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Abstract. A continuous lacustrine sediment core obtainedtinent toward the ocean, dominate during winter. Climate
from the Kathmandu Valley in the Central Himalayas re- model simulations have demonstrated that the Asian mon-
vealed that cyclical changes in3fC4 vegetation corre- soon system and its evolution are closely linked to the uplift
sponded to global glacial-interglacial cycles from marine iso-of the Tibetan plateau (Manabe and Terpstra, 1974; Hahn
tope stages (MIS) 15 to MIS 4. The/C, vegetation shifts and Manabe, 1975; Kutzback et al., 1993; Kitoh, 1997; Rud-
were reconstructed from significant changes inst€ val- diman, 1997; Abe et al., 2003; Kitoh, 2004). Geological data
ues of bulk organic carbon. Glacial ages were characterizedbtained from both the continent (Quade and Cerling, 1995;
by significant3C enrichment, due to the expansion of C Dettman et al., 2001) and ocean (Kroon et al., 1991; Prell et
plants, attributed to an intensification of aridity. Thus, the al., 1992) also suggest a linkage between monsoonal climate
southwest (SW) summer monsoon, which brings the ma-change and the uplift of the Himalayas and Tibetan plateau.
jority of rainfall to the Central Himalaygn southern slopes, During the late Quaternary, monsoon strength differed be-
would have been weaker. Marine sediment cores from the[W

. . n glacial and interglacial peri . Man | limati
Indian Ocean and Arabian Sea have demonstrated a weaker een glacial a d terglacial periods . any pa eo.c at C.
records from Indian Ocean and Arabian Sea marine sedi-

SW monsoon during glacial periods, and our results Conf'rmment cores indicate that the SW monsoon was stronger dur-

that arid conditions and a weak SW monsoon prevailed inthe . . ; . . .
continental interior of the Central Himalayas during glacial Ing interglacial periods and weaker during glacial periods

ages. This study provides the first continuous record for the(van Campo etal., 1982; Prell and Van Campo, 1986; Sarkar

. S . . et al., 1990; Muzuka, 2000). Although monsoonal climate
continental interior of paleoenvironmental changes directly . -
) . change affects both continents and oceans, terrestrial infor-
influenced by the Indian monsoon.

mation on these changes in the Indian subcontinent is very
limited (Krishnamurthy et al., 1986; Agrawal et al., 1989;

Sakai, 2001). An arid climate is presumed to have prevailed
on land during glacial periods, because of the weak SW mon-

The climate of East and South Asia is controlled greatly byS0oN- However, Niitsuma et al. (1991) concluded that the
the highly seasonal monsoonal climatic system, with wetclimate of the Arabian Peninsula was more humid during
summers and dry winters (Hastenrath, 1985; Webster, 1987ﬂIaC|aI periods than during interglacial periods, on the basis

The Indian monsoon system is characterized by strong soutth,the paleoclimatic record contained in sediment cores ob-
west (SW) monsoon winds blowing from the ocean toward!@néd on ODP Leg 117 (Neogene Package). Thus, the con-

the continent and carrying moisture and rain over the landinUous monsoonal climate change record during the Quater-

during summer; northeast dry winds, blowing from the con- &Y glacial-interglacial period is still uncertain. Continuous
’ ' climatic records from the continental interior are needed to

Correspondence to: M. Mampuku clarify how the Indian monsoon system changed during the
(cs202052@scs.kyushu-u.ac.jp) Quaternary.

1 Introduction
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Fig. 1. Location of RB core drilling site in the Kathmandu Valley. The separation of the valley floor from the valley-side slope (shaded) is
shown by a dark line following the 1400 m contour. Arrows mark the direction of the flow of the rivers.

The Kathmandu Valley is a key site for tracing the ter- pressure of atmospheric carbon dioxide (pCCCollatz et
restrial climate effects of changes in the Indian monsoon.al., 1998). Although identifying the underlying causes of
The valley is an intermontane basin, located on the southCz/C4 vegetation shifts is complex,s®lant expansions have
ern slopes of the Central Himalayas, and is under the dibeen recognized in the Cretaceous, late Miocene, and last
rect influence of the present monsoon. The dry lakebed ofjlacial maximum (LGM) (Cole and Monger, 1994; Cerling
Paleo-Kathmandu Lake (PKL) is filled with thick lacustrine et al., 1997; Street-Perrott et al., 1997; Kuypers et al., 1999).
and fluvial sediments from the late Pliocene to Quaternary We analyzed the terrestriab{C, vegetation changes asso-
(Sakai, 2001). PKL was about 25km in diameter, with a ciated with monsoonal climatic changes in the valley during
water depth estimated at 75 m or more (Sakai et al., 2001athe middle to late Pleistocene. Here, we present changes in
In 2000, a core-drilling program was undertaken in the la-total organic carbon (TOC), total nitrogen (TN), the stable
custrine basin-fill sediments, which were expected to recorctarbon isotopic compositios¥3C) of TOC recorded in the
long-term, continuous paleoenvironmental changes in the reRB core. This is the first report on the continuous terrestrial
gion (Sakai, 2001). A continuous 218-m-long core was ob-record of paleoenvironmental changes on the southern slopes
tained at Rabibhawan, in central Kathmandu Valley (Fig. 1).of the Central Himalayas obtained from an organic geochem-
We used this core (RB core), composed mainly of clayey andcal study.
muddy lacustrine sediments, for multi-proxy paleoenviron-

mental analyses.
. . ) 2 Samplesand methods
One approach to clarifying past climate change is the re-

construction of terrestrial vegetation changes controlled by2.1  Study area and samples

climatic changes. Land plants are classified aso€ C4

on the basis of different photosynthetic pathways. The C The Kathmandu Basin, located around lat. °/A7 N, lies
(mainly trees, nearly all shrubs and some grasses) and Cin warm temperate-subtropic climatic zones and has an an-
(grasses) plants can be clearly distinguished by their carnual average temperature of°T8 The annual average pre-
bon isotopic compositionss¥3C). The averagé!3C value  cipitation is 1500 mm. More than 80% of rain falls in the
for C3 plants is about-28%., whereas that for £plants is  three summer months. The basin is surrounded by 2400-
—14%o (O’Leary, 1988). @/C4 vegetation shifts are con- 2800-m-high mountains, and the average elevation of the val-
trolled mainly by precipitation, temperature, and the partialley floor is about 1340 m above sea level. The Kathmandu

Clim. Past, 4, 1-9, 2008 www.clim-past.net/4/1/2008/
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Fig. 2. Concentrations of total organic carbon (TOC), weighted muddy sediments, the core recovery rate wa95%
TOC/TN ratios (C/N) and3C of TOC ¢13C) values in the RB  (Sakai et al., 2001a). The core with 6.5cm in diameter was
core of muddy lacustrine sediments from the Kathmandu VaIIey.Sp"t into two vertical halves, one half of the core was
TOC concentration was well correlated with the C/N ratiel. 7, grchijved. Another half and the whole 4.5 cm diameter core
n=164), and thé~->C value was inversely correlated with both the were used for multi-proxy analyses. The cores for analyses

TOC and C/N valuesrE—0.6,7=164). The muddy section of the wer t at 5-cm intervals. Th h5 | b
drill core was divided into 14 zones based on the periodic changes erecutat o-c ervals. 1hen, each > cm sample was sub-

of the 513C values. Odd-number zones (dark-shaded) correspondliVided into three parts and one of them was for chemical

to highs13C zones, while even-numbered zones correspond to lon@nalyses. The samples were stored in a freezer until anal-
313C zones. The sediment between 83 m to 89 m (light-shaded areaySis. The upper 10 m of the core was not collected, as the
is sand. sediments had been artificially disturbed.

2.2 TOC, CIN,813C, and accelerator mass spectrometry

. : . . . 14C datin
Valley is an isolated, closed basin, and basin-fill sediments g

are supplied only from the mountains surrounding the valleyThe sediment samples were analyzed at 1-m intervals for
(Sakgi, 2001). Thg valley roor.vegetation is charactgrizeddepths from 10m to 180 m (excepting the sand bed at 83—
by Shima-Castanopsis forest, but index plants of subtropical ggm). The surface of the core sample was removed to avoid
climates, such aBombax in the southern area of the valley, contamination. The discrete samples were freeze-dried and

are also presenQuercusis predominant on mountain slopes powdered. Prior to analysis, TOC and TN concentrations
from 1800 to 2700 m in altitude (Stainton, 1972; Malla et al., were measured by the dry combustion method with an el-

1976). emental analyzer (NA-1500, CE Instruments, Italy), using
The RB core drilled by percussion method up to 83m~20mg powdered dry sample treated with 1 N HCI to re-
(core diameter: 6.5cm) and by wire-line method below 89 mmove carbonate. The precision of the TOC and TN measure-

in depth (core diameter: 4.5cm). The core was composednents was better thatt5% for all samples analyzed. The
mainly of continuous clayey and muddy lacustrine sedimentsC/N ratio was defined as the weight ratio of TOC to TN, as
named Kalimati Formation (Sakai et al., 2001a). This clay measured by the above method.

bet between 10.9 m and 210 m in depth was rich in organic The carbon isotope of the total organic carbon in the acid-
matter and yielded carbonaceous fragments and plant and atreated samples was measured using a mass spectrometer
imal remains (Sakai et al., 2001a). A part of the Kalimati (Delta Plus, Thermo Quest, USA) in line with an elemental
Formation between 10.9 m and 180 m in depth showed opemnalyzer (NA-2500, CE Instruments). Each sample was run
lacustrine facies, judging from the presence of laminated clayin duplicate. All carbon isotopic ratios were expressed in %o,
with abundant fossil leaves and diatomaceous laminite (Sakaielative to the Vienna Pee Dee Belemnite (VPDB) standard.
et al., 2001a). A 38-m-thick sequence below 180 m in depthThe precision of thé13C measurements was0.1%o.

show the marginal facies of lacustrine environment (Sakai et Accelerator mass spectrometry (AM$JC dates were
al., 2001a). A sand bed from 83 m to 89 m was interpretedused to construct the chronology of the top part of the RB
as an event-deposit, caused by a sudden lowering of the lakeore. AMS4C dating was conducted on bulk organic car-
level for a short period (Sakai et al., 2001a). Fluvial sand bedbon. The inorganic carbon fraction in the sample was re-
named Patan Formation unconformably overlay the Kalimatimoved using 1 N HCI. Radiocarbon measurements were per-
Formation at 10.9 m in depth of the RB core. formed at the Institute of Accelerator Analysis (IAA), Ltd.

www.clim-past.net/4/1/2008/ Clim. Past, 4, 1-9, 2008
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0.6 the changes in thé3C value generally coincided with the
) changes in the TOC and C/N values.

Based on the periodic changes in t¥C value, the
muddy core section was divided into 14 zones, as shown in
Fig. 2. The odd-numbered zones (dark-shaded) showed high
813C values, and the even-numbered zones showed 8@
values. The sand bed (light-shaded area) was included in
Zone 7.

TN (%)

possible IN contribution
| | | | |

0 1 2 3 4 5 6 7

TOC (%) 4 Discussion

The §13C value of organic matter in sediments is impor-

versus total nitrogen (TN) in the RB core sediments (10-180 m int‘;:nt |lr; aSS(laSS"]:llg the organlckmgltterhsour(r:]e. Inhthe RB_ Cﬁre’
depth). The positive intercept on the TN axis of the TN-TOC corre-t e§°°C value fluctuated markedly throughout the core; the

lation indicates that inorganic nitrogen (IN) is clearly present in the odd—ngmbered zones were characterized by hitie val-
sediments. ues (Fig. 2) that averaged abou22%., whereas the values

in the even-number zones averaged abe2i¥%o. Highs13C

values in marine sediments can be interpreted as its origins
(Japan). Sample graphitization was carried out using then marine algal and/or terrestrial input containing ant,
procedure of Uchida et al. (2004). Calibrated ages wereas both (marine algal ands@lant) typically have higls13C
calculated against INTCALO4 (Reimer et al., 2004), using values (22.4 to—20.3%. for marine algae Prahl et al., 1980;
CALIB5.0 software and the equation of Bard (1998). Gearing et al., 1984; Rodelli et al., 1984). On the other hand,

typical lake algae show relatively l0843C values ¢30.9

to —26.8%0 Meyers, 1990, 1994; Prokopenko et al., 1993),
3 Results which are generally indistinguishable from those gfpfants

(Meyers, 1999). In both lakes and oceans, since benthic algae
Figure 2 shows the vertical profiles of TOC, C/N, at{dC  (common in littoral food webs) are enrichedC compared
values in the RB core, and Table 1 lists the AME ages. to planktonic algae, th&!3C values that reflect a contribution
The TOC concentration changed periodically, ranging fromfrom littoral food webs are relatively higher than those from
2% to 7% by weight. The TOC concentration decreasedpelagic food webs (e.g. France, 1995). However, in the RB
abruptly in sand-rich layers at depths of approximately 11 mcore drilled at the center of the Paleo-Kathmandu Lake, the
and 90m, perhaps owing to dilution with inorganic sandy muddy and clayey lacustrine sediments showed open lacus-
clastics. The C/N ratio ranged from 7 to 20 below 89 m in trine facies (Sakai et al., 2001a). Moreover, benthic diatoms,
depth and from 5 to 14 at depths of 10 to 83m. The C/Nwhich are common in littoral food webs, were not abundant
ratio changed periodically, especially below 89 m in depth.in the core sediment (Hayashi et al., 2006).
The C/N ratio is widely used to distinguish between land The C/N ratio, which is another source indicator, had rela-
plant and algal origins of sedimentary organic matter (Prahltively low values in the higlsi3C-value zones, decreasing to
et al., 1980; Ishiwatari and Uzaki, 1987; Silliman et al., about 10. The low C/N values indicated that autochthonous
1996). Land plants have high C/N ratios because of abundardrganic matter most likely contributed to the sediments. It
nitrogen-free organic matter, such as cellulose. In contrastis pointed out that conventional C/N ratio (TOC/TN ratio)
autochthonous organisms such as algae show low C/N ratiosometimes leads to an incorrect interpretation due to abun-
because amino acids, proteins, and other nitrogen-containingant inorganic nitrogen (IN) input (Sampei et al., 1997; Sam-
compounds are relatively abundant in the organic matter. Irpei and Matsumoto, 2001; Meyers, 2003). Plot of the TOC
the RB core sediments, the TOC concentration was well corversus TN concentration of the RB core indicated that con-
related with the C/N ratio. Thus, the TOC increases probablytribution of IN is significant in the sediments (Fig. 3), so the
resulted from increases in organic matter input from the landconventional C/N ratio was lowered by the IN input. There-
around the lake. fore, actual C/N ratios (i.e. TOC/TON ratio) of the core are

Thes13C value ranged from-30.0%o to—19.4%o through-  probably high (estimated around 20 in the odd-numbered

out the core, averaging23.6%.. High and low values varied zones). Even though input of autochthonous organic matter
greatly from 51 to 180 m in depth. At 10 to 51 m, the ampli- was predominant, the high3C values in the odd-numbered
tude of thes13C variation was small compared with that at zones could not be accounted for without the contribution
the lower part of the core, although th&’C value changed of C4 plants. Thus, we suggest that the significant con-
periodically. Thes3C value was inversely correlated with trast between the high and IoW3C values of organic mat-
both the TOC concentration and C/N ratio. The timing of ter in the RB core is attributable to shifts in the proportions

Fig. 3. Plot of concentrations of the total organic carbon (TOC)

Clim. Past, 4, 1-9, 2008 www.clim-past.net/4/1/2008/



M. Mampuku et al.: Changes ing{i4 vegetation in the Central Himalayas 5

18 9 SPECMAP stack
e NAP (%) 8 Croc (%) A
T0C (%) y - 240 1 20k
T
o0 L . ] 20
L r 7 30 L
L - 1 L
g - 1 40 |
40 | - 8 :
L L 4 50 L
I t i 1 2 3 60 B -
L - - ’é\ | |
| E i i*s z oG
g P n n = . o % 90 | s.and bed |
- an d bed i ] 100 | ° l
a | [ L . )
8 100 F ; ; 7 110 | (i - = 7
i i 120 B2
= . {\‘ ; 130 | f; _ -
120 | o = ) 1 I = _ - -
| g | L o I
140 | 2 10 [ - - =33
i i 7 160 - 112
_; 2 i LS.
I i i 170 13
160 - = 412 180 P o A i
, z ; | -32 28 -24 -20 -16
| [=— |13
180 \ \ \ A \ 14 Fig. 5. Comparison of thé13C variation curve from the RB core
-32 -28 -24 -20 -16 0 25 50 75 100 with the SPECMAP stack (Imbrie et al., 1984). The numbers in the

SPECMAP stack show marine oxygen isotope stages (MISs). Indi-
vidual peaks in Zone 7 (peaks with filled circles) corresponded to
the small peaks in MISs 8 and 7 in the SPECMAP stack. Question
marks indicate possible correspondence peaks to warm phases in
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Fig. 4. Comparison of thes13C records with the non-arboreal
pollen (NAP) variation curve from the RB core (Fujii et al., 2004;
Maki, 2005). Variations in thé13C value correlated well with the
changes in the NAP-€0.7,n=162).

odd-numbered zones of the RB core would have been de-
of C4 and G land plants. The proportion of {plant in-  posited under an arid climate regime, and sediments in the
put to total organic matter is most likely high in the odd- even-numbered zones would have been formed in more hu-
numbered zones but negligible in the even-numbered zonesnid conditions. Moreover, the even-numberEi;-depleted
This interpretation is strengthened by an analysis of pollenzones are also characterized by relatively high C/N ratios
from the RB core samples (Fig. 4, Fujii et al., 2004; Maki, and high TOC concentrations, suggesting that the input of
2005). Variations in thes*3C value correlated well with terrestrial organic matter was greater in the even-numbered
changes in the proportion of non-arboreal pollen (NAP) tozones than that in the odd-numbered zones. Given that ter-
total pollen and spore throughout the core. The high NAP ratestrial organic matter was mainly transported by rivers into
tios in the odd-numbered zones suggest that the flora arounghe lake, the increase of terrestrial organic matter in the even-
the lake was dominated by grasses during B periods;  numbered zones suggests an increase in river flow. Thus, the
thus, itis reasonable that the proportion of@lant increased  even-numbered zones may plausibly correspond to wetter pe-
at that time. riods.

Some environmental constraints on the growth of C  Previous palynological study on the lacustrine sediments
plants have been proposed,, @lants are more water- in the Kathmandu Basin (Fujii and Sakai, 2002) reported
efficient than G plants (Ehleringer et al., 1991). Teeri and at least seven repetitions of warm and cold climates, corre-
Stowe (1976) demonstrated thaj @lants are more toler- sponding to the global glacial-interglacial cycles. The study
ant of aridity than @ plants, if the minimum growing-season suggested that a dry climate prevailed during cold-glacial
temperature does not drop belod@ P'yankov and Mokro-  periods and a wet climate during warm-interglacials in the
nosov (1993) reported that aridity in Central Asia is closely Kathmandu Valley. Consequently, the dry and wet climate
related to the ratio of gplants to total plants. If aridity ~recurrences we deduced from tHéC variations most likely
were the primary climatic factor favorings®ver G plants  corresponded to the global glacial-interglacial cycles.
in the Kathmandu valley, thef¥C-enriched sediments in the A marked shift in carbon isotope ratios of bulk organic

www.clim-past.net/4/1/2008/ Clim. Past, 4, 1-9, 2008
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Table 2. The chronological tie-points below 23 m in depth of the
RB core.

Zone boundary Depth (m)  Age (kyr)

Zone2/3 55.5 108 =3

Zone3/4 58.5 116 =

Zone4/5 60.5 122 15

Zone5/6 76.5 195 0

Zoneb6/7 81.5 219

Sand bed (top) 83.0 225 [

Sand bed (bottom) 89.0 225 150 |-

Zone7/8 107.5 300 r

Zone8/9 115.5 330

Zone9/10 135.0 394 H

Zonel0/11 141.5 418 200 U

Zone11/12 155.5 477 o 200 400 600

Zone12/13 165.0 518 Age (kyr)

Zonel3/14 1755 579

Fig. 6. Age-depth curve of the RB core. The age model based on the

* Depositional time of the event sand bed (83-89 m) is assumed tol4c ages in the upper 23 m of sediment (Table 1) and a comparison

of the §13C oscillation record to the SPECMAP data below this
depth (Table 2).

be zero.

. The agreement between th&C and SPECMAP curves is
matter has been reported from African lake and swamp sedsypported by the correspondence of three individual minor
iments (Hamilton, 1982; Hillaire-Marcel et al., 1989; Talbot neaks in Zone 7 to smalll peaks in MIS 8 and 7 (Fig. 5). Zone
and Johannessen, 1992; Aucour et al., 1994; Giresse et aﬁ, correspond to MIS 5e, the other warm phases in MIS 5 (5¢
1994; Huang et a.l., 1995; Street-Perrott et al., 1997, 1998)and 5a) may Correspond to Zone 2 or Zone 2 and the peak
The glacial/interglacial shifts o§13C values in these sedi- of basal Zonel. We suggest that the sand bed occurring be-
ments show highet*C values for sediments deposited dur- tween 83 m and 89 m was deposited during a short period of
ing glacial periods. Most of those studies attribute IGfC 4 few thousand years. The cyclic paleoclimatic changes in
values in sediments to the spread of @lants, as a result  Kathmandu Valley correspond to the global climate changes
of a drier climate and/or lower pGO We expect that such  represented by'80 curve, which was mainly controlled by
vegetation changes also occurred in the Kathmandu Valleyihe ice volume change during the late Pleistocene. Zone 14
the odd-numbered zones of the RB core most likely cor-most probably corresponds to the upper part of MIS 15; thus,
respond to glacial periods wher @lants flourished. The \ye presume the age of the core at 180 m depth to be approx-
dry climate and/or low pC®of the glacial period may have imately 600 ka.
caused the expansion of,@lants in the Kathmandu Valley, We propose the age-depth curve shown in Fig. 6, based on
as in Africa. Although separating the two factors is difficult, {he 14c ages in the upper 23 m of sediment (Table 1) and a
Huang et al. (2001) suggest that low pg@lone is insuf-  comparison of thé13C oscillation record to the SPECMAP

ficient to trigger the expansion ofs(lants, in the absence gata below this depth (Table 2). This age-depth curve iden-
of favorable climatic conditions. Thus, even with low p£O ifies sedimentation rates as follows; ca. 0.24 m/kyr, 180—

during glacial periodg, arid conditions in.the Kathmandu Val- 6o m: ca. 0.33 m/kyr, 60-50 m; ca. 0.45 m/kyr, 50—23 m; and
ley would be essential for the expansion of flants. In  ca 0.7 m/kyr, above 23m. The sedimentation rates appear
short, increased aridity durln.g glacial periods most likely in- {5 increase gradually from the lower to the upper part of the
duced the spread of{plants in the valley. sediment core. Sedimentological observations show that the
We compared thes3C oscillation record to the Kalimati-clay section (12-180m in depth) is dominated by

SPECMAP stack (Imbrie et al., 1984) to assess its corresponelayey material, and, except for the sand bed between 83 and
dence with global climate change. The upper part of Zone 189 m in depth, no hiatus or thick bed formed by sedimentary
with the AMS 14C dating data corresponded to cold marine events has been reported (Sakai et al., 2001a). Therefore,
isotope stages (MIS 3-2), and thus we made a comparisothe changes in the estimated sedimentation rates may be the
between MIS stages below MIS 5 and the lower part of Zoneresult of compaction effects and/or dehydration of clay sedi-
1. Thes'3C curve was consistent with the SPECMAP curve ments with increasing burial depth.

(Fig. 5). As shown in Fig. 5, the even-numbered zones of the In monsoonal regions, changes in precipitation are largely
RB core correspond to warm stages of the SPECMAP stackcontrolled by the intensity of the monsoon (Prell et al., 1992).

Clim. Past, 4, 1-9, 2008 www.clim-past.net/4/1/2008/
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The dry-wet records we obtained most likely reflect changedation changes in response to future climate change in the
in the Indian monsoon intensity in the Central Himalayasregion. Although we analyzed the sediment samples at 1-m
during the past 600 kyr. During dry glacial periods, we in- intervals, we nonetheless confirmed that the PKL sediments
fer that the SW summer monsoon weakened and produceblave the potential to provide a high-quality, high-resolution
arid conditions, whereas wet conditions in interglacial peri- record of Quaternary climate changes in the continental inte-
ods resulted from a stronger SW summer monsoon. Most ofior of South Asia. We expect that further on-going studies,
the paleoclimatic studies on Indian Ocean marine sedimentsombined with other proxies, will provide more detailed pa-
have reported that the SW summer monsoon was strongdeoclimatic records for the region.
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