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Abstract
Oxygen and carbon isotopic variations in the upper section of a stalagmite (SF-1) from Buddha Cave (331400 N 1091050 E) dated by
Th/234U 210Pb and lamination counting to a time resolution as ﬁne as 1–3 years have recorded climate changes in central China
for the last 1270 years. The changes include those corresponding to the Medieval Warm Period Little Ice Age and 20th-century
warming lending support to the global extent of these events. The isotopic records also show cycles of 33, 22, 11, 9.6, and 7.2 years.
The 33-year cycle could well represent the B35-year periodicity of climate ﬂuctuations previously recognized in China and Europe.
Cycles of 22, 11, and 9.6 years have often been associated with the Sunspot or lunar-orbit variations. The 7.2-year cycle was recently
identiﬁed also in tree-ring records from an area close to Buddha Cave. These cycles suggest that external forcing (e.g. solar
irradiance) may affect the summer monsoon over eastern China. The general consistency between the climate characteristics inferred
from the stable isotope records of SF-1 and those from other proxy records underscores the value of stalagmites as recorders of
paleoclimate.
r 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction
About 20% of the world’s populations live in eastern
China where the climate is strongly affected by the
monsoon system. Variations in the monsoon circulation
have led to climate extremes in the region causing much
economic distress and human sufferings not to mention
the great loss of lives (Bryant, 1997). Therefore efforts in
reconstructing the climate in the recent past for a better
understanding of its future variability in this part of the
world take on an added socioeconomic dimension.
Only a few reliable instrumental records on climate
extending beyond a century or so exist in China
(Bradley, 1999). It is thus incumbent on us to examine
closely other paleoclimate archives such as historical
documents ice cores tree rings and stalagmite. The
calcitic cave deposit of speleothems has the attractive
feature of being capable of providing long continuous
records of high-resolution and accurate chronology.
d18O and d13C of the calcite record climatic signals
*Corresponding author. Tel.: +1-213-740-6106; fax: +1-213-7408801.
E-mail address: hli@earth.usc.edu (H.-C. Li).

(Hendy and Wilson, 1968; Dorale et al., 1992) which can
be dated through U-series disequilibrium (230Th/234U
210
Pb) and growth lamination counting (e.g. Li et al
1989; Baskaran and Iliffe, 1993; Baker et al., 1993;
Kaufman et al., 1998). Depending on growth rates of the
stalagmites under study ﬁne layer-sampling of the
specimens allows their d18O and d13C records to be
readily read to a resolution of 50–500 years (e.g.
Denniston et al., 1999; Desmarchelier et al., 2000) if
not 3–50 years (e.g. Baker et al., 1998; Holmgren et al.,
1995; Lauritzen, 1995; Burns et al., 1998; Hellstrom
et al., 1998; McDermott et al., 1999; Repinski et al.,
1999). Based on such records Ku and Li (1998) and Li
et al. (1998) have reconstructed climate of the recent
past near Beijing in northeastern China.
We report here our study on a stalagmite (SF-1) from
Buddha Cave (331400 N 1091050 E) located at an altitude
of B500 m on the southern ﬂank of Qin Ling
Mountains approximately 80 km south of Xian in
central China (Fig. 1). Careful micro-sampling of
growth layers combined with multiple dating techniques
enables the reconstruction of a d18O–d13C based
paleoclimate record for the last 1270 years. A part of
the record has an unprecedented B1-year resolution.
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Fig. 1. Map showing the Buddha Cave location in central China and other locations with recent paleoclimate records referred in the text.

The record reveals climate anomalies corresponding to
the Medieval Warm Period and Little Ice Age of Europe
and the global 20th-century warming trend as well as a
number of cyclic variations of different periodicities.
2. Interpretation of d13C and d18O records
Mid-to-high latitudinal regions (save desert areas and
some coastal regions) exhibit a positive correlation
between d18O of precipitation (d18Op) and air temperature with dd18Op/dT being generally in the range of 0.5–
0.7%1C1 (Dansgaard, 1964; Rozanski et al., 1993).
This temperature coefﬁcient is to be compared with the
negative value of about –0.23%1C1 for the calcitewater d18O fractionation (Epstein et al., 1953; O’Neil
et al., 1969). The difference in magnitude between the
two coefﬁcients (i.e. temperature usually has a larger
effect on d18Op than on the water-calcite fractionation)
has led to the use of a positive correlation between
temperature and d18O of stalagmitic calcite (d18Oc) for
the interpretation of the d18Oc records. Thus heavier
d18Oc has been taken to reﬂect warmer cave temperature
or warmer mean annual air temperature outside the cave
(Dorale et al., 1992; Gascoyne, 1992; Dorale and
Edwards, 1998; Ku and Li, 1998; Li et al., 1998;
McDermott et al., 1999).
The tenability of the approach has been shown in a
study of the Shihua Cave in northeastern China (Fig. 1)
by Ku and Li (1998) and Li et al. (1998) who measured
local air temperature and d18Op as well as d18Oc. For the

present study of the Buddha Cave we also collected air
temperature d18Op and precipitation amount at weather
stations near the cave. It was found that dd18Op/
dTE0.52%1C1 (Paulsen, 2000) a positive value more
than offsetting the negative temperature coefﬁcient for
water-calcite fractionation. We further noted that the
most intense rainfall had the lowest d18Op consistent
with the rainout effect on d18Op (Dansgaard, 1964;
Rindsberger et al., 1983; Njitchoua et al., 1999). We may
therefore assume that a positive correlation between
stalagmite d18Oc and surface air temperature exists in
the Buddha Cave and that wet years result in the
formation of stalagmite layers with lighter d18Oc values.
Since yearly changes in precipitation amounts are often
much larger than those in air temperature (which seldom
exceed 21C) short-term d18Oc ﬂuctuations in a highresolution (o10 years) record would mainly reﬂect
changes in precipitation. Only in coarser (e.g. >50 years
resolution) records would d18Oc chieﬂy reﬂect a change
in temperature (Ku and Li, 1998).
The carbon isotopic composition in a speleothem
(d13Cc) reﬂects that of the soil pCO2 hence that of the
vegetation cover above the cave. Climate affects
vegetation density with wet and cool conditions in favor
of forest development. Plants adapted to a relatively
cold/wet climate (C3 type) typically have d13C values
lighter than those for C4-type plants grown in a warm/
dry climate (24% vs. 11%) (Cerling, 1984; Cerling
et al., 1989; Hoefs, 1997). In addition Schleser et al.
(1999) showed that under dry and/or warm conditions
d13C of C3 plants becomes heavier due to the restricted
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d18O and d13C in newly formed speleothem layers with
those in cave water (Bar-Matthews et al., 1996).
An unequivocal way to test equilibrium deposition for
d18O would be to obtain similar records in two
stalagmites from the same cave. Short of such a
reproducibility check we resorted to using the criteria
suggested by Hendy (1971) namely relatively constant
d18Oc occurs in a single growth layer and no correlation
between d18Oc and d13Cc exists in the same layer. Fig. 2a

Table 1
A ‘‘rule-of-thumb’’ summary for the paleoclimate interpretation of
d13Cc signalsa
Climate change

Effect of the climate
change

Isotopic signal
d13Cc

Drier and/or warmer
climate

C3/C4 plant ratio k

d13Cc k

d13C of C3 plants m
Vegetation density k
Water residence time m
Wetter and/or colder
climate

C3/C4 plant ratio m
d13C of C3 plants k
Vegetation density m
Water residence time k

a

Vertical arrows indicate the increasing or decreasing trends.

Table 2
A ‘‘rule-of-thumb’’ summary for the paleoclimate interpretation of
d18Oc signalsa
Isotopic signal

Resolution

Climatic pattern

d Oc m

Low (>50 years)
High (o10 years)

Warm
Dry

d18Oc k

Low (>50 years)
High (o10 years)

Cold
Wet

18

a

Vertical arrows indicate the increasing or decreasing trends.
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uptake rate of CO2. Apparently enzyme converts almost
all of CO2 when the internal CO2 concentration is low
suppressing the carboxylation fractionation. In contrast
humid and/or cool conditions result in lighter d13C of C3
plants. Therefore changes in vegetation density and C3/
C4 plant ratio will lead to changes in soil d13C which is
recorded by the stalagmite with light d13C reﬂecting wet/
cold climates and heavy d13C dry/warm climates. These
general concepts form the basis for interpreting d13Cc in
many paleoclimate studies (e.g. Dorale et al., 1992; BarMatthews et al., 1997; Dorale and Edwards, 1998; Ku
et al., 1998). We will follow suit in the present study of
stalagmite SF-1 bearing in mind that our interpretation
does not take into account of the effect of possible
dissolution of the limestone host rock on d13Cc. The
extent of dissolution would depend on changes in dripwater pathways or soil-water residence times above the
cave (Baker et al., 1997; Bar-Matthews et al., 1999).
(The lack of conspicuous changes in depositional
features for the part of SF-1 under study leads us to
assume that the drip-water pathway of the cave has
remained relatively constant for the last B2000 years.)
Based on the above considerations a rule-of-thumb
summary can be formulated for the usage of d18Oc and
d13Cc signals to qualitatively assess climate variability in
terms of ‘‘warmer (heavier d18Oc)’’ ‘‘colder (lighter
d18Oc)’’ ‘‘wetter (lighter d13Cc)’’ and ‘‘drier (heavier
d13Cc)’’ conditions as shown in Tables 1 and 2. Taking
into account the time resolution of the stable isotope
records aside (e.g. changes in water residence time affect
the records on annual scale as opposed to changes in
vegetation which operate on decadal or longer scale) the
validity of such an interpretation scheme naturally is
predicated upon isotopic equilibrium during calcite
deposition. Kinetic effects due to rapid degassing of
CO2 or evaporation of water from the stalagmiteforming ﬁlm are commonly negligible in the deep
interior of a cave with high relative humidity. Isotopic
equilibrium can also be inferred from a comparison of

(a)
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Fig. 2. (a) d18Oc distributions in three growth layers of stalagmite SF-1 (b) d13Cc–d18Oc correlations in the three layers. Squares denote data from the
layer at 13.5 mm depth ðR2 ¼ 0:02Þ; triangles denote data from 23.5 mm depth ðR2 ¼ 0:60Þ; and circles denote data from 33.5 mm depth ðR2 ¼ 0:11Þ:
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shows the d18Oc values for samples taken from layers at
13.5 23.5 and 35.5 mm on either side of the central
growth axis in SF-1. Each of the three layers representing 1–3 annual growth laminae gives fairly constant
d18Oc values (Fig. 2a). Two of the layers show a very
poor correlation (R2 ¼ 0:02 and 0.11) between d18Oc
and d13Cc (Fig. 2b). The positive test result provides
some measure of assurance against gross non-equilibrium isotopic fractionation.
Variations of d13Cc within individual layers are less
than 1% (Fig. 2b) indicating constant or negligible
kinetic effect on d13Cc during the calcite deposition. By
neglecting CO2 exchange between the drip water and the
cave air and other kinetically controlled processes which
may inﬂuence d13Cc Paulsen (2000) modeled the
expected range of d13Cc considering the input of CO2
to groundwater from decomposing organic matter and
by limestone dissolution and isotopic equilibrium
fractionation between CO2(g) and CaCO3. It was found
that the average d13Cc value of 9.8% (varying from
6.2% to 12%) in SF-1 would be consistent with an
cave environment characterized by a C3/C4 plant ratio
of 70:30 and a soil/limestone distribution of 75:25 given
a calcite-CO2(g) fractionation factor of 1.00952 at 151C
(Dulinski and Rozanski, 1990) and d13C values of
27% 13% and 0% for C3 plants C4 plants and
limestone respectively (Cerling, 1984; Hoefs, 1997).

3. Cave setting and methods
Specimen SF-1 (Fig. 3) was collected from its growth
position in 1996 B200 m from the cave entrance and
B50 m below the present land surface. The Buddha
Cave is located in an alpine vegetation-covered area
with carbonate rocks of middle Ordovician age. A 6–8 m
thick Quaternary loess deposit with well-developed soils
in its upper 3–5 m covers the carbonate bedrock. Inside
the cave the relative humidity maintains at 98% and
annual temperature at 14721C. Winter in the area is
usually dry. Precipitation mostly comes from summer
monsoonal rain between June and September. The
transit time for meteoric water through the 50–100 m
thick vadose zone above the cave is relatively short. It
has been observed that an increase of drip rates of cave
water occurs within about 24 h after the passing of a rain
storm in the area. The cave is situated more than 200 m
above a river bed and high above the local groundwater
level. Thus its drip-water comes only from precipitation
above the cave the change of which sensitively affect the
water residence time in the vadose zone. The study area
lies on a lowland with sparse farming and population.
Vegetation consists mainly of shrubs and grasses.
Using a computer-controlled high-precision micro
miller 478 samples were drilled from upper 3.4 cm of SF1 with sampling intervals of 50 or 100 mm. Stable

Fig. 3. A cross section of stalagmite SF-1 cut along the growth axis
showing bands of growth layers.

isotopic analyses were made in a VG Prism II mass
spectrometer equipped with an automated injection
system of CO2 released from acidiﬁcation of the
carbonate samples. For about every 7 sample runs a
working standard was analyzed. Based on the reproducibility of the standard runs analytical errors of 0.15%
RMS for d18Oc and 0.1% RMS for d13Cc were
estimated. Measurement precisions determined from
six duplicate sample runs gave 0.1% RMS for d18Oc
and 0.1% RMS for d13Cc. The chronology of the
records has been determined by TIMS 230Th/234U dating
210
Pb dating and lamination counting. The latter two
methods were applied to the o150-year part of the
stalagmite sampled at B1-year intervals for stable
isotope analyses.
Lead-210 activities were determined via 210Po by
isotope-dilution alpha spectrometry using 209Po as a
yield tracer. The 210Pb dating showed exponential
decrease of excess 210Pb activities with growth depth
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Fig. 4. (a) Pb dating of SF-1 showing the top 9 mm being younger than 100 years. The vertical dashed line represents the supported 210Pb activity
level. (b) A growth rate of 0.08970.007 mm/yr for the top 14 mm is determined by excess 210Pb activities.

Fig. 5. Photomicrograph of growth laminations of the youngest part
of SF-1.

indicating the top section of SF-1 to be younger than
100 years (Fig. 4). Transmission of visible light through
a B0.5 mm thick thin section cut along the growth axis
of SF-1 (Fig. 3) was used for lamination counting.
Visual counting was performed under a microscope
along several tracks with two countings done in each
track and the use of a computer-programmed reference

for band identiﬁcation (Fig. 5). We take each couplet of
the lamination to represent one year. A depth-age model
(Paulsen, 2000) based on the results gave an average
growth rate of 0.083 mm/yr for the last 150 years in
agreement with the mean rate of 0.08970.007 mm/yr
determined from 210Pb (Fig. 4) and conﬁrming the
annual nature of the laminae (Li et al., 2000). It should
be noted however that growth rates of annual layers
may vary as the thickness of growth bands depends on
such factors as temperature dripping rate and pCO2 and
pH of cave water. Therefore the use of average rates for
assigning ages to individual layers as we shall adopt may
introduce errors that are considerably larger than
annual. For this reason the quoted chronology in the
following discussion of results will be rounded to ‘‘5year’’ increments starting with 0 a (yr BP) as AD 1995
for the top layer of SF-1.
We have compared the instrumental precipitation
records for the past 40 years in Xian (341180 N 1081540 E;
73 km north of Buddha Cave) and Ankang (321430 N
1091020 E; 105 km south of Buddha Cave) with the
growth-band thickness and found no correlation between the two (Paulsen, 2000). Thus we were unable to
support the hypothesis that growth layer thickness is
directly related to wetness (Railsback et al., 1994;
Shopov et al., 1994; Liu et al., 1997). Our lamination
counting also showed an apparent deposition change to
have occurred around 14 mm (ca 150 a) (Fig. 3). Below
this depth the stalagmite grew so slowly as to defy
lamination counting. TIMS 230Th/234U dating of SF-1
(Table 3) showed that the average growth rate prior to
150 a was 0.0163 mm/yr (Li et al., 2000). The dating
work was done in the Isotope Laboratory of the
University of Minnesota using a Finnigan-MAT 262RPQ mass spectrometer and the method of Edwards
et al. (1987).
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Table 3
Analytical results of TIMS

230

Th age dating on stalagmite SF-1

Sample

238

232

230

230

Uncorr. age (ka)

Corr. age (ka)

SF-1-1
SF-1-2
SF-1-3
SF-1-4
SF-1-5

369.470.5
268.270.5
285.770.4
1542.472.5
1605.872.3

4011.3712
1147.279.4
313.575.1
416.477
1203.1711.4

2170.2
4870.5
25374.3
1995734
72277

0.075870.0005
0.066470.0005
0.090370.0004
0.175370.0008
0.176170.0005

6.2070.04
5.4570.04
7.7070.04
16.1470.08
16.5170.05

0.1870.07
3.170.05
7.170.07
16.070.08
16.170.07

U (ppb)

Th/232Th activity

Th (pg/g)

Th /238U activity

The sampling depths are 1–1.5, 5.5–6, 12-12.5, 16.2–16.8 and 22–22.5 cm. Sample weight ranges from 0.5604 to 0.9630 g. The half-lives of 232Th and
238
U used in age calculation are 75,674 and 245,205 years, respectively. The uncertainties quoted are 2s errors.
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Fig. 6. Subdecadal isotopic records of stalagmite SF-1.

4. Results and discussion
Table 3 shows that the uppermost two samples
contain relatively high 232Th and low 238U concentrations. In deriving their ages relatively large corrections
for the initial 230Th were required. The corrected dates
show a fairly constant growth rate of 0.0163 mm/a for
the upper 16.5 cm (except the top 1.4 cm). At this depth
a depositional hiatus marks a change to a faster growth
rate below as indicated by both the textural appearance
of the specimen and the 230Th dates (Fig. 3 and Table 3).
Fig. 6 shows the proﬁles of 478 pairs of d13Cc and
18
d Oc in SF-1 with subdecadal resolutions: about 1-yr
for the last 150 years and 3–4 yr resolution during 150–
1270 a. The climatic implications of the proﬁles will be
examined using the criteria summarized in Tables 1 and
2. The two horizontal lines are average d18Oc and d13Cc
values over the past 1270 years to denote respectively

mean temperature and moisture conditions. Deviations
from these averages indicate the presence in this record
of climatic anomalies corresponding to the Medieval
Warm (MW) Period (Lamb, 1965) the Little Ice Age
(LIA) (Le Roy Ladurie & Baulant, 1980); and the recent
warming trend.
4.1. Medieval warm period
Largely due to a dearth of high-resolution climatic
records our knowledge on the spatial extent duration
and moisture characteristics of MW is incomplete
(Crowley and North, 1991) and this has hampered
our understanding of its cause or driving force. For
instance the lack of high-resolution records worldwide
prevents us from examining further the recent hypothesis calling for MW to represent a warm phase of a
15007500-year cycle related to thermohaline circulation
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(Bond et al., 1999; Clark et al., 1999; Broecker, 2001;
deMenocal, 2001). In SF-1 we identify MW as the time
interval from 1030 to 520 a (AD 965–1475) when d18Oc
was heavier than the 1270-year average (except for a
very brief span of 15 years between 760 and 745 a). This
warm interval in central China lasted about 180 years
longer than in Europe. The d13Cc record indicates
changes in the moisture condition during MW. From
1030 to 910 a SF-1 had heavier d13Cc values suggesting
that the climate was relatively dry and favored the
growth of C4 plants in the region. In the ensuing period
that lasted B165 years (from 910 to 745 a) the d13Cc
values reverted to lighter values as a result of an
increased C3/C4 plant ratio under wetter climate. The
last part of MW from 745 to 520 a was characterized by
heavier d13Cc signifying a return to drier conditions with
more C4 vegetation and/or decrease in vegetation
density. Both d18Oc and d13Cc peaked hence the climate
reached maximal warmth and dryness around 595 a (AD
1400). It is difﬁcult to quantitatively isolate the
temperature effect on d18Oc. Graumlich (1993) used
tree-ring widths to reconstruct paleotemperatures in the
western US and showed high summer temperatures
between AD 1100 and 1450 except for the period of AD
1300–1330. If so the early 15th-century warmth on two
sides of the Paciﬁc overlapped. Stine (1994, 1998)
reported the occurrence of severe drought in California’s
Sierra Nevada during AD 900–1100 and 1210–1350. He
coined the expression Medieval Climatic Anomaly (in
lieu of Medieval Warm Period) to signify the far greater
departure of precipitation than temperature from
normal during medieval time. Though the general
matching of the two dry intervals in Stine’s records
and ours can be called into attention we wish to
emphasize the plausible century-long dry spells in
eastern China during the Medieval Warm Period.

697

320–250 a (AD 1675–1745) and 205–170 a (AD 1790–
1825). These periods correspond to the three intervals
when Mongolia was B1-21C colder than the present
according to the tree-ring record (Fig. 1; Jacoby et al.,
1996). The coldest time centered around 295–275 a (AD
1700–1720) consistent with the recorded freezing/thawing history of rivers and lakes in central and southern
China showing that 1711–1720 was the coldest decade
over the last 480 years (Bradley, 1999). Ice core oxygen
isotope data from the Dunde Ice Cap (Fig. 1) in
northwestern China point to a similar cold trend for
the period of AD 1560–1660 (Mosley-Thompson et al.,
1993). However the latest two LIA cold stages as well as
the Medieval Warm Period were not recorded at Dunde.
It appears that Buddha Cave and Dunde Ice Cap being
B1100 km apart could belong to different climate
regimes.
Comparing the d18Oc record of SF-1 with the records
of Mongolian tree rings and Shihua Cave in NE China
indicates that LIA ended in central China approximately
50 years earlier than areas to the north i.e. LIA in
Mongolia and NE China lasted until BAD 1900 as
opposed to BAD 1850 for central China. The offset is
not likely the result of dating uncertainties considering
the fact that chronology for the younger parts of SF-1
and for the Mongolian tree ring record should be
accurate to within a decade if not a few years.
It should be mentioned that cold temperatures were
also registered by tree ring data in western China (Fig. 1;
Zhang and Crowley, 1989) and that Chinese historical
records show relatively frequent occurrences of droughts
dust storms and ﬂoods during LIA (Zhang and Crowley,
1989). While humidity may differ over relatively small
spatial scales cold temperatures could well prevail over a
very broad region during the Little Ice Age.
4.3. Global warming trend

4.2. Little ice age
There is growing evidence for LIA as a global event
(Lamb, 1982; Grove, 1988; Bradley and Jones, 1992;
Mann, 1998; Broecker, 2001). Although it varies from
region to region LIA is commonly referred to the period
between AD 1500 and 1850 with two main cold stages of
about centennial length occurring in the 17th and 19th
centuries (Bradley and Jones, 1992). The onset of LIA is
identiﬁed in our record at about 520 a (AD 1475) when
d18Oc dropped rapidly below the 1270-yr average
(Fig. 6). The cold condition lasted until 150 a (AD
1845) with an earlier (B520–350 a) wet period with
d13Cc trending toward lighter values and later (350–
150 a) turning to less moist (heavier d13Cc values). This
wet-to-dry trend has also been noted in a stalagmite
from the Shihua Cave near Beijing (Ku and Li, 1998).
The d18Oc record of SF-1 suggests that LIA can be
divided into three periods: 450–355 a (AD 1545–1640)

Relative to the earlier (150–1270 a) records the last
150-year part of the SF-1 records with approximately
annual resolutions has two distinct features: (1) a good
correlation between d18Oc and d13Cc (R2 ¼ 0:67) and (2)
high-frequency large variations in d18Oc and d13Cc
(Fig. 6). For example d13Cc increased from 10.1% in
1940 to 5.5% in AD 1955 and then decreased to
10.1% in AD 1965. In the same period d18Oc underwent a large change of 2%. Inasmuch as natural and
human-induced changes in regional vegetation generally
occur on time scales longer than decades vegetation
alteration cannot be the main cause for the observed
d13Cc variations. Rather the variations most likely
reﬂect a change of water residence time in the vadose
zone above the cave. During wet years reduced residence
time would lead to less dissolution of the limestone
bedrock and higher cave-water dripping rates which
would suppress the escape of CO2 from solution; both

D.E. Paulsen et al. / Quaternary Science Reviews 22 (2003) 691–701

698

B1% towards the modern—an increase that is best
explained as reﬂecting the global warming trend that
began as early as in the late 1800s (Crowley, 2000). This
trend has been detected in other speleothem records
from eastern China (Li et al., 1998) in tree ring records
from western China (Kang et al., 1997) and Mongolia
(Jacoby et al., 1996) and in ice core records from Tibet
(Thompson et al., 2000). Although the ultimate cause(s)
for the trend remains unresolved a good part could be
contributed from anthropogenic forcing (e.g. Crowley,
2000).

processes would result in lighter d13C values in the
stalagmite calcite. The wet years should lead to a
lowering of the d18Oc as well (note also that the
frequency and amplitude of its variation cannot be
attributed to temperature changes). Thus local precipitation changes were mainly responsible for the observed
subdecadal time-scale variations of both d18Oc and
d13Cc and their co-variance during the past 150 years.
The prominent d18Oc and d13Cc peaks centered around
AD 1835, 1878 and 1955 indicate drought conditions
during these years. The 1877–1878 drought had caused
widespread famine and the death of 9–13 million people
in northern China (Nicholls, 1991). Although the d13Cc
record during the past 150 years mainly reﬂects changes
in water residence time the overall d13Cc trend during
this period parallels the overall d18O trend showing the
linkage between d13Cc and vegetation on longer terms. It
is also interesting to note that an increase of d13Cc in SF1has occurred following the opening of Buddha Cave to
the public since 1980s to reﬂect changes in the humidity
and ventilation of the cave (Fig. 6).
On the whole d18Oc for the past 150 years was heavier
than the 1270-year average. Furthermore superimposed
on its subdecadal variations is a gradual increase of

4.4. Cycles in the records
In addition to MW and LIA several shorter cycles can
be seen in the SF-1 records. We have performed spectral
analyses separately on the 150-year and 1270-year
records. The resultant power spectra are shown in
Fig. 7 with the major periodicities listed in Table 4. For
the 150-year high-resolution records both d18Oc and
d13Cc reveal 11- and 9.6-year cycles whereas in the 1270year low-resolution records the 33-year cycle is the only
signiﬁcant periodicity found.
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Table 4
Periodicities identiﬁed by spectral analyses. All periodicities identiﬁed
have a conﬁdence level of 95%
Isotopic signal

Period

Cycles

13

d C

0–150 year record
0–1270 year record

22, 11a and 9.6a years
33a years

d13O

0–150 year record
0–1270 year record

14.4, 11a, 9.6a and 7.2 years
33a years

a

Period shown in both d13C and d18O.

The 22-year cycle (and its harmonic of 11 years) has
been identiﬁed in the historical data on drought and
ﬂooding in the central part of the Yangtze River (Ku
and Li, 1998). The 22- 11- and 9.6-year cycles have been
found in climate records throughout the world and they
reﬂect features of Sunspots or the Lunar orbit (Bryant,
1997). The 11- and 9.6-year cycles present in both the
d18Oc and d13Cc records (Table 3) thus indicate that
precipitation variability in the Buddha Cave area may
be related to solar irradiance. As much of the precipitation is brought into the area by the Eastern Asia
Summer Monsoon it would be important to study in the
future the possible cyclic nature of the summer monsoon
strength.
The 33-year cycle has also been found in a Shihua
Cave stalagmite from NE China studied by Ku and Li
(1998) who mentioned its match with the 35-year cycle
recognized in Europe and central Asia by Bruckner
.
as
early as 1890. Bradley (1999) noted a 36-year cyclicity
from historical data of eastern Yangtze River Basin and
southwestern China and related it to the large synopticscale pressure anomalies over eastern Asia and adjacent
equatorial regions. Are these 33 to 36-year cycles in
effect one of the same and if so what causes the possible
teleconnection? These are questions to be answered.
The presence of the 7.2-year cycle (and its multiple
14.4-year cycle) in the 150-year d18Oc record supports
the ﬁnding by Hughes et al. (1994) of a quasi-periodic
7.2-year precipitation cycle recorded by tree rings in the
Qin Ling Mountains (where Buddha Cave is located).
The in-phase relationship between the two records also
lends credence to our interpretation of the d18Oc signals
discussed above.

5. Conclusions
High-resolution records of d13Cc and d18Oc in
stalagmite SF-1 from Buddha Cave are used to infer
changes in climate in central China for the last 1270
years in terms of warmer, colder, wetter and drier
conditions. An increase in d13Cc values serves as a proxy
for a drier and/or warmer climate, whereas a decrease in
d13Cc values infers a wetter and/or colder climate. Short-
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term (o10 years) variations in d18Oc reﬂect changes in
precipitation amounts, whereas longer-term (>50 years)
d18Oc variations indicate changes in air temperature.
Identiﬁed in the records are climatic anomalies known
as Medieval Warm Period, Little Ice Age and 20thcentury warmth. Thus our work adds to the growing
evidence for the global extent of these events. Also
shown in SF-1 is the cyclic nature of the climate that has
been noted elsewhere in China and other parts of the
world. The prominent cyclicities found include those of
33, 22, 11, 9.6, and 7.2 years. The unprecedented ﬁne
resolution of the records allows for calibration/validation with historically documented climatic shifts in
China, such as the coldest spell in the early 18th century
ca 295–275 a. Agreements with tree-ring and ice-core
studies, as well as with isotopic records of speleothems
from other parts of China, reinforce our conﬁdence in
reading climatic messages from the isotopic composition
of cave deposits in general and speleothem SF-1 in
particular.
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