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Abstract Both radiocarbon and optically stimulated
luminescence (OSL) dating methods were applied to
test their suitability for establishing a chronology of
arid-zone lacustrine sediments using a 5.88-m-long
core drilled from Lake Ulaan, southern Mongolia.
Although the radiocarbon and OSL ages agree in
some samples, the radiocarbon ages are older than the
corresponding OSL ages at the 550-cm depth horizon
(late Pleistocene) and in the 100-300-cm interval
(early to late Holocene). In the early to late Holocene,
radiocarbon ages are consistently older than OSL
ages by 4,100-5,800 years, and in the late Pleisto-
cene by 2,700-3,000 years. Grain-size analysis of
early to late Holocene sediments and one late
Pleistocene sediment sample (550-cm depth) indi-
cates that eolian processes were the dominant sedi-
ment-transport mechanism. Also, two late Pleistocene
sediments samples (from 400- to 500-cm depths) are
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interpreted to have been deposited by both eolian and
glaciofluvial processes. Accordingly, the radiocarbon
ages that were older than the corresponding OSL ages
during the Holocene seem to have been a conse-
quence of the influx of '*C-deficient carbon delivered
from adjacent soils and Paleozoic carbonate rocks by
the westerly winds, a process that is also active today.
In addition to the input of old reworked carbon by
eolian processes, the late Pleistocene sediments were
also influenced by old carbon delivered by deglacial
meltwater. The results of this study suggest that when
eolian sediment transport is suspected, especially in
lakes of arid environments, the OSL dating method is
superior to the radiocarbon dating method, as it
eliminates a common ‘old-carbon’ error problem.

Keywords Radiocarbon - OSL - Lacustrine
sediment - Arid condition - Mongolia

Introduction

Accurate chronologies are of crucial importance in
paleoclimatic and paleoenvironmental studies of lake
sediments. Lake sediments usually contain a certain
amount of organic carbon and are therefore suitable
for radiocarbon dating. Since its discovery, radiocar-
bon dating has become the most widely applied
chronological tool in the study of late Quaternary
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lake sediment sequences. However, the applicability
of radiocarbon dating methods in lake sediments with
low organic carbon content and a lack of macrofossils
is limited. Also, a common problem encountered in
radiocarbon dating of limnic sediments is an ‘old-
carbon’ error, caused by contamination from old
reworked carbon, in which the samples are deficient
in 'C relative to the isotopic composition in the
atmosphere at the time of deposition. The uncertain-
ties of old-carbon contamination have raised serious
concerns about radiocarbon dating of lake sediments,
particularly in regions where calcareous bedrock is
present (Karrow and Anderson 1975; Clayton and
Moran 1982; Fowler et al. 1986; MacDonald et al.
1987; Aravena et al. 1992).

Recently, the optically stimulated luminescence
(OSL) dating technique has also been applied to lake
sediments (Shen et al. 2007; Liu et al. 2010; Zhao
et al. 2010; Long et al. 2011 and references therein).
The OSL method is exempt from ‘old-carbon’
problems commonly encountered in radiocarbon
dating and can be a reliable tool for dating sediments
if samples are well exposed to sunlight. This study
compares the results of the above two dating
methods, radiocarbon and OSL dating, applied to
the lake sediment deposited in an arid environment.
The results of this study should inform the selection
of a better dating method when dealing with lacus-
trine sediments affected by eolian processes.

Study site

The studied lake, Lake Ulaan, is located in southern
Mongolia, near the Gobi-Altai Mountains, about
120 km northwest of Dalanzadgad, Omnogovi Prov-
ince (Fig. 1). Lake Ulaan occupied about 65 km? in
the 1960s, but at present, the lake bottom is exposed.
It is the easternmost lake of the lakes of the Gobi
Valley and is known to have been fed by the Ongiyn
Gol (Ongin River), which originates from the Khan-
gai Mountains. The Ongin River has shrunk and has
not supplied water to the lake since the mid-1990s.
The present climate of the Lake Ulaan region is arid
and continental. The average annual rainfall in
the lake basin area is about 100-150 mm. Due to
the presence of the Siberian High which guards the
westerly approaches to Mongolia, a high pressure
system is frequent over the country all year round,
and westerly and southwesterly winds are dominant
in the study region. The orientation and shape of
partially vegetated sand dunes near the northern
margin of the lake confirm the prevalence of westerly
winds during the recent past. Our field study reveals
that hills to the west and south of the lake are
composed mainly of Silurian limestone/dolomite and
Cretaceous basalt and clastic sedimentary rocks. To
the east and north, the bedrock is dominated by
Archaean and Paleoproterozoic metamorphic com-
plex and Paleozoic—-Mesozoic sedimentary rocks.

i s "+ Khangai
N\ Cms, v
"% \

~0)

Ol W B Lak W —
Y G0/, S OFthy 0 -
.:._\_.._.\‘—\\ _ﬂﬂf/qfﬁ e(?‘?_b/ V«;//ey Ongin River

“=, @Lake Ulaan

O
Dalanzadgad

108° 114°

(]

Ulaanbaatar

Fig. 1 Map of Mongolia showing the location of Lake Ulaan

@ Springer



J Paleolimnol (2011) 45:127-135

129

Methods
Field methods

A 5.88-m-long core (ULB) was collected from the
southern part of Lake Ulaan (44°30'50.1"N,
103°39'16.0"E) in July 2007. We used a piston corer
with several brass tubes of 76 mm in outer diameter and
74 mm ininner diameter. No detectable disconformities
were identified in this core, suggesting a continuous
sedimentation from the bottom to the core top.

Grain-size analysis

One hundred and forty-seven samples taken at 4-cm
intervals from the ULB core were dried in an oven at
105°C for 2 days. About 5 g of subsamples were
reacted with H,O, solution for 1 day to remove
organic matter. After H,O, was added, the H,O,
solution with sample was boiled for 1 h to further
remove any remaining organic matter. Grain-size
distribution of the fraction larger than 63 um (sand
and gravel) was determined by wet sieving. For the
fine fraction smaller than 63 pm (clay and silt),
samples were settled in an 1,000-ml graduated
cylinder for 3 days, and the grain size was deter-
mined using Micrometrics Sedigraph 5100. Raw data
were processed after Jones et al. (1988).

Radiocarbon dating

Seventeen bulk samples were collected from the
longitudinal half of the ULB core for radiocarbon
dating, with a sample interval of 12-50 cm. After
examining subsamples under a microscope and
picking out plant fragments with tweezers, bulk
samples were pulverized using a mortar and pestle
and sieved through 150-um sieve. Sieved samples
were treated by acid-alkali—acid processes (0.5 M
HCl—0.1 M NaOH/0.1 M Na,P,0,—0.5 M HCl),
and dried in a vacuum oven. Accelerated mass
spectrometry (AMS) '“C dating of these bulk samples
was performed at the Rafter Radiocarbon Laboratory
of the Institute of Geological and Nuclear Sciences,
New Zealand, and the results are given as percent
modern carbon (pmc) based on the National Institute
of Standards and Technology (NIST) oxalic acid
(HOxI) standard corrected for decay since 1950. All
radiocarbon dates were calibrated to calendar years

using the IntCal09 dataset from Reimer et al. (2009)
by means of the OxCal 4.1 (Bronk Ramsey 2009;
Table 1) after '*C/"*C adjustment.

Optically stimulated luminescence dating

Twelve samples were taken from the other longitudinal
half of the core under subdued red-light conditions with
a 50-cm depth interval. Analysis was carried out at the
Korea Basic Science Institute. The outer part of each
sample near the surface of the split core and the contact
with the core liner was carved out to avoid possible
incorporation of mineral grains that might have been
exposed to sunlight during sampling and core cutting.
The 4-11-pm fractions were separated by Stoke’s Law
of settling, and pure quartz grains were then recovered
from this size fraction through a sequential use of HCI
(10%, for 6 h) to dissolve carbonates, H,O, (10%, for
24 h) to remove organic materials, and H,SiFg (40%, for
14 days) to remove feldspar grains. Quartz OSL signals
were measured using a Risg TL/OSL automated system
(Bgtter-Jensen et al. 2000), and the SAR (single-aliquot
regenerative-dose) protocol (Murray and Wintle 2000;
2003) was used to estimate equivalent dose (D.) values.
A blue LED array delivering 40 mW c¢m ™2 was used as
a stimulation light source, and signal detection was
made through a 7-mm Hoya U-340 filter. A *°Sr/*°Y
beta source (80 mCi, dose rate to sample position:
~0.216 4 0.008 Gy s™") was used for laboratory
irradiation. A high-resolution gamma spectrometer
was used to measure the radioactive element concen-
trations of the samples (Murray et al. 1987), which were
then converted to dose rates using the data presented by
Olley et al. (1996). o value was assumed to be 0.04
(Rees-Jones 1995), and a beta attenuation factor of
0.93 £ 0.03 was used for dose-rate calculation. All dose
rates were modified using present water contents and the
attenuation factors given by Zimmerman (1971). Cos-
mic ray contributions were calculated using the equa-
tions given in Prescott and Hutton (1988, 1994).

Results
Grain-size distribution

The ULB core sediments can be divided into three
units based on grain-size distribution (Fig. 2a): unit 1
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Table 1 Radiocarbon dating results of sediment samples collected from Lake Ulaan, Mongolia

Sample code Lab. code Depth Material ot 19C age Calibrated age Point estimate
(cm) (year BP) ranges 20 (year BP) (year BP)

ULB1-50S NZA30880 50 Bulk sediment —324 5,982 &+ 45 6,944-6,697 6,820
ULB2-100S NZA30881 100 Bulk sediment —29.1 6,035 &+ 35 6,981-6,788 6,879
ULB3-150S NZA30876 150 Bulk sediment —24.8 8,390 £+ 50 9,521-9,293 9,406
ULB3-200S NZA30879 200 Bulk sediment —25.5 9,894 £+ 50 11,601-11,207 11,316
ULB4-250S NZA30877 250 Bulk sediment -30.0 10,541 £+ 60 12,637-12,222 12,478
ULB4-300S NZA30882 300 Bulk sediment —28.1 12,295 + 60 14,880-13,954 14,297
ULB5-3508 NZA30883 350 Bulk sediment -25.9 10,331 + 45 12,389-12,002 12,186
ULBS5-356S NZA30778 356 Bulk sediment —28.6 9,471 £+ 35 11,065-10,588 10,733
ULB6-368S NZA30777 368 Bulk sediment —27.0 8,468 £ 30 9,533-9,453 9,493
ULB6-400S NZA30907 400 Bulk sediment —26.0 12,363 £+ 60 14,915-14,051 14,432
ULB6-414S NZA30878 414 Bulk sediment -31.3 10,270 + 190 12,569-11,353 11,988
ULB7-450S NZA30885 450 Bulk sediment -37.0 15,300 £+ 210 18,891-18,002 18,472
ULB7-455S NZA30886 455 Bulk sediment —384 19,780 £ 220  24,316-22,972 23,638
ULB7-500S NZA30887 500 Bulk sediment -31.9 13,830 + 200 17,522-16,525 16,965
ULB8-528S NZA30888 528 Bulk sediment —30.8 12,960 + 210 16,673-14,860 15,683
ULB8-550S NZA30889 550 Bulk sediment —28.5 15,280 + 210 18,877-17,996 18,449
ULB8-559S NZA30779 559 Bulk sediment —-364 20,840 £ 110  25,157-24,462 24,816
ULB8-571S NZA30903 571 Bulk sediment —39.1 22,800 &+ 130 28,014-26,920 27,501
(0-392 cm), unit 2 (392-530 cm), and unit 3 AMS "C ages

(530-588 cm). Unit 1 sediments are mainly com-
posed of silt and clay, and they are moderately to
poorly sorted (Fig. 2b). Their grain-size distribution
is almost unimodal between 8 and 12 ¢ (about
0.25—4 pm) (Fig. 2c) except sediments of the interval
from the core top down to 64 cm. This top core
interval contains weakly consolidated pedogenic
calcite concretions, and the mean grain size fluctuates
between 6 and 9 ¢ with very poor sorting (2 to 2.6 ¢).
In contrast, unit 2 sediments consist of sand and clay
and are very poorly sorted (~3 ¢). They show a
distinctive bimodal grain-size distribution, with
modes between 2 and 4 ¢ (63-250 um) and between
8 and 12 ¢ (0.25-4 pm), with the coarser fraction
being more abundant than the finer (Fig. 2c). As the
relative amount of coarser fraction changes with time,
the mean grain size fluctuates between about 6 and 8
¢ within unit 2. Unit 3 sediments are dominated by
clays with some sands, and they show a weak
bimodal size distribution. Sediments are poorly to
very poorly sorted.
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The radiocarbon age data from the ULB core
sediments are summarized in Table 1 and shown in
Fig. 3. The calibrated ages lie in the range of
6,800-27,500 cal years BP. The weighted average
of the probability distribution function is used as a
point estimate of each calibrated date range (Telford
et al. 2004). Radiocarbon ages show a linearly
increasing trend in the upper part (from top to 300-
cm depth) with a relatively narrow range of 6'°C
values, whereas in the lower part (350-cm depth to
the core bottom), they are somewhat scattered with
fluctuating 8'>C values. Also, ages are stratigraphi-
cally reversed between 300 and 350-cm depth
horizons. Considering that the 6'°C values of Cs
plants are generally between about —22 and —34%o
(Schidlowski et al. 1983), four samples at 450-, 455-,
559-, and 571-cm depths with largely negative §'°C
values (—36.4 to —39.1%o) may indicate the influence
of old carbon. Thus, in this paper, only data whose
8"3C values are larger than —34%o (marked with
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filled circles in Fig. 3) were used to establish a
chronology. Except for these four samples, the
radiocarbon age results were defined by two regres-
sion lines with different gradients (upper part:
Y = 0.034X—158.735, P = 0.83; lower part:
Y = 0.023X + 116.689, * = 0.81).

OSL ages

Table 2 shows the D., age, radionuclide concentra-
tions, dose rate, and present water content of the

studied samples. The natural OSL signals in quartz
grains from all the samples were observed to be far
under the dose saturation level; all the quartz
D, values were far lower than 2D, values (charac-
teristic dose: Wintle and Murray 2006) of the dose—
response growth curves. The observed water-content
variations are partially related to grain size and
sediment type. The quartz OSL ages of samples all
fall in the range between 1.2 and 15.9 ka and are
plotted against depth in Fig. 4. OSL age results are
stratigraphically consistent in spite of larger error
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Table 2 OSL dating results and summary of dosimetry

Sample Depth Dose rate Water Equivalent Aliquots OSL age
code (cm) (Gy/ka) content (%)* dose (Gy) used (n) (ka, SD)b
ULO-50 50 3.62 £ 0.05 13.1 £ 1.1 45 +05 46 12 +0.1
ULO-100 100 3.87 £ 0.04 19.0 + 0.0 9.6 £ 3.2 34 25+08
ULO-120 120 3.79 £ 0.07 19.6 + 0.0 169 + 4.6 30 45+1.2
ULO-150 150 393 +£0.11 20.2 £ 0.0 194 + 2.8 47 49 + 0.7
ULO-200 200 3.03 £ 0.06 26.0 £ 0.5 185 £33 47 6.1 £ 1.1
ULO-250 250 3.09 £ 0.06 259 +£0.2 252 £ 4.7 48 82+ 15
ULO-300 300 3.60 £ 0.15 279 £ 4.8 240 £ 53 48 6.7+ 1.5
ULO-350 350 2.97 £ 0.09 26.8 £ 0.9 252 +£22 48 8508
ULO-400 400 2.99 £ 0.08 16.2 £ 0.7 348 £ 3.1 48 11.6 £ 1.1
ULO-450 450 2.99 £ 0.09 18.0 £ 1.2 40.1 £24 48 13.4 £ 0.9
ULO-500 500 3.10 £ 0.09 140 £ 0.5 41.0 £2.0 48 13.2 £ 0.8
ULO-550 550 2.75 £ 0.09 253 +£19 43.7 £ 3.0 48 159 £ 1.2
? The present water content
® Standard deviation
¢ T T T T T T T T T T T T T T T T T T T
Considering the small lake size and lake-level
fluctuations in a closed lake, it is difficult to interpret
100 - 7 that the thick, homogeneous, very fine sediments in
units 1 and 3 were deposited in the lake under the
200 F 4 influence of fluvial processes. Accordingly, units 1
_ and 3 sediments are interpreted to have been primar-
g ily transported to the lake by eolian processes.
g wor 1 On the other hand, in the case of unit 2 (latest
a e Pleistocene), which is characterized by bimodal size
400 - distribution and very poor sorting, sediments were
transported by a transport mechanism other than
50 |- | wind. In the late Pleistocene, a huge paleolake, which
included Lake Ulaan, Lake Bon Cagaan, Lake
Adagin Cagaan, and Lake Orog, was fed by thawed
600 ———— ; — 1'0 E— 115 — snow derived from mountain glaciers in the Gobi
OSL Age (ka) Altai and/or Khangai Mountains (Sevastyanov and

Fig. 4 OSL age versus depth. Depth is given in cm below the
core top

ranges compared with radiocarbon ages. Most OSL
ages are shown to define a good regression line,
Y = 0.035X + 1.108 (r* = 0.96).

Discussion
Unit 1 (0-392 cm) and unit 3 (530-588 cm) sedi-

ments are characterized by unimodal grain-size
distribution and very fine grain size (0.25—4 pm).

@ Springer

Dorofeyk 2005). Accordingly, unit 2 sediments are
interpreted to have been deposited by a combination
of eolian and glaciofluvial processes. The fluctuation
of mean grain size indicates that the meltwater inflow
was intermittent.

The radiocarbon and OSL ages are plotted against
depth in Fig. 5. Bulk '*C ages and OSL ages appear
to be almost consistent within error ranges for
samples collected from 356-, 368-, 414-, and 528-cm
depths. In contrast, the other radiocarbon ages appear
to be about 4,400-6,500 years older than OSL ages in
the depth interval between 50 and 300 cm, and about
1,000-3,300 years older at depths of 350, 400, 500,
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Fig. 5 Diagram 0
comprising three panels, (@)
a grain-size analysis, b OSL

and radiocarbon ages, and 100
c difference between
radiocarbon and regressed
OSL ages (At). The
difference between OSL
and "C dates can be
interpreted by considering
grain-size characteristics
(see text for details) 400 | 4

300 - 1 B

Depth (cm)

500 1 B

5 ® osL (c)
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and 550 cm. For samples at 356-, 368-, 414-, and
528-cm depths, OSL ages and radiocarbon ages are in
good agreement, suggesting that both OSL and
radiocarbon ages may represent the true depositional
ages. In addition, eolian sediments are known to be
the most suitable materials for OSL dating because
the constituent quartz grains have a greater likelihood
of being completely bleached by sunlight exposure
during transport and upon deposition than do those
from other sedimentary environments (Stokes and
Gaylord 1993; Stokes et al. 1997). Accordingly, the
OSL age results for unit 1 (50-350 cm) and unit 3
(550 cm) are interpreted as directly indicating depo-
sitional ages. Thus, the age discrepancy between the
OSL and radiocarbon ages in these sediments seems
to have resulted from the overestimation of radiocar-
bon ages.

Overestimation of '*C ages seems most likely to
have been caused by incorporation of old reworked
carbon into the bulk '*C samples (Grimm et al. 2009).
Common sources of '*C-deficient carbon in lakes
include detritus from older organic deposits (Nam-
budiri et al. 1980), bicarbonate and carbonate derived
from calcareous bedrock and overburden (Turner
et al. 1983), old ground water, which may take
millennia to progress through an aquifer and enter a
lake (Riggs 1984), and gaseous emissions of '*C-free
CO, from volcanoes (Olsson 1986). In addition,
limnic deposits from recently deglaciated environ-
ments are particularly prone to contamination by both
old-carbon and hard-water reservoir effects because

‘15,000‘ - ‘zn,nuu 2 0 2 4 &
At (10° yrs)

5,000 ‘10.000‘
Age (yr BP)

the large exposure of unvegetated bedrock and
overburden are common sources of '*C-deficient
carbon (Sutherland 1980).

Unit 1 (50-300 cm) and unit 3 (550 cm) sediments
where the age overestimation is apparent are mainly
composed of eolian sediment, and so the effect of
inflowing water could be negligible. Also, there is no
record of a volcanic eruption in this area during the
Pleistocene and Holocene. Therefore, the influence of
reworked organic material and airborne inorganic
carbon are considered to be the main causes of
overestimation of radiocarbon ages in units 1 and 3.
Paleozoic limestones and dolomites are widely dis-
tributed to the west and south of the lake, and the
westerly is dominant in the study area. During our
field work in summer 2007, frequent eolian dust
events caused by strong west winds were observed.
Accordingly, the overestimation of radiocarbon dates
in the 50-300 cm depth interval and in the 550-cm
horizon is interpreted to be a result of high eolian
inputs of soil material and detrital carbonate from
carbonate rocks to the west of the studied lake.
However, at depths of 356 and 368 cm, '*C and OSL
ages are in agreement. Although the mean grain size
remains similar within unit 1, the weight percent of
TOC (total organic carbon) and CaCOj are highest in
the interval between 340 and 394 cm (Lee et al.
2009), which indicates humid paleoclimates in the
study area between about 11,170 and 9,620 cal years
BP based on our OSL ages. Such humid conditions
were also inferred from Bayan Nuur (Lake), western
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Mongolia, which had highest lake levels between
11,230 £ 60 years BP and 9,690 years BP (Grunert
et al. 2000). Under relatively humid conditions, the
influence of detrital carbonate was probably not
important, suggesting that radiocarbon ages at 356
and 368 cm could be close to the true ages. In the
case of the sediment at 350-cm depth, the influence of
14C-deficient carbon was maintained by eolian sed-
imentation during a transitional period in which
paleoclimate changed from humid toward relatively
arid conditions. The overestimation of radiocarbon
ages compared with OSL ages (at 400- and 500-cm
depths) in unit 2 sediments can be attributed to the
addition of old carbon by intermittent glaciofluvial
processes. Two radiocarbon ages that agree with OSL
ages at 414- and 528-cm depths have relatively small
mean grain sizes (~7 ¢) in unit 2 and are interpreted
to have been less affected by glaciofluvial sediment.

The difference between radiocarbon ages and
regressed OSL ages (Ar) at the same core depth
may indicate how much '*C-deficient carbon was
delivered into Lake Ulaan (Fig. 5c). The sediments of
Lake Ulaan were more '*C deficient during the mid-
to late Holocene (~50-300 cm depth interval) than
during the late Pleistocene. At is larger during the
Holocene (4,100-5,800 years) than during the Pleis-
tocene (2,700-3,000 years), suggesting that eolian
activity during the Holocene was more influential
than during the late Pleistocene. This may be because
land surface was partially covered by snow and/or ice
in the Pleistocene. The minimum Az value, which
indicates the minimum influence from old reworked
carbon, appears around the Pleistocene—Holocene
boundary (about 350-cm depth). Considering that the
eolian activity had the most influence on the *C age
overestimation in the studied lake, the Pleistocene—
Holocene boundary is regarded to be the most humid
time in southern Mongolia.

Conclusions

A chronology for a 5.88-m-long sediment core taken
from Lake Ulaan is presented based on radiocarbon
and OSL dating methods. Comparison of OSL ages
with '*C ages shows poor agreement except for a few
samples. Based on the fact that eolian processes were
the dominant means of sediment deposition, the
results from OSL dating may provide the more

@ Springer

reliable geochronological framework of the studied
core spanning the last 16,000 years. Bulk '*C ages
agree with OSL ages around the Pleistocene—Holocene
boundary, but are generally about 4,100-5,800 years
(during the Holocene) and 2,700-3,000 years (during
the late Pleistocene) older than the corresponding
OSL ages. Because eolian and glaciofluvial input of
old organic material and detrital carbonate were the
main reasons for the overestimation of radiocarbon
ages for this study, the age difference between the
OSL and radiocarbon ages is interpreted to reflect
mainly the strength of eolian activity. The results of
this study reveal that the application of OSL dating
method to lacustrine sediments has a greater potential
than the radiocarbon dating method, especially in the
regions where eolian sedimentation is dominant.
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