et al.
2011). For this study, a comparison of Lake Nam Co to
adjacent lakes (Lakes Ahung Co, Chen Co, Cuoe, and
Zigetang) as well as to large Lake Qinghai and small
Lakes Naleng and Ximencuo, from the northern and
eastern TP was conducted (Fig. 4). Lakes Chen Co,
Nam Co, Cuoe, Ahung Co, and Zigetang span a S—N
transect of approximately ~ 350 km on the central TP
and may track spatial variations of moisture availabil-
ity and temperature evolution as related to the strength
of the IOSM. Lake Qinghai was used for a comparison
to Lake Nam Co because of its comparable dimension.
Lakes Naleng and Ximencuo are situated at the eastern
limit of the IOSM (Kramer et al. 2010a, b; Mischke
and Zhang 2010). Hence, both lakes, along with Lake
Qinghai, are applied to reconstruct supra-regional
patterns of monsoon-forced lake and catchment evo-
lution on the TP. The lakes were also chosen because
of their sampling resolution and age control. The
records from Lakes Ahung Co, Naleng, and Ximencuo
have high temporal resolution comparable to our
record.

Wetter conditions at ~11.3 cal ka BP at Lake
Nam Co provide the first evidence of an early
Holocene intensification of the IOSM on the central
TP, which has not been reported from other small and
shallow lakes adjacent to Lake Nam Co. Humid
conditions were also reported from the northeastern
TP at Lake Qinghai from 12.3 to 11.3 cal ka BP
(Fig. 4; Shen et al. 2005). This response on the central
and northeastern TP suggests a supra-regional
strengthening of the IOSM.

A dry and cold period from ~11.2 to ~10.8 cal
ka BP at Lake Nam Co is linked to a cold and arid
climate at Lake Qinghai from 11.3 to 10.8 cal ka BP
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(Shen et al. 2005), indicating a short-term phase of
weakened monsoon at both sites (Fig. 4).

The high-amplitude shift to warmer and wetter
conditions from ~10.8 to ~9.5 cal ka BP is also
observed in several lacustrine records, showing a
warm and humid climate after 11.1 cal ka BP (Lake
Ximencuo, Mischke and Zhang 2010), 10.8 cal ka BP
(Lake Zigetang, Herzschuh et al. 2006; Lake Qinghai,
Shen et al. 2005), 10.7 cal ka BP (Lake Naleng,
Kramer et al. 2010a, b), 10.5 cal ka BP (Lake Chen
Co, Zhu et al. 2009), and 9.7 cal ka BP (Lake Cuoe,
Wu et al. 2006). Hence, all lake records seem to
confirm an almost synchronous supra-regional
increase in summer monsoon intensity during the
early Holocene (Fig. 4). The temporal offset at Lake
Cuoe was probably caused by catchment processes and
a transition from a fluvial to a lacustrine sedimentary
environment at 10.1 cal ka BP (Wu et al. 2006).

The lower lake levels, attributed to a continuous
shift to drier conditions and weaker monsoon intensity
at Lake Nam Co from ~9.5 to ~7.7 cal ka BP
(Fig. 4), confirm previous results on less moisture
supply at Lake Nam Co for the period from 8.1 to
7.8 cal ka BP (Zhu et al. 2008). The drop in TOC after
~8.3 cal ka BP (Fig. 4) is possibly related to the
8.2 ka cold event, detectable in oxygen isotope data
from the GRIP ice core (Andersen et al. 2007). A
prominent cold and dry period after 9.0 cal ka BP at
Lake Chen Co (Zhu et al. 2009), 8.8 cal ka BP at Lake
Cuoe (Wu et al. 20006), 8.7 cal ka BP at Lake Zigetang
(Herzschuh et al. 2006), 8.5 cal ka BP at Lake Qing-
hai (Shen et al. 2005), 8.1 cal ka BP at Lake Naleng
(Kramer et al. 2010a, b), and 7.9 cal ka BP at Lake
Ximencuo (Mischke and Zhang 2010) points to the
occurrence of discrete time intervals (<1,000 a) of
reduced moisture availability and lower temperatures
on the central, northern, and eastern TP (Fig. 4). In
contrast, our study suggests a continuous increase in
aridity during the entire period from ~9.5 to
~7.7 cal ka BP.

Low-amplitude responses of Lake Nam Co to
monsoonal pulses from ~ 7.7 cal ka BP to present are
attributed to lower intensity in paleoenvironmental
change or lower sensitivity of the lake. Our inferences
of dry and probably cold conditions from ~7.7 to
~6.6 cal ka BP are supported by similar observations
at Lake Naleng (8.1-7.2 cal ka BP, Kramer et al.
2010a, b), Lake Ximencuo (7.9-7.4 cal ka BP, Mis-
chke and Zhang 2010), and Lake Ahung Co
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(7.5-7.0 cal ka BP, Morrill et al. 2006). At Lake
Zigetang, a cold event was recorded at 7.4 cal ka BP
(Herzschuh et al. 2006). At Lake Qinghai, a drop in
lake level occurred at 7.2 cal ka BP (Lister et al.
1991). Still wet, but colder conditions were docu-
mented for Lake Cuoe at 6.8 cal ka BP (Wu et al.
2006), also indicating a nonuniform pattern of cooler
conditions and lower moisture availability at different
sites (Fig. 4). Hence, these cold and dry spells seem to
vary in space and time.

Humid conditions and strengthening of the IOSM at
Lake Nam Co from ~6.6 to ~4.8 cal ka BP were
also suggested by Zhu et al. (2008) based on a much
coarser-temporal-resolution study reporting a warm
and wet climate at 6.9 cal ka BP. In addition, high
lake levels and pronounced minerogenic input at Lake
Nam Co were also observed by Miigler et al. (2010).
Although wet conditions were reported by Miigler
et al. (2010) from 7.2 to 5.4 cal ka BP, geochemical
data suggest an increase in moisture availability did
not occur until 6.8 cal ka BP. Higher temperatures
and considerably wetter conditions are also reported
for Lake Zigetang (7.3—4.4 cal ka BP, Herzschuh
et al. 2006), Lake Cuoe (6.8-5.7 cal ka BP, Wu
et al. 2006), and Lake Chen Co (6.0 cal ka BP, Zhu
et al. 2009), supporting our inference for wetter
conditions on the central TP (Fig. 4). For Lake
Qinghai, a warm and wet climate was inferred from
7.4 t0 6.5 cal ka BP, followed by cooler and drier, but
still humid conditions from 6.5 to 4.5 cal ka BP (Shen
et al. 2005). In contrast, Lister et al. (1991) suggest
lake level decrease from 7.2 to 6.8 cal ka BP and
rising lake levels afterwards. Because the record from
Lake Naleng (Kramer et al. 2010a, b) displays the
same trend towards warm and humid conditions from
6.8 to 4.4 cal ka BP, an almost synchronous supra-
regional strengthening of the IOSM during the mid
Holocene is inferred (Fig. 4).

A further weakening of the IOSM at Lake Nam Co
is dated to ~4.8 cal ka BP, delimiting warm and wet
conditions until ~4.8 cal ka BP and a drier climate
from ~4.8 to ~2.0 cal ka BP in a more precise way
than Miigler et al. (2010), who simply report a change
from stable lake levels at 5.4 cal ka BP to lower levels
at4.0 cal ka BP. According to their geochemical data,
a distinct decrease in allochthonous influx occurs at
around 4.9 cal ka BP, pointing to an increase in
aridity at Lake Nam Co. The transition to drier
conditions is supported by observations from Lakes

Chen Co and Ahung Co, showing a dry and cold event
at4.8 cal ka BP at Lake Chen Co (Zhu et al. 2009) and
less monsoonal precipitation at Lake Ahung Co after
4.7 cal ka BP (Morrill et al. 2006). A cold event
occurs at Lake Cuoe after 4.6 cal ka BP (Wu et al.
2006). Cool conditions were reported for Lake Qinghai
after 4.5 cal ka BP (Shen et al. 2005) and for Lake
Naleng after 4.4 cal ka BP (Kramer et al. 2010a, b),
suggesting an almost synchronous behavior of different
lake systems to lower temperatures and reduced
moisture availability (Fig. 4).

Higher evaporation at Lake Nam Co at ~4.0 cal ka
BP (Figs. 3, 4) is inferred to have triggered a short-
term lake level decrease, also proposed by Miigler
et al. (2010) for a longer time span. A cold and dry
event was inferred from both Lake Cuoe between 4.6
and 4.2 cal ka BP (Wu et al. 2006) and Lake Zigetang
between 4.1 and 3.5 cal ka BP (Herzschuh et al.
2006). Less monsoonal precipitation at Lake Ahung
Co caused a lake level low stand, resulting in a
termination of sediment accumulation after 4.0 cal ka
BP (Morrill et al. 2006). These dry and cold spells on
the central TP are probably linked to increased aridity
on the northern and eastern TP, recorded for signif-
icantly longer periods at Lake Qinghai (4.5-2.5 cal ka
BP, Shen et al. 2005), Lake Naleng (4.4 cal ka BP to
present, Kramer et al. 2010a, b), and Lake Ximencuo
(4.2-2.8 cal ka BP, Mischke and Zhang 2010; Fig. 4).
Therefore, non-uniform response of different lake
systems to a weakened IOSM is suggested for the
period from ~4.8 to ~2.0 cal ka BP.

A major shift towards drier conditions after
~2.0 cal ka BP is supported by findings of Miigler
et al. (2010) and Kasper et al. (2012). A distinct
decrease in precipitation at Lake Nam Co suggested by
Zhu et al. (2008) for the period after 2.9 cal ka BP can
also be linked to the ~2.0 cal ka BP dry spell in our
record (Kasper et al. 2012). At Lake Qinghai, cold-arid
conditions at 2.5 cal ka BP (Shen et al. 2005) indicate
a weakened monsoon also on the northeastern TP.

The short-term wet spell from ~ 1.5to ~ 1.3 cal ka
BP at Lake Nam Co was not detected by Miigler et al.
(2010), who inferred a dry climate from 1.6 to
1.4 cal ka BP and humid conditions from 1.4 to
0.8 cal ka BP. Nevertheless, our record indicates
enhanced summer monsoon precipitation on the
central TP for about 200 years (Fig. 4), also deduced
from the Hongyuan peat bog on the northeastern TP
from 1.5 to 1.2 cal ka BP (Hong et al. 2003). Because
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no other lacustrine archives on the central, northern,
and eastern TP document this oscillation, further
research regarding this short-term wet spell is
necessary.

Wetter conditions after ~0.25 cal ka BP suggest a
strengthening of the IOSM on the central TP up to
present. Satellite imagery and hydrological modelling
indicate rising lake level for Lake Nam Co over the
last few decades (Krause et al. 2010; Zhu et al. 2010b),
confirming our inferences from sedimentary proxies
for lake level.

Conclusions

The pattern of Holocene paleoenvironmental change
at Lake Nam Co points to both long-term and short-
term variations in moisture supply. Strong monsoonal
pulses are inferred for the early Holocene at
~11.3 cal ka BP and from ~10.8 to ~9.5 cal ka
BP, followed by a constant decrease of moisture
availability up to ~7.7 cal ka BP. Rather stable
conditions from ~7.7 to ~6.6 cal ka BP and a warm
and wet climate from ~6.6 to ~4.8 cal ka BP point
to a strong IOSM during the mid Holocene. Stepwise
weakening of the monsoon is recorded at ~4.8 and
~2.0 cal ka BP, suggesting drier conditions at Lake
Nam Co during the late Holocene.

Our assessment suggests a complex pattern of
monsoon-forced moisture and temperature evolution
on the central, northern, and eastern TP during the
entire Holocene. Although the general trend of lake
system responses seems to indicate a similar evolution
at different sites, pronounced spatial and temporal
offsets for some climate events were detected. It is
unclear whether differences in sampling resolution,
age control, regionally confined heterogeneities or
selection of proxies (pollen, geochemical data, etc.)
are responsible for the differences, or if they mask a
rather uniform behavior of large and small lakes.
Alternatively, asynchronous response of different
lakes may indeed have occurred during certain time
spans, highlighting the need for further research on
this topic.
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