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a b s t r a c t

Textural and stable isotopic records from the absolute-dated stalagmite of the Daeya Cave (DY-1) provide
new insights into the climatic evolution of the Korean Peninsula during the Holocene and Eemian
climatic optima. The stalagmite yielded ages of 8572 � 227 to 5907 � 158 and 1,23,456 � 535 to
1,19,837 � 1089 years, which coincide with the Holocene and Eemian climatic optima, respectively. The
stalagmite’s d13C record closely resembles previously reported Chinese speleothem d18O data. Thus it can
be suggested that textural and geochemical results of the DY-1 reflect East Asian monsoon intensity,
which is forced by summer insolation patterns in the northern hemisphere. Lighter carbon isotopic
compositions, well-developed fibrous calcite crystals, and their relatively faster growth rate in the
stalagmite sample are interpreted to reflect the warmest and wettest climate conditions of the Holocene
and Eemian interglacials. Both climatic optima took place when insolation was decreasing from its
maximum level, temperature in Greenland was highest, and sea level approached its maximum level.
These climatic optima also coincide with decreasing Antarctic temperatures. Compared the DY-1 data to
other proxies, it is suggested that the Holocene and Eemian climatic optima developed through a balance
among boreal insolation, monsoon intensity, and sea level (also continental ice volume), which are the
main climatic forcing factors in the northern hemisphere. These trends also follow the bi-polar seesaw
mechanism as previously described.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Recent, rapid global warming will cause significant environ-
mental changes and will make tremendous influence on socio-
economic consequences (IPCC, 2007). Thus, it has been a key issue
to predict future climate changes properly. In this respect, previous
intervals of global climate warming have been considered to be
ideal counterparts to understand present-day abrupt climate
changes. Palaeoclimate records for the climatic optima of the
current and previous interglacials may provide valuable informa-
tion to help predict future climate conditions and environmental
responses, as well as a good opportunity to test natural climate
dynamics.
: þ82 33 244 8556.
.

All rights reserved.
Early to middle Holocene andmost of Eemian interval have been
regarded as one of the warmest periods in the late Quaternary
glacial-interglacial cycles, and temperaturesduring those timeswere
similar to or possiblywarmer than those of the present (e.g., An et al.,
2000; Kukla et al., 2002). Numerous studies have focused on these
two time intervals (e.g., An et al., 2000; Zhou et al., 2004; Oppo et al.,
2006). The Holocene climatic optimum (HCO; hypsithermal or alti-
thermal) corresponds to a time of consistent high-summer insola-
tion in the northern hemisphere, with the North American ice sheet
no longer large enough to influence climate at a hemispheric scale
(Wanner et al., 2008). Timing and duration of the HCO have been
described for numerous regions worldwide. Although this relatively
warm,wet interval lasted from about 9 to 6e5 ka (e.g.,Wanner et al.,
2008), results from previous studies of China are still controversial
(An et al., 2000; Cai et al., 2010a), and the exact causes for the
evolution of the HCO remain unclear. Despite numerous reports on
palaeoclimatic studies during the Eemian period, the Eemian
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climatic optimum (ECO) has been documented in only a few regions
and its palaeoclimatic implications remain still controversial, prob-
ably because of different sensitivities of climate proxies and/or a lack
of reliable age-determinationmethods. Also, itmay be because there
are two different entities as follows: vegetation-defined Eemian
interglacial and marine isotope stage (MIS) 5e from benthic fora-
miniferal d18O records. Shackleton et al. (2003) suggested that the
timing of Eemian interglacial andMIS 5e could be different based on
marine and continental records from the MD95-2042 core taken in
southern Portugal. This indicates that different climatic components
might show different phase relationship with respect to climate
forcing. Various proxy data have shown different ages for ECO. For
example, an interval of rapid speleothem deposition between 122
and 116 ka indicates fully interglacial conditions at an Austrian high
alpine site (Spötl et al., 2002). According to Oppo et al. (2006),
the ECO in the subpolar North Atlantic region peaked at approxi-
mately 125 ka and lasted w2e3 k.y. Pollen records from Europe
indicate that the ECO occurred at w125 ka (Tzedakis, 2007). In
contrast, stalagmite data from Italy suggest that optimal interglacial
conditions were reached by w129 ka and lasted w2 k.y. (Drysdale
et al., 2005).

A detailed understanding of the HCO and ECO requires high-
resolution climate-sensitive proxies and precise age-dating
methods because each of these climatic optima developed grad-
ually, as compared to the more abrupt records of glacial-inter-
glacial or stadial-interstadial changes. Speleothems have offered
great potential for such detailed investigations (e.g., Fleitmann
and Spötl, 2008) and have been regarded as a suitable material
for palaeoclimatic reconstructions in regions affected by the Asian
monsoon. Numerous speleothem studies have examined millen-
nium- to orbital-scale evolution of the East Asian monsoon,
which can cause severe droughts or floods over large, densely
populated regions (e.g., Wang et al., 2001, 2005b, 2008; Cosford
et al., 2008, 2010). Especially, high-resolution oxygen isotope
records from Dongge and Sanbao caves in China showed contin-
uous and detailed records of East Asian summer monsoon vari-
ations. It was suggested that Holocene and Eemian interglacial
peaks which may well represent higher precipitation occurred at
about 10e6 ka and 126e122 ka, respectively (Yuan et al., 2004;
Wang et al., 2008). These studies, however, did not focus on the
HCO and ECO. Furthermore, although speleothem-derived
palaeoclimatic information from central to southern mainland
China is abundant, speleothem records are lacking from the
coastal regions of Far East Asia, including Korea and Japan (Jo
et al., 2010a). Korean peninsula, located in the northeastern part
of Asia, has been also affected by East Asian monsoon climate.
However, due to its geographic setting the peninsula has also
been affected by ocean climate system which are intimately
related to eustatic sea-level changes and corresponding palae-
ocurrent systems. Thus, speleothem records in the peninsula
should provide clues to re-interpret the causes of climate
optimum which has been explained by insolation-induced East
Asian monsoonal changes. This study will help to understand
palaeoclimatic evolution and its mechanisms of the regions
affected by various climate controlling factors.

This paper presents a well-defined stalagmite record that
provides a perspective on HCO and ECO evolution on the Korean
Peninsula. A composite-type speleothem record from the eastern
part of the Korean Peninsula (Jo et al., 2010a) demonstrated that
variations in d13C values and corresponding textural changes can be
used as palaeoclimatic proxies, instead of more widely used d18O
record. The present study focuses on d13C variations and growth
patterns, including crystal texture and growth intervals, to recon-
firm previous results and address the palaeoclimatic evolution of
Far East Asia during the HCO and ECO.
2. Geographic setting

The Korean Peninsula is on the margin of north-eastern Asia
(Fig. 1A, B), a region that has been strongly affected by the East
Asian monsoonal climate for several million years (Wang et al.,
2005a). The climate of the Korean Peninsula is warm and humid
in summer and cold and dry in winter, with a 30-year mean annual
precipitation of 1402 mm. 75% of the annual precipitation takes
place during summer rainy season. The mean annual temperature
is 12.9 �C, with a winter minimum of �6.5 �C (January) and
a summer maximum of 25 �C (August; Korea Meteorological
Administration; http://www.kma.go.kr).

Every year, monsoon rain first appears in May in southern China
(An et al., 2000). By July the rain hasmoved north into Japan and the
Korean Peninsula. Major air masses that influence the climate of the
Korean Peninsula are the northern Pacific air mass (NP), Siberian air
mass (S), Yangtze River air mass (YR), and Okhotsk Sea air mass (OS;
Fig. 1B). When both Siberian and North Pacific high-pressure cells
are weak in spring and autumn, the Yangtze River and Okhotsk Sea
air masses control the climate of Korea. In early summer, a heavy
rainfall front (called ‘jang-ma’ in Korean) passes northward through
the Korean Peninsula along the contact between the Okhotsk Sea
and Northern Pacific air masses. Winds blowing from west to east
high at mid-altitude also contribute to Korean climate conditions.
The subpolar front, a thermal boundary between warm southern
and cold northern water masses, forms near 37�N, where the cold
watermass separates from the eastern coast of the KoreanPeninsula
(Lee, 2007; Fig. 1B). The Korean Peninsula is also affected by
typhoons between June and September.

This study analyzed a damaged speleothem (stalagmite) sample
collected from Daeya Cave (Yeongweol-gun, Gangwon-do), located in
the central part of the Korean Peninsula. Daeya Cave is in the Ordo-
vicianMaggol andDuwibong formations of the TaebaekGroup, Joseon
Supergroup (Fig.1B). These formations are dominated by limestone to
argillaceous limestone, with sparse dolostone layers, and represent
shallow marine and tidal environments (Woo and Park, 1989). The
strata were tectonically uplifted and fractured during the develop-
mentof largeNE- toNNE-trending thrusts during the Jurassic (Chough
et al., 2000), resulting in numerous faults and joints along which cave
development took place (Fig. 1B and supplementary data). The land
surface now consists of a steep slope covered with dense vegetation.
The entrance of Daeya Cave is 190 m above sea level, and the total
length of the cave is about 450 m. The cave temperature is roughly
uniform throughout the year, ranging from 13.3 to 14.5 �C (supple-
mentary data). The annual average humidity is almost 100%. Daeya
Cave is a relatively deep cave that is more than 200 m below the land
surface, except for the entrance area.

3. Material and methods

An 11.5 cm-long broken stalagmite sample (DY-1) was collected
about 250 m from the entrance of Daeya Cave (Fig. 2 and supple-
mentary data). Stalagmite DY-1 is a typical bell-shaped stalagmite
consisting of translucent, yellowish, densely packed calcite crystals
with minor, relatively porous, opaque, yellowish to white calcite
(Fig. 2).

The stalagmite sample was cut into two pieces along the growth
axis. Thin sections were made from one half and were examined
with a polarizing microscope for textural description. Acetate peels
were prepared from the other half to supplement the thin-section
examination. After textural examination, thin sections were stained
with Feigl’s solution in order to distinguish aragonite from calcite.
The mineralogy of DY-1 was confirmed using X-ray diffraction
(XRD; Rigaku, JP/D/MAX-2200H) at Kangwon National University
(Republic of Korea).

http://www.kma.go.kr


Fig. 1. (A) Location of Daeya Cave as well as other caves mentioned in the text, and the NGRIP ice-core site. (B) Atmospheric and oceanographic settings around the Korean Peninsula
(left panel) and geologic setting with the locality of Daeya Cave (right panel). S ¼ Siberian air mass, OS ¼ Okhotsk Sea air mass, NP ¼ Northern Pacific air mass, YR ¼ Yangtze River air
mass, sWJ ¼ summer westerly jet, wWJ ¼ winter westerly jet, TC ¼ Tsushima current, WKWC ¼ West Korean warm current, EKWC ¼ East Korean warm current, NKCC ¼ North
Korean cold current.
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The depositional age of DY-1 is based on 10 234Ue230Th dates
measured at the University of Minnesota (USA), using conventional
chemical separation and inductively coupled plasma mass spec-
trometry (ICP-MS; Finnigan-MAT Element; Fig. 2). All reported
ratios are activity ratios with 2 s errors. All 230Th dates of the sub-
samples considered here are in correct stratigraphic order within
error.

For d18O and d13C analyses, approximately 100 mg of powder
were drilled using a 0.3 mm diameter drill bit at 0.5 mm intervals
along the stalagmite’s growth axis (212 samples; Fig. 2), and
analyzed using a Finnigan MAT-253 ratio mass spectrometer with
an on-line, automated, carbonate preparation system (Kiel Z) at
Nanjing Normal University, China. Measured C- and O-isotope
ratios are reported in the per mil (&) notation relative to the PDB
standard. Analytical errors for d18O and d13C are 0.15 and 0.2&,
respectively.

4. Results

4.1. Texture

The distinctive physical features of the stalagmite DY-1 are
a thin, porous, white growth phase between two dense, translucent
yellowish phases (Fig. 2). Based on these textural characteristics,
DY-1 has three growth phases (phases A, B, and C) with boundaries
at 88 and 93 mm from the base; the lengths of the three growth
phases are 88, 5, and 12 mm, respectively.

Phase A is a typical, bell-shaped stalagmite that is thicker in
diameter toward its base. Although Phase A consists entirely of
translucent, yellowish, low-Mg calcite and appears to lack distinc-
tive growth laminae, the acetate peel reveals numerous micron-
scale growth laminae (Fig. 3A), reflecting high-frequency cyclic
changes probably created by the change of cave drip-water
contents during the its growth. Such bands are thicker in the lower
part of Phase A than in its upper part (Fig. 3A), probably implying
the change of relative growth rate. The morphology of Phase
A calcite crystals is fibrous to highly elongated columnar calcite
(length to width ratio: �6:1; e.g., Frisia et al., 2000 and references
cited therein), with straight crystal and sub-crystal boundaries
(Fig. 3B). There is no petrographic evidence of any significant
depositional hiatus in Phase A.

Textural difference between phases A and B is very clear (Figs. 2,
3B and 3C). Phase B is much more sparse than Phase A. The
boundary between Phase A and Phase B is characterized by the
sharp termination of columnar calcite crystals of Phase A and
the initiation of new crystallites, indicating that there was a hiatus



Fig. 2. (A) A slab of stalagmite DY-1 showing sub-sampling sites for carbon and oxygen isotope analysis and uranium-series dating. Growth phases are texturally divided into phases
A, B and C. (B) 230Th ages along the growth axis (right panel). Solid and dashed lines that connect the dates show age model for DY-1. The gray zone in Phase A indicates the most
probable age range. Estimated growth rate and marine isotope stages (MIS) are also indicated.
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between precipitation of the two growth phases (lower white
arrow in Fig. 3C). Most of Phase B consists of much smaller and
commonly fibrous calcite (2 mm long, 0.1e0.5 mm thick) with
serrate crystal boundaries and more abundant growth laminae
than those of Phase A. Phase B can be divided into lower and upper
parts on the basis of textural differences in the calcite crystals
(Fig. 3C). The lower part is characterized by extremely dense, dark
growth laminae consisting predominantly of obscure fibrous calcite
with micritic calcite (similar to tufa fabric described by Frisia et al.,
2000). The c-axes of these fibrous calcite crystals are commonly
truncated. The upper part of Phase B consists of relatively well-
developed fibrous to elongated columnar calcite with serrate
crystal boundaries. Fibrous to elongated columnar crystals in this
part are not optically continuous with those of lower Phase B,
indicating another significant hiatus (middle white arrow in
Fig. 3C). The uppermost part of Phase B, near the boundary with
Phase C, consists of extremely dark, dense growth laminae (Fig. 3C).

Crystal morphology of Phase C strongly resembles that of Phase
A (Fig. 3B, D). Crystallites of the fibrous to elongated columnar
calcite in this growth phase nucleated on the boundary between
phases B and C, marking another, probably lengthy interruption in
growth (upper arrow in Fig. 3C).

4.2. U-series dating

Concentrations of U in DY-1 range from 70.6 to 167.7 ppb
(Table 1). The samples do not contain sufficient 232Th contamina-
tion to affect the age determinations, and all dates for DY-1 are in
stratigraphic order within 2 s error. The 2 s errors for all dates
range from 0.4 to 2.9% and are typically around 0.5% for the older
part of the speleothem. The oldest 230Th age for DY-1, obtained from
the base of the stalagmite, is 1,23,456� 535 years, and the youngest
age, from the uppermost part, is 5907 � 158 years (Fig. 2). The two
brief growth intervals represented by phases A and C correspond to
less than 10% of the total age span of the speleothem. On the basis
of 230Th dating results, Phase A grew from 1,23,456 � 535 to
1,19,837 � 1089 years ago, with a mean growth rate of about
20 mm/ka (Table 1; Fig. 2). Phase B formed predominantly before
1,09,134 � 863 years ago, the age of the upper part of the growth
phase. Phase C formed from 8572 � 227 to 5907 � 158 years ago,
with a mean growth rate of 4.2 mm/ka.

4.3. Stable isotopes

High-resolution stable isotope profiles were obtained for DY-1 to
understand and compile the continuous palaeoclimatic record
(Fig. 4A). The d18O values for the entire record of DY-1 range from
�9.2 to �7.4&, with an average of 8.6&. The corresponding d13C
values range from�9.7 to�3.6&, with an average of�8.0&. Carbon
isotopic compositions vary considerably along the growth axis of
the stalagmite, whereas oxygen isotope values are comparatively
stable except for Phase B. The average values of both isotopes in each
phase are distinctive, and the isotopic variations show distinct
patterns at the boundaries between the growth phases.

The d18O values in Phase A range from�9.2& to�7.8&, with an
average value of �8.6& without distinctive patterns or anomalies
(Fig. 4A). The d13C values for Phase Avary between�9.8 and�6.4&,
with an average value of �8.5&. Although their variations outline
irregular, high-frequency fluctuations, distinct positive anomalies
with amplitudes of 1e2& are present at 11, 21, 35, 49, and 78 mm
(Fig. 4A). The most obvious isotopic excursions are in uppermost
Phase A, where the carbon isotope ratio increases by more than 4&
and the oxygen isotope ratio increases by more than 1.5&. In Phase
B, the oxygen isotopic composition ranges from�8.8 to �7.4&, and
the carbon isotopic composition ranges from �5.7 to �3.7&
(Fig. 4A). Average values of both isotopes in this phase are �8.1 and
�4.6&, respectively. Variations of d18O and d13C values in Phase B
show similar patterns and amplitudes (up to w1.4& for d18O and
2& for d13C). Phase B initiatedwith d18O and d13C values of�7.4 and
�3.7&, followed by a steep trend towards lower values, and then



Fig. 3. Photomicrographs of an acetate peel (A) and thin sections (BeD; under cross-polarized light) of DY-1 showing calcite crystal textures. A) An acetate peel showing three
distinct growth phases. Note more densely spaced growth laminae in the upper part of Phase A. B) Elongated columnar calcite with straight crystal and sub-crystal boundaries in
Phase A. C) Fine, fibrous calcite crystals with serrated crystal boundaries in Phase B. Note that the growth of fibrous calcite was terminated at several stages, commonly interrupted
by thick growth laminae. The area sampled for dating purposes is indicated (as dating point). D) Well-developed fibrous calcite crystals of Phase C. Growth directions (black arrows)
and texturally observed hiatuses (small white arrows in C) are indicated.
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a rapid increase. The d18O values of Phase C fluctuate between �9.2
and �7.7&, with an average value of �8.6&. Phase C d13C values
range from �6.7 to �4.6&, with an average value of �6.1&. Stable
isotopic variations of Phase C are characterized by abrupt depletion
of 18O and 13C in the lowermost part of the growth phase, followed
bya gradual decrease in d18O values and relatively stable d13C values.

A scatter diagram of d18O and d13C values shows different ranges
for each growth phase (Fig. 4B); these distinctive domains are largely
a function of carbon isotopic composition. A strong correlation exists
between d18O and d13C values of Phase B, whereas phases A and C
lack covariance in 18O and 13C except at phase boundaries.

5. Data interpretation

5.1. Age model

A detailed age model for stalagmite DY-1 was derived by linear
interpolation between all dates except for DY1-d-2 and -d-4, which
are slightly out of stratigraphic order even though they are within
2 s error (Table 1; Fig. 2). The growth pattern of DY-1 is charac-
terized by two short intervals of rapid growth separated by a long-
term hiatus (approximately 1,01,000 years) between phases B and
C (supplementary data).

Although the age of the base of the stalagmite cannot be
determined due to the previous use for age dating that did not
provide reliable results, it can be assumed that Phase A started to
grow just before 123.5 ka because the lower part of Phase A has
the fastest growth rate (163.4 mm/ka) of the entire sample and the
age of the lowermost part can be extrapolated from the uniform
growth rate during this interval (Fig. 2). Based on the ages from its
bottom to the top, Phase A formed from 123.5 to 119.8 ka (a time
interval of 3.7 k.y.). Although the mean growth rate of Phase A can
be calculated as 20 mm/k.y. by assuming a constant growth rate, it
is more plausible that the growth rate gradually decreased from
163.4 to 5.7 mm/k.y. toward the upper part of Phase A (Fig. 2). This
is supported by the greater density of growth bands in the upper



Table 1
230Th dating results of the DY-1stalagmite. The error is 2 s error. Bold values indicate final corrected ages indicated in Fig. 2B.

Sample
number

238U (ppb) 232Th (ppt) 230Th/232Th
(atomic � 10�6)

234Ua

(measured)

230Th/238U
(activity)

230Th Age (yr)
(uncorrected)

230Th Age (yr)
(corrected)

234UInitial
b

(corrected)

DY1-d-1 135.7 �0.2 371 �19 9807 �505 1207 �3 1.6260 �0.004 1,23,542 �535 1,23,456 �535 1711 �4
DY1-d-2 139.6 �0.4 230 �565 16418 �204 1237 �6 1.6411 �0.024 1,22,692 �1102 1,22,675 �1,102 1749 �15
DY1-d-3 111.2 �0.2 185 �20 16590 �1761 1268 �3 1.6711 �0.004 1,23,225 �501 1,23,150 �501 1796 �4
DY1-d-4 127.1 �0.3 579 �206 6204 �122 1337 �7 1.7127 �0.024 1,21,873 �1009 1,21,827 �1,009 1887 �12
DY1-d-5 128.0 �0.2 269 �20 13423 �986 1324 �3 1.7088 �0.004 1,22,567 �523 1,22,488 �523 1870 �5
DY1-d-6 130.8 �0.3 6135 �113 610 �1 601 �8 1.7325 �0.008 1,20,302 �1069 1,19,837 �1,089 1937 �9
DY1-d-7 167.7 �0.3 13667 �37 338 �2 1422 �4 1.66585 �0.007 1,09,945 �767 1,09,134 �863 1935 �7
DY1-d-8 80.1 �0.1 2352 �47 120 �3 1703 �3 0.2145 �0.001 8942 �55 8572 �227 1745 �3
DY1-d-9 70.6 �0.1 469 �18 423 �16 1679 �3 0.1705 �0.001 7122 �36 6994 �62 1713 �3
DY1-d-10 133.8 �0.2 3355 �14 95 �1 1615 �4 0.14474 �0.002 6183 �76 5907 �158 1642 �4

l230 ¼ 9.1577 � 10�6 y�1, l234 ¼ 2.8263 � 10�6 y�1, l238 ¼ 1.55125 � 10�10 y�1.
Corrected 230Th ages assume the initial 230Th/232Th atomic ratio of 4.4 � 2.2 � 10�6. Those are the values for a material at secular equilibrium, with the bulk earth 232Th/238U
value of 3.8. The errors are arbitrarily assumed to be 50%.

a d234U ¼ ([234U/238U]activitye1) � 1000.
b d234Uinitial was calculated based on 230Th age (T), i.e., d234Uinitial ¼ d234Umeasured � el234 � T.
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part of Phase A relative to the lower part (Fig. 3A). Phase A grew
during the peak of the Last Interglacial [Marine Isotope Stage (MIS)
5e], and the timing of the first growth hiatus of DY-1 corresponds
to the inception of the last glacial (MIS 5d; Martinson et al., 1987;
Fig. 2). Thus, Phase A grew continuously during late MIS 5e, with
a gradually decreasing growth rate. Although there is only one
date for Phase B, owing to difficulty in sub-sampling this very thin
growth phase, the upper part of the phase yielded an age of
109.1 ka (Table 1). This result clearly indicates that the brief
growth interval of Phase B, which is composed of small, porous,
sparse fibrous calcite crystals with several hiatuses, was formed at
some time during the MIS 5d stadial (Fig. 2). Assuming continuous
growth, the mean growth rate of Phase B can be estimated as
0.5 mm/k.y., but numerous textural discontinuities in Phase B
suggest that its growth was, in fact, intermittent (Fig. 3C). Even
though Phase B formed during a very short interval within MIS 5d,
a constant growth rate cannot be inferred, and a model age cannot
be established due to these intermittent growth patterns as shown
by textural characteristics. In contrast, three dates from Phase C,
together with textural information, clearly indicate that it grew
from 8.6 to 5.9 ka at a nearly constant growth rate of 4.2 mm/k.y.
(Fig. 2). As a consequence, the age model for DY-1 is well
constrained, except for Phase B. That is, growth of stalagmite DY-1
took place predominantly in two brief intervals: about
123.5e119.8 ka in late MIS 5e and 8.6e5.9 ka in early to middle
MIS 1, with minor contributions during MIS 5d.
Fig. 4. Stable isotopic results from DY-1. A) A plot of d18O and d13C values versus distance fro
the five positive anomalies at 11, 29, 35, 49 and 78 mm above from the base. B) Scatter dia
5.2. Isotopic equilibrium versus non-equilibrium deposition

In order to use stable isotopic records in interpreting palae-
oclimate, it is necessary to establish that the speleothem
precipitated under isotopic equilibrium conditions (e.g., Hendy,
1971; Dorale and Liu, 2009). However, there is as yet no
accepted method of doing so. Several criteria for the identification
of equilibrium deposition have been suggested. Of these methods,
the Hendy Test, is the best known and most widely used (e.g.,
Zhou et al., 2008; Boch et al., 2009). The Hendy Test is based on
three criteria: (1) invariability of oxygen isotope values along the
same individual grow lines, (2) non-covariance of oxygen and
carbon isotope values along individual layers, and (3) non-
covariance of oxygen and carbon isotopic values along the growth
axis. However, Dorale and Liu (2009) suggested that because
a typical growth layer is generally thickest near the top surface of
the stalagmite and becomes progressively thinner along the sides,
a comparison of coeval sub-samples from the top to the sides is
not truly valid, such that a negative result of the Hendy Test may
not necessarily indicate kinetic fractionation or evaporation. This
problem could be overcome by replication analyses, in which
individual factors such as flow path, drip-water chemistry and
temperature are separately ruled out.

Because stalagmite DY-1 has closely-spaced, dense laminae
(Fig. 3A), microsampling along the same growth lamina is tech-
nically difficult. This means that testing the first and second
m the base of the stalagmite. Vertical lines indicate locations of textural hiatuses. Note
gram of d18O versus d13C values for the three growth phases.
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methods of the Hendy Test cannot be employed. A replication
study was not performed because of the lack of other damaged
stalagmites (cave conservation regulations prohibit collection of
undamaged speleothems). In spite of these limitations, several
other constraints confirmed that DY-1 formed under near-equi-
librium conditions: (1) textural properties of the calcite crystals,
(2) non-covariance along the growth axis (third component of the
Hendy Test), and (3) strong similarities between the DY-1 d13C and
d18O records and those from other Chinese caves. First, phases
A and C have fibrous to columnar calcite crystal textures, indi-
cating that the majority of the stalagmite probably precipitated
under near-equilibrium isotopic conditions. Equivalence can be
assumed because columnar and fibrous calcite develops only
under constant discharge and low supersaturation of the parent
waters (Frisia et al., 2000). Second, stable isotopic results for DY-1
(except Phase B) do not show systematic enrichment in 13C and
18O along the growth axis (Fig. 4B). This condition satisfies the
third criterion of the Hendy Test: if CO2 loss was rapid during
growth of DY-1, kinetic fractionation would have occurred
between HCO3

� and CO2(aq), and the isotopic results of stalagmite
DY-1 would show a simultaneous enrichment in 13C and 18O along
the growth axis (Hendy, 1971). Third, the DY-1 d13C pattern is very
similar to Chinese cave d18O records at a millennial to sub-
millennial scale during both the late Last Interglacial and early
Holocene (Yuan et al., 2004; Wang et al., 2005b; Fig. 5), indicating
that carbon isotope values of stalagmite DY-1 are dominated by
regional palaeoenvironmental changes in East Asia rather than
local effects in the individual caves and flow paths. This is also
strongly supported by previous results showing that the stalag-
mite d13C record from the eastern Korean Peninsula is remarkably
similar to Chinese cave d18O records during MIS 5a (Jo et al.,
2010a). Together, this set of criteria indicates that phases A and
C of DY-1 were deposited under isotopic equilibrium conditions,
and confirms the palaeoenvironmental dependence of carbon
isotope compositions in this speleothem.

5.3. Oxygen isotopes

Under isotopic equilibrium deposition, the oxygen isotope
values of speleothems reflect cave temperature and oxygen isotopic
composition of cave drip-water (Anderson and Arthur, 1983). These
phenomena are controlled by the mean annual temperature and
oxygen isotopic compositions of precipitation, respectively. The
Fig. 5. d13C record of speleothem DY-1 (black line with dots) compared to d18O records from
d13C values are plotted on the y-axis with values decreasing upwards. A) 8.5e5.7 ka. Gray b
Gray bars indicate Eemian weak monsoon events and timing of the end of the Last Interglac
dating are shown.
oxygen isotope ratio of meteoric water is related to environmental
factors such as the air temperature, source region, rainfall amount,
and evaporation/vapour convergence ratio (e.g., Gascoyne et al.,
1980; Fleitmann et al., 2003; Asmerom et al., 2007; Lee et al.,
2009). In tropical and sub-tropical monsoon regions, including
East Asia, speleothem d18O records show the influence of summer
rainfall volume or seasonal precipitation (i.e., summer monsoon
intensity). However, d18O values of modern precipitation in the
Korean Peninsula do not reflect clear seasonal patterns (Yu et al.,
2007; supplementary data), in contrast to the speleothem results
in south-eastern China. This may imply that different atmospheric
processes dominate the distribution of oxygen isotopes in the two
regions. Furthermore, the oxygen isotopic results for DY-1 and for
other speleothems from the Korean Peninsula do not evince any of
the major climatic and environmental changes (Jo et al., 2010a,
2010b). Hence, d18O values from Korean speleothems are prob-
ably affected by unknown environmental factors that are distinct
from controlling factors on speleothem d18O values in the tropical
to sub-tropical Chinese mainland, despite both regions being
strongly affected by the East Asian monsoon. Many issues related to
the oxygen isotope composition of Korean speleothems remain
unresolved. To interpret speleothem d18O records from the Korean
Peninsula in detail, additional long-term high-resolution records
and monitoring modern rainwater and cave water together with
corresponding speleothems are needed.

5.4. Carbon isotopes

Six factors are generally thought to influence speleothem d13C
values: (1) production of biogenic CO2 by plant and soil processes,
(2) relative ratio of C3 versus C4 plants, (3) soil-water residence
time, (4) continued CO2 degassing in the vadose zone, (5) contri-
bution of limestone bedrock d13C, and (6) isotopic composition of
atmospheric CO2 (Dorale et al., 1992; Baskaran and Krishnamurthy,
1993; Baker et al., 1997; Genty et al., 2003; Williams et al., 2004;
Ford and Williams, 2007). In the present study, variations in C3/
C4 plants and atmospheric d13C are unlikely to be important
because C4 plants are not abundant in the mid-latitude, temperate
Korean Peninsula (e.g., Cerling and Quade, 1993) and because even
the maximum possible magnitude of atmospheric effects (change
of less than 1& from the LGM to Holocene; Smith et al., 1999) is not
sufficient to produce the d13C variations documented in DY-1
(about 4&; Figs. 4 and 5). Any contribution of limestone d13C may
Dongge Cave (gray line, southern China; Yuan et al., 2004; Wang et al., 2005b). d18O and
ars represent Holocene weak monsoon events (Wang et al., 2005b). B) 124.0e119.0 ka.
ial (Yuan et al., 2004). Analytical errors for carbon isotope compositions (0.2&) and age
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be negligible, based on the strontium geochemistry of a stalagmite
from Songjia Cave in China (Zhou et al., 2008, 2009). Furthermore,
results from a modern speleothem from the Korean Peninsula
indicate that soil-water residence time, the effect of limestone d13C,
and continued degassing in the vadose zone are insignificant in DY-
1 (Jo et al., 2010b). The obviously decreased d13C values in the
modern speleothem during times of low rainfall are incompatible
with the effects of limestone d13C and CO2 degassing, both of which
produce increased d13C values through longer watererock inter-
action under cold, dry conditions. Soil-water residence time is
irrelevant because the depleted d13C values that develop under dry
climate conditions contrast with the results from DY-1 (Fig. 5). The
differences between the modern precipitate and DY-1 can be
explained by the formation of DY-1 over a much longer time span,
during which significant vegetation changes took place, whereas
the modern speleothem formed under constant vegetative condi-
tions. In other words, seasonal or annual changes could have been
embedded in centennial or millennial changes. If controlling factors
responsible for long-term carbon isotope changes have influenced
more on carbon isotope values of modern speleothems, other
short-term variables should have been overwhelmed. Indeed,
carbon isotope changes of only less than 1.5& were observed for
the modern soda straw in Korea (Jo et al., 2010b), whereas long-
term changes of carbon isotopes had exceeded more than 3e6&.
We thus concluded that, even though palaeoclimatic interpretation
using carbon isotope compositions needs further scrutiny, varia-
tions in DY-1 d13C values appears to be primarily the result of
variation in terrestrial palaeoproductivity such as vegetation
respiration and/or related microbial activity (e.g., Hellstrom et al.,
1998; Genty et al., 2003; Zhou et al., 2008).

Carbon isotopic compositions of DY-1 reflect East Asian
monsoon changes recorded in Chinese Dongge Cave d18O records
better than oxygen isotope values do (Fig. 5). This result agreeswith
previous results (Jo et al., 2010a) showing that although the d18O
record from Gwaneum Cave (Fig. 1B) does not record general
palaeoclimate changes of the Korean Peninsula, d13C exhibits
higher values for cold, dry intervals and lower values for warm, wet
intervals during MIS 5a, which concurs with d18O records of East
Asian monsoon intensity from Chinese Sanbao Cave. This implies
that variations in terrestrial palaeoproductivity in the Korean
Peninsula have been directly affected by variations in East Asian
monsoon intensity (Jo et al., 2010a), which are controlled by inso-
lation changes (Wang et al., 2008).

6. Discussion

6.1. Growth history and palaeoclimatic implications

Experimental work has demonstrated that crystal morphology
and growth mechanisms reflect the physicochemical conditions of
the parent fluid (Sunagawa, 1987). In cave environments, speleo-
them calcite textures are controlled by environmental factors such
as saturation state and discharge rate (González et al., 1992; Frisia
et al., 2000). Although speleothem microstructures and their rela-
tionships with environmental conditions are not completely
understood yet (Frisia et al., 2000), previous studies have success-
fully used speleothem calcite textures to interpret palaeoclimatic
conditions (e.g., McDermott et al., 1999; Jo et al., 2010a). It is sug-
gested here that the textures of DY-1 can be considered to be
palaeoenvironmental indicators together with other analytical
results and the agemodel, and they can also be used to interpret the
growth history and palaeoclimatic conditions during the growth
of DY-1.

Phases A and C in stalagmite DY-1 are entirely composed of
large, fibrous to elongated columnar calcite crystals, indicating that
calcite precipitation took place at a low supersaturation state and
under continuously wet conditions (Frisia et al., 2000; Figs. 2 and
3B). Such conditions would prevail during warm, wet interglacials
or interstadials under the East Asian monsoon regime because
stable hydrological conditions in the vadose zone require consis-
tent precipitation and humidity (Jo et al., 2010a). In contrast, Phase
B, which consists of mixtures of much smaller fibrous and micritic
calcite crystals (corresponding to the tufa fabric described by Frisia
et al., 2000) with frequent hiatus (Figs. 2 and 3C), is assumed to
have formed under widely variable drip rates and/or episodic input
of highly supersaturated cave drip-water under glacial or stadial
conditions. These textural assumptions concur with the age model
and isotopic results from DY-1.

During the middle of the Last Interglacial peak, optimal climatic
conditions (high annual precipitation and high temperature; e.g.,
Khim et al., 2008; Wang et al., 2008) would have strongly affected
the vegetation, epikarst, and vadose zone above Daeya Cave. During
this time, the growth rate of Phase A reached its maximum owing
to the large volumes of infiltrating rainwater, higher regional
temperatures, and the higher partial pressure of CO2 and concen-
tration of Ca in drip waters (Dreybrodt, 1999; Fig. 2). The continu-
ously warm, wet conditions were favorable to the uninterrupted
growth of large, fibrous to elongated calcite crystals (Fig. 3A, B), at
the same time as isotopic equilibrium was maintained between
bicarbonate and CO2 in the parent solution (Fig. 4B). These stable
conditions persisted until 119.8 ka, with possible minor, gradual
environmental changes since about 122.5 ka. A decreased growth
rate but constant textural and carbon isotopic records in the upper
part of Phase A suggest subtle environmental changes at that time
(Figs. 2, 3A and 5B). Two explanations may be possible for this.
Firstly, growth rate and d13C compositions were influenced by two
different independent factors. In other words, carbon isotopic
compositions could be controlled by local precipitation changes
and growth rates by temperature changes. Secondly, even though
both growth rate and d13C compositions were affected by local
precipitation changes, the degree to which each of them was
affected could have been quite different. It could well be possible
that growth rate could be controlled by drip and degassing rates,
temperature, and CO3

2� concentrations of cave water (saturation
state). It is not clear at present which factors weremore affective for
the DY-1 records and it needs further research. At 119.8 ka, the
demise of the Last Interglacial East Asian monsoon significantly
decreased the amount of precipitation and temperature in the
Daeya Cave region (NGRIP members, 2004; Yuan et al., 2004). This
overall climatic deterioration would have affected stalagmite DY-1
through episodicity of drip-water input, decreased cave tempera-
ture, and possibly greater cave ventilation, which are reflected in
the extremely low growth rate, textural characteristics, and kinetic
isotope fractionation of Phase B (Figs. 2, 3C, and 4B). These condi-
tions were maintained until approximately 109.1 ka. Eventually,
DY-1 stopped growing, probably due to very weak East Asian
monsoon intensity and the inception of the last glacial (Fig. 2). DY-1
was unable to grow for the next 101 k.y., but growth resumed when
the present interglacial peak was reached. From 8.6 to 5.9 ka,
climatic conditions in the Daeya Cave area were recovered,
although the improvement was not as pronounced as in
the previous interglacial. DY-1 was once again influenced by
continuously warm, wet conditions that produced both rapid,
continuous growth of large, fibrous to elongated calcite crystals and
isotopic equilibrium fractionation (Figs. 2, 3D, and 4B).

The growth history of DY-1 coincides with global climate
changes as well as East Asian monsoon evolution (Berger, 1978;
Martinson et al., 1987; Wang et al., 2001, 2008; NGRIP members,
2004; Yuan et al., 2004; Jouzel et al., 2007; Fig. 6). The temporal
distribution of speleothem deposition has been used in South
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Korea, England, Australia, Oman, and the Austrian Alps as an indi-
cator of past times of warmer, wetter conditions (Baker et al., 1995;
Ayliffe et al., 1998; Burns et al., 2001; Spötl et al., 2002; Jo et al.,
2010a). These studies have shown good correlation between spe-
leothem growth and periodic insolation maxima, pluvial events,
marine isotope stratigraphy, and alpine glacier retreats. Two
intervals of rapid growth in DY-1 can be correlated to the Holocene
and Eemian climatic optima (e.g., Tzedakis, 2007).

The growth pattern and growth intervals of DY-1 are nearly
identical to those of a Norwegian stalagmite that grew rapidly
(46mm/k.y.) between 123.4 and 119.5 ka, slowly (0.7mm/k.y.) from
119.5 to 107.7 ka, and then again starting at 4.5 ka (Linge et al.,
2001; Fig. 1A). The growth intervals of DY-1 are similar: Growth
took place between 123.5 and 119.8 ka (Phase A; mean growth rate
20 mm/k.y.), between 119.8 and 109.1 ka (Phase B; 0.5 mm/k.y.),
and from 8.6 ka to present (Phase C; Fig. 2). The growth history of
DY-1 also concurs with the 230Th dates of two significant eastern
Mediterranean sapropel events (124.0e119.0 ka and 8.5e7.0 ka;
Bar-Matthews et al., 2000; Fig. 6). Both rapid speleothem growth at
the North Atlantic region and Mediterranean sapropel events are
evident that climatic conditions at each region are particularly
warm and/or wet. Numerous studies have noted the strong tele-
connection between East Asian and North Atlantic regions,
including the Mediterranean (e.g., Wang et al., 2001; Severinghaus,
2009; Jo et al., 2010a; Ziegler et al., 2010). For example,
Severinghaus (2009) introduced that abrupt temperature decrease
due to weakened North Altantic deep water formation induced the
southward migration of ITCZ (Intertropical Convergence Zone).
Also, it is believed that this migration was directly related to
weakened East Asian monsoon intensity. With related climates,
similar speleothem growth patterns and stable isotope trends
would be expected in the two regions.

6.2. Timing, duration, and evolution of Holocene and Eemian
climatic optima

6.2.1. Holocene climatic optimum (HCO)
Comparison of the result in this study with other proxy records

from Far East Asia indicates that the HCOwas broadly synchronous,
although the onset and demise of HCO in DY-1 may differ from
established periods by about 1.5 ka. For example, pollen, mollusc-
shell, coral, and peat records from South Korea, central to southern
Japan, and southern to south-eastern China show that the Far East
Asian sites experienced warmer, wetter conditions because of
intensification of the East Asian monsoon between 10.0 and 4.5 ka
(Yi et al., 2003a, 2003b, 2006; Schöne et al., 2004; Zhou et al., 2004;
Morimoto et al., 2007; Yi andKim, 2009). The timing andduration of
the HCO in DY-1 coincide with well-dated stalagmite records from
southern China and Oman. Intensification of Indian monsoon
precipitation in southern Oman took place between 9.6 and 5.5 ka
BP, according to stalagmite d18O values (Fleitmann et al., 2003;
Fig.1A), and d18Odata fromDonggeCave (China) showastrongAsian
monsoon interval from 9 to 7 ka, followed by a gradual weakening
(Wang et al., 2005b; Figs. 1A and 7). The timing and duration of the
HCO in DY-1 coincide with sapropel event 1 (9e6 ka) in the eastern
Mediterranean (Rossignol-Strick, 1999; Bar-Matthews et al., 2000;
Figs.1Aand7) and ice-core records fromnorthernGreenland (NGRIP
members, 2004; Figs.1A and 7). Even though theHCO interval inDY-
1 is about 2.7 k.y. (8.6w5.9 ka) and is relatively shorter thanChinese
speleothem records, these favorable comparisons suggest that the
timing and duration of HCO in DY-1 are robust, and that the early to
mid-HCO represents a general Holocene climatic amelioration, at
least in the northern hemisphere.

An et al. (2000) and He et al. (2004) argued that the HCO in
China initially affected higher altitudes in the north-west and only
gradually came to affect lower altitude locations in the south-east.
In contrast, Zhou et al. (2004) suggested that the HCO in southern
China was a regionally consistent event that took place between
about 10 and 6 ka, which is consistent with the global pattern.Work
on speleothems (Cai et al., 2010a) has found a pattern opposite to
that proposed by An et al. (2000). Asynchrony of the HCO is difficult
to demonstrate because Holocene climate change is of much lower
amplitude than that of earlier interstadials.

As recorded in DY-1, the HCO began when insolation started to
decrease from its maximum level, when temperature in Greenland
was at a maximum, and when sea level reached its maximum level
(Fig. 7). The HCO was, therefore, a product of the main climatic
forcing factors: the balance among insolation, monsoon intensity,
and sea level (¼continental ice volume). For a climatic optimum to
develop, all three of these controls had to have reached an inflec-
tion point in their respective cycles. If monsoon intensity, a direct
function of insolation, was the main controlling factor behind the
HCO, DY-1 should have grown during the other insolation maxima
that took place between phases B and C (MISs 3, 5a, and 5b; Fig. 6).
Maximum insolation leads to rapid continental ice melting, sea-
level rise, and monsoon strengthening, whereas decreasing inso-
lation would have caused the demise of the HCO. The timing of the
HCO in the northern hemisphere is comparable to that of
decreasing Antarctic temperature (Figs. 6 and 7), which may be
explained by the bi-polar seesaw mechanism, in which Arctic and
Antarctic temperatures vary antithetically (Stocker, 2000).

The DY-1 d13C record for the HCO displaysweakmonsoon events
at 8.2, 7.2, and 6.1 ka with 1e2& fluctuations at millennial to
centennial scales (Fig. 8). Such oscillations are also recorded in
stalagmite d18O records from the East Asian and Indian monsoon
regions (Figs. 1A and 8): records from Dongge (southern China) and
Qunf (southern Oman) caves are clear (Fleitmann et al., 2003;Wang
et al., 2005b), but the Sanbao d18O record (central China) is enig-
matic (Wang et al., 2008). This correlation is possible based on two
reasons. Firstly, overall trend between two records are similar and
this trend is beyond the error range (Fig. 5). Secondly, carbon
isotope values of the speleothem from other Korean cave (Jo et al.,
2010a) show similar millennial-scale variationswhich are similar to
the ones in Chinese speleothem records. Thus, it is very likely that
similar changes in DY-1 may well reflect millennial-scale weak
monsoon events in China. Holocene Asian monsoon intensity has
been strongly affected by North Atlantic temperature variations,
which are controlled by variations in solar output (Bond et al.,
2001; Wang et al., 2005b). Abrupt climate changes caused by
solar and meridional overturning circulation (MOC) effects prob-
ably could continue to affect the Far East Asian climate.

6.2.2. Eemian climatic optimum (ECO)
In contrast to the HCO, the timing and duration of the ECO are

controversial (Muhs et al., 2002). The controversy arises presum-
ably because of the variable sensitivities of different proxies and the
lack of suitable age-determination methods. Although previous
studies using direct or indirect dating methods have suggested that
the ECO was achieved in Europe during the early- to mid-Eemian
(129e125 ka; Björck et al., 2000; Brewer et al., 2008; Couchoud
et al., 2009), the DY-1 record as well as a speleothem growth
period from the Austrian Alps (Spötl et al., 2002) and a Bahamian
sediment d18O record (Henderson and Slowey, 2000) indicate
periods between about 123.0 and 118.0 ka for the ECO. Pollen, ice-
core, and marine temperature records from the high-latitude North
Atlantic andMediterranean regions indicate that the European ECO
peaked between 125 and 121 ka (Martrat et al., 2004; NGRIP
members, 2004; Oppo et al., 2006; Tzedakis, 2007; Fig. 7). The
DY-1 record is strongly supported by the growth pattern of
a Norwegian speleothem (Linge et al., 2001) and the timing of



Fig. 6. Comparison of growth pattern from stalagmite DY-1 from the Korean Peninsula (yellow and light gray vertical bars) with long-term continuous palaeoclimatic records from
other sites. Insolation at 65�N for July (orange; Berger, 1978), composite d18O records from Chinese caves (dark and light red and black; Wang et al., 2001, 2008; Yuan et al., 2004),
northern Greenland and Antarctic ice-core d18O records (blue and purple; NGRIP members, 2004; Jouzel et al., 2007), and SPECMAP record (Martinson et al., 1987) are plotted.
Eastern Mediterranean sapropel events (top) and insolation peak (vertical dashed lines) are also indicated for comparison. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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eastern Mediterranean sapropel event 5 (Bar-Matthews et al.,
2000; Ziegler et al., 2010; Fig. 7). These similarities indicate that
the first interval of rapid growth in DY-1 includes at least a large
part of the ECO, and suggests that the ECO was reached in the
Korean Peninsula shortly after 125 ka and lasted to around 120 ka,
corresponding to the mid- to late-Eemian (Fig. 7).

ECO as well as HCO interval in DY-1 appears to be relatively
shorter compared to other areas. However, evidence from stalag-
mite DY-1 is still supported by other records showing that the ECO
commenced when insolation started to decrease from its
maximum level, when temperature in Greenland was at its
maximum, and when sea level had reached its maximum (Figs. 6
and 7). It is important to note that initiation of the ECO lagged
behind the insolation maximum by about 2.2 k.y. Such a lag time
isslightly different from that of the HCO (Fig. 7). However, HCO and
ECO records fromDY-1 still suggest that both of the climatic optima
in the Korean Peninsula may have been accomplished by similar
causes and preconditions (Fig. 6). The Antarctic ice-core record
shows that Holocene temperature decrease started 1.2 k.y. after the
northern hemisphere insolation maximum, and Eemian tempera-
ture decrease began 0.7 k.y. prior to the insolation maximum
(Fig. 7). These relationships may imply a complex relationship
between Antarctic air temperature and northern hemisphere
summer insolation (e.g., Cheng et al., 2006, 2009). Nevertheless,
taken as a whole, the Antarctic ice-core record still permits corre-
lation of the ECO interval in DY-1 with the temperature reversal
that is centered at about 123.0 ka (Figs. 6 and 7), which would
indicate activity of the bi-polar seesaw even during interglacial
thermal maxima. Recently, Chylek et al. (2010) reported a bi-polar
seesaw pattern in twentieth-century Arctic and Antarctic



Fig. 7. Enlargement of Holocene and Eemian intervals from Fig. 6. The d13C record from DY-1 is shown. The DY-1 data are correlated with Chinese d18O records (DA, D3 and D4; light
gray) without their scales to trace changes of Asian monsoon climate (Wang et al., 2005b; Dykoski et al., 2005; Kelly et al., 2006). D3 data are presented using the better time scale of
Yuan et al. (2004). Time intervals of Holocene (Wang et al., 2005b) and Eemian (Oppo et al., 2006) climatic optima, main sea-level highstands (ca more 2 m higher than present sea
level for HCO, Bird et al., 2010; ca more 5 m higher than present for ECO, Rohling et al., 2008), rapid growth interval of a Norwegian stalagmite (Linge et al., 2001), and speleothem-
based Mediterranean sapropel events (Rossignol-Strick, 1999; Bar-Matthews et al., 2000) are also shown. Black triangle represents the late Eemian aridity pulse (LEAP; Sirocko et al.,
2005). Blue inverted triangle indicates a relatively abrupt shift in NGRIP d18O values. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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temperature records. This finding highlights the possibility that
climatic optimal records for past interglacials can serve as ancient
counterparts for current and future warming, even though their
orbital and anthropogenic forcing factors are largely different. It
also introduces the possibility of age-tuning past interglacial
climatic optima for indirectly dated proxy records.

The Eemian d13C record of DY-1 is characterized by an abrupt
shift of about 4& at 119.8 ka and two positive anomalies of more
than 1& at 121.4 and 123.4 ka (Fig. 8). Although Eemian millennial-
scale fluctuations from East Asia have not yet been proposed, these
shifts are similar to the Chinese Dongge d18O records (Yuan et al.,
2004; Kelly et al., 2006; Fig. 8). Millennial-scale climate vari-
ability has been recorded in stalagmite, lake-sediment, and pollen
records from northern and central Europe (Björck et al., 2000;
Müller et al., 2005; Couchoud et al., 2009). Biogenic silica records
from Lake Baikal in central Asia provide evidence of mid-Eemian
cooling (Karabanov et al., 2000, and references therein). Despite the
uncertainties of the exact timing of such events, d13C results of the
present study indicate that the ECO recorded in DY-1 generally
followother global trend. According to previous studies (Bond et al.,
2001; Müller et al., 2005), Eemian climate variability may have
been caused by changes in solar activity, possibly amplified by
changes in North Atlantic ocean currents and/or in the North
Atlantic Oscillation. In DY-1, the faster growth rate and lower d13C
values of Phase A (relative to those of Phase C) indicate that Eemian
climatic conditions were warmer than those of the Holocene. This
difference can be also deduced by the difference in sea level,
because it is generally well know that the sea level during the
Eemian period was higher than during the Holocene by a few
meters (e.g., Rohling et al., 2008).

The large shift in d13C values in DY-1 at 119.8 ka represents the
demise of the Last Interglacial Asian monsoon. This carbon isotopic
signal is in agreement with stalagmite d18O records from southern
to central China and the Himalayan region (Yuan et al., 2004; Kelly
et al., 2006; Wang et al., 2008; Cai et al., 2010b; Fig. 8). The demise
of the Last Interglacial Asian monsoon was simultaneous in
disparate areas within the error range. DY-1 and Dongge records
are in particularly good agreement, whereas Himalayan data
suggest an earlier inception than elsewhere. The possibility of
asynchrony in the demise of the Last Interglacial Asian monsoon
requires further research. Within the error range, the demise of the
Last Interglacial in the DY-1 record coincides with a large shift in
the speleothem d18O record from the eastern Mediterranean (Bar-
Matthews et al., 2000), the relatively abrupt shift in the



Fig. 8. Comparison of d18O (blue) and d13C (green) records from DY-1 with stalagmite d18O records from Dongge Cave (China; dark and light purple; Yuan et al., 2004; Wang et al.,
2005b; Kelly et al., 2006), Sanbao Cave (China; dark and light brown; Wang et al., 2008), Tianmen Cave (Tibet; red; Cai et al., 2010b), and Qunf Cave (Oman; red; Fleitmann et al.,
2003). All records are shown with 2 s error ranges. Age dating results are shown with colored dots with error bars. Also shown are millennial-scale weak monsoon events (gray
bars). Note the positive anomalies at 121.4 and 123.4 ka for Eemian record. The English in this document has been checked by at least two professional editors, both native speakers
of English. For a certificate, please see: http://www.textcheck.com/certificate/9CT8OS. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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NorthGRIP ice-core d18O record (NGRIP members, 2004), and the
late Eemian aridity pulse (LEAP) recorded in maar lake sediment of
Eifel (Germany; Sirocko et al., 2005; Fig. 7). This may suggest the
contemporaneous onset of glaciation in the North Atlantic, Medi-
terranean, and Asian regions.

7. Summary

This paper presents a palaeo-monsoonal record from stalagmite
DY-1 from the Korean Peninsula for the Holocene and Eemian
climatic optima. Well-developed fibrous to elongated columnar
calcite, depleted carbon isotopic compositions, and faster growth
rates of the stalagmite reflect the warmest and wettest
palaeoclimates, which were caused by intensified East Asian
monsoons during the Holocene and Eemian interglacials. Both
intervals of climatic optimum conditions in the Korean Peninsula
began at the same time as insolation started to decrease from its
maximum level, Greenlandic temperature reached its maximum,
and sea level reached its maximum level. Northern hemispheric
climatic optima can be correlated with the timing of decreasing
Antarctic temperature. These trends also follow the bi-polar seesaw
mechanism as previously described. The d13C record of DY-1 also
implies that even optimal interglacial conditions are variable and
include millennium-scale variability that is presumably caused by
changes in solar activity, and possibly amplified by changes in North
Atlantic Ocean circulation and/or in the North Atlantic Oscillation.
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