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Introduction
Monsoon systems are considered to be very complicated features 

of the earth’s climate. Interestingly their intensities have varied 
significantly in the past as revealed by several marine and continental 
proxy records [1-8]. The Asian monsoon system (ASM) is the most 
widespread monsoon pattern in the world. The Indian summer 
monsoon (ISM) or southwest (SW) monsoon is one of the two leading 
monsoon patterns of Asian monsoon system. The climatic activity in 
Indian Himalayan region can be described by three different patterns 
i.e ISM, which is the main driver of climate and responsible for major 
rainfall over Indian subcontinent during June to September and July 
to August in the Western Himalayan region, Western Disturbances 
(WDs), a non-monsoonal precipitation driven by westerlies which 
carries winter rains in north and northwestern (NW) Indian regions 
during October to May and northeast (NE) monsoon also known 
as winter monsoon which brings rainfall in southern Indian region 
from October to December [9-13]. These patterns show the existence 
of diverse range of precipitation systems from east to west. The ISM 
penetrates from southwest direction to land and contributes about 
80% precipitation of the total annual rainfall [14-16]. The rest of the 
precipitation will be received from NE monsoon and WDs (Westerlies).

The ISM variability since the LGM has been greatly dependent on 
marine sediment core records [17-23]. The other proxy records are 
mainly based on lacustrine sediments and lake-level studies, sediments 
from the Ganga plain and tree ring records from the western Himalaya 
[24-30]. The lacustrine sediments, which are usually considered to be 
the most commonly used archive of continental climate variability, 
generally have large chronological uncertainties and coarse resolution 
whereas marine proxies reflect incorporated effects of wind intensity, 
upwelling and river discharge not precipitation changes directly [31,32]. 
This limitation with lacustrine and marine sediments has inclined the 
researchers to make use of speleothems specially stalagmites as a best 
suitable archive for continental paleoclimate information because 
it provides a direct record of changes in the ISM rainfall assuming 
that temperature variations are very small in the tropical region 
on millennial time scale. The advantage of using speleothems is its 

precise chronological character by U-Th dating technique and recent 
advancement in modelling techniques of U-Th derived ages.

The Himalayan region has experienced a number of wet and dry 
periods since the beginning of Holocene [33]. Several studies reveal 
the weakening in monsoon intensity during the various cold events 
[34,35]. The precipitation variability at different locations of Indian 
subcontinent and elsewhere, primarily influenced by ISM, has been 
reconstructed by several workers using well dated stalagmites [36-44]. 
It is also recognized that the Westerlies influences climatic activity in 
the Himalayan region in addition to the ISM. High-resolution climatic 
events from the Central Himalayan region, particularly during the mid 
and late Holocene are either less implicit or scattered. Also there is a 
scarcity of precipitation records from precisely of dated speleothems 
between Pleistocene and Holocene transition [34]. An attempt is made 
here to infer late Holocene precipitation changes in lesser Himalaya 
through oxygen isotopes of a calcitic stalagmite.

Geological Setting, Climate and Location of the Cave
The Bageshwar cave (29° 49′ N: 79° 46′ E) is located near Garikhet 

village of Bageshwar district, Uttrakhand in the lesser Himalayan 
region and lies roughly about 50 feet above the road with an elevation 
of around 1,004 m above mean sea level (Figure 1). A 16 cm long 
stalagmite was collected in the month of April, 2015. The cave is around 
11 m long with main entrance of 1.5 m x 1 m and becomes narrow 
as approaches towards the end of the cave. The sample was collected 
at the distance of 7 m from the entrance. The stalagmite sample was 
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formed from overlying Mesoproterozoic limestone formation, about 
50 m above the cave. The climate of the region is temperate to sub- 
humid with warm/wet summer and cool/dry winter. The mean annual 
precipitation is about 1220 mm with average high (330 mm) and low 
(6 mm) precipitation occurs in July and November respectively and 
80% of the precipitation falls during the monsoon months from June 
to September (Figure 2a). The mean annual δ18OVSMOW of precipitation 
with 95% CI (0.4‰) is around −8.10‰ [45] (Figure 2a). The humidity 
and temperature inside the cave was recorded as 77% and 27°C 
respectively at the time of sampling. The humidity in nearby region 
will be as low as 30% in the pre-monsoon period and increases rapidly 
with the onset of monsoon and attains at about 80% during July to 
September whereas the mean maximum and minimum temperatures 
are reported as 25°C and 15°C respectively (Data from Central Ground 
Water Board, India). The sample is composed of calcite with clearly 
visible growth layers and does not show any indication of discontinuity 
or depositional disruption (Figure 2b). The surrounding vegetation is 
dominated by Chir Pine, Himalayan Cypress and small shrubs.

Materials and Methods
A 16 cm long stalagmite sample (BGR1) was collected from the 

Bageshwar cave located in Uttarakhand state of India during July 2015. 
The extracted stalagmite was cut along its growth axis using a diamond 
cutter to make slices for sub-sampling. The sliced portions of the 

sample was polished and cleaned systematically using distilled water 
pursued by ultrasonic bath followed by drying at room temperature. 
Micro-drilling of the sliced sample was then performed at CSIR-
National Geophysical Research Institute, Hyderabad using a micro-
drilling machine (MANIX-180) with a drill bit of 0.8 mm to acquire 
powdered samples for isotopic and mineralogical analysis.

Hendy test was performed on selected on samples from growth 
layers of BRG1 to ensure that the stalagmite was deposited under 
isotopic equilibrium with precipitating water [46]. Five sub-samples 
from three different growth layers were taken for oxygen and carbon 
isotopic measurements on MAT-253 model of IRMS (Isotope Ratio 
Mass Spectrometer) coupled with an automated Kiel-IV carbonate 
device at CSIR-NGRI, Hyderabad, India. The X-ray Diffraction (XRD) 
technique was used to further establish the mineralogical composition 
of the stalagmite sample. Four sub-samples (1 gm each) were drilled 
from different portions (top to bottom) of the sample using micro-
drilling machine (MANIX-180) with a drill bit of 1 mm for XRD. 
The XRD analysis of the sample was performed on a Philips X-ray 
diffractometer using nickel filtered Cu Kα radiation at the CSIR- NIO, 
Goa [47]. The 230Th/U dating technique was used to determine ages of 
BGR1 stalagmite. Four different layers were selected for U-Th dating 
using a Thermo Fisher NEPTUNE multi-collector inductively couples 
plasma mass spectrometer (MC-ICP-MS) at the High-Precision Mass 
Spectrometry and Environment Change Laboratory (HISPEC) at 

Figure 1: Geological map of the area around Bageshwar Cave, Uttarakhand (modified after CGWB, India).
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National Taiwan University, Taiwan following the method developed 
by Shen [48]. Details of instrumental procedure including off-line data 
reduction were described in Shen [49]. All the dates (year BP) are in 
correct stratigraphic order with a 2 sigma error ranging from ± 89 to 
± 934 yrs. It may be noted that except one age point all other three 
ages obtained show errors within ± 149 yrs. The StalAge program was 
used to construct the age-depth model of BGR1 stalagmite and to 
minimize age uncertainties. This StalAge program is mainly based on 
an algorithm developed by Scholz and Hoffmann [50]. This algorithm 
utilizes 230Th ages with their associated age uncertainty and also 
incorporates the stratigraphic information to improve the age model 
and provides the results (ages) with 95% confidence level using a 
Monte-Carlo simulation.

Powdered drilled subsamples were reacted with saturated 
orthophosphoric acid (100% H3PO4) at 70 °C in a vacuum system 
and the evolved CO2 was analyzed for δ18O measurements by Isotope 
Ratio Mass Spectrometer (IRMS) [51,52]. The δ 18O measurements 
were carried out at the CSIR-National Geophysical Research Institute, 
Hyderabad, using a MAT-253 model of IRMS attached with a Kiel-
IV automated carbonate device. To ensure reproducibility of the 
instruments, international carbonate standards (NBS-18 and NBS-
19) were analyzed with every batch of 8 samples. The calibration to 
the VPDB standard was achieved by repeated measurements of 
international reference standards NBS-18 and NBS-19 [53]. Isotopic 
results are expressed against Vienna Pee Dee Belemnite (VPDB) 
standard and analytical precision was found to be better than ± 0.06‰ 
for δ 18O. The δ 18O record of BGR1 was used to explore periodic 
components of time series by using spectral analysis. The common 
nature of paleoclimate time series is its unevenness (unevenly spaced) 
and our δ 18O time series is also unequally spaced in time. Ólafsdóttir 
has demonstrated that the data interval and its resolution are important 
properties of any climate time series [54]. The spectral analysis of BGR1 
δ18O time series was carried out using REDFIT procedure of Schulz and 

Mudelsee in PAleontological STatistics (PAST) v. 3.4 software [55]. This 
REDFIT program is based on Lomb-Scargle Fourier transform and has 
been specifically developed to address unevenly spaced paleoclimate 
time series [56-58].

Results and Discussion
Hendy has proposed that δ18O values should be almost identical 

within a single growth layer to ensure absence of any kinetic 
fractionation during the deposition of the stalagmite [46]. We have 
performed Hendy test in sub-samples taken from three distinct layers 
by analyzing both δ18O and δ13C from depths of 2.9; 7.3 and 14.0 cm 
of BGR1 sample. The results of Hendy test indicate that, neither there 
is a significant variation in δ18O nor a correlation between δ18O and δ 
13C along the same growth layer, and hence the stalagmite might have 
been formed under isotopic equilibrium conditions (Figure 3). Some 
researchers have argued that speleothems can still be utilized as a proxy 
for precipitation despite the failure of Hendy test, because δ18O values of 
a speleothem calcite controlled mainly by precipitation changes rather 
than the temperature and thus it is not obligatory for the stalagmites 
to grow under isotopic equilibrium with cave drip water to provide 
information about the past climatic conditions [59-65]. Zhou provided 
evidence that stalagmite δ18O values can be considered as a dependable 
precipitation proxy if subsamples for isotopic measurements are taken 
from the central growth axis [66]. 

The U-Th dates of four subsamples of BGR1 are displayed in Table 
1 and their plot with respect to sample depths in Figure 4. All the ages 
were found to be in chronological order with values ranging from 2,342 
to 919 year BP and the age uncertainties ranging from ± 89 to ± 934 
years (2 σ). The diverse range of growth rate for different segments 
of BGR1 stalagmite reveals nonlinear nature of its development and 
hence linear interpolation may not be an ideal method for precise 
age determination. Therefore we adopted StalAge model (age-depth), 
which is based on Monte-Carlo simulation to deduce ages for each δ 

Figure 2: Graph showing mean monthly temperature and δ18O of Precipitation (Source: www.imd.gov.in) at Bageshwar, indicating that the precipitation during 
the monsoon season generally has lower δ18O.
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Figure 3: Hendy test results. Red, blue and green lines represent three dissimilar test layers. (a) δ18O values (b) δ13C values (c) Shows correlation between 
δ18O and δ13C R2 in represents that the sample formed under equilibrium conditions (d) BGR1 stalagmite- Black line represents the drilling points for δ18O 
measurements. Red lines represent four 230Th dating samples. Blue lines show layers of Hendy test. Green boxes represent four XRD analysis points.

sample 
ID

Weight 
(g)

230UPPba 232Thppt d234U 
Measureda

[230Th/238U] 
activityc

[230Th/232Th] 
ppmd

Age (yr BP) 
Uncorrected

Age (yr BP) 
correctedc,d

Age (yr BP) relative 
to 1950 AD

d234Uinitial 
correctedb

V6 0.0759 682.61 ± 
0.88 7582 ± 21 5.9 ± 1.7 0.01174 ± 

0.00024 17.43 ± 0.36 1280 ± 27 988 ± 149 919 ± 149 5.9 ± 1.7

V7 0.086 950.2 ± 1.4 6207 ± 16 2.7 ± 1.6 0.01180 ± 
0.00020 29.79 ± 0.51 1291 ± 22 1119 ± 89 1050 ± 89 2.7 ± 1.6

V8 0.0683 999.8 ± 1.2 68572 ± 
521 0.0 ± 1.3 0.0344 ± 0.0013 8.26 ± 0.32 3814 ± 149 1984 ± 934 1916 ± 934 0.0 ± 1.3

V9 0.0707 1219.6 ± 
1.5

44149 ± 
257 -1.0 ± 1.4 0.03044 ± 

0.00092 13.86 ± 0.43 3374 ± 104 2411 ± 494 2342 ± 494 -1.0 ± 1.4

Table 1: Uranium and Thorium Isotopic compositions and 230Th ages for BGR1 sample by MC-ICPMS, Thermo Electron Neptune at NTU.

18O value [50]. However a linear model was also constructed for all 
δ 18O values to compare it with the StalAge model. The linear age 
model constructed for BGR1 shows a reasonable good agreement with 
StalAge model (Figure 5). 

Mineralogical composition of the BGR1 stalagmite, established 
by XRD analysis confirms predominance of calcite mineral with low 
Mg content (Figure 6). The surface of the sample shows apparent and 
continuous layering without any critical lithological alteration. The δ 
18O values range from -6.92 to -10.24‰ vs. VPDB with an average 
value of -8.29‰. The variation of 3.32‰ in δ18O is relatively higher than 
the Peninsular Indian stalagmites [67]. Other studies from Himalayan 
stalagmites have also reported higher variations in δ 18O compared 
to Peninsular stalagmites [13,34,68,69]. It is rational to take mean δ 
18O of -8.29‰ as a reference value representing the average climatic 
conditions for the time interval of the BGR1 stalagmite precipitation. 
The δ 18O variations in BGR1 stalagmite clearly demonstrates the 
two distinct phases of climatic activity (Figure 7). These phases can 
be described as, (i) a phase from 2,851 to 1,031 yr BP, of fluctuating 

δ 18O values ranging from -9.75 to -6.92‰, with an average δ 18O 
value of -8.06‰, dominated by relatively enriched δ 18O values 
representing shifts in precipitation during this period, and (ii) another 
phase between 1,031 and 677 yr BP, represented by depleted δ 18O 
values from -10.24 to -7.75‰ with an average δ 18O of -8.73‰. The 
average δ 18O value of -8.06‰ from 2,851 to 1,031 yr BP is higher than 
the average δ 18O value (-8.29‰) indicating relatively dry and arid 
conditions during this period, with lowest precipitation occurring at 
around 2,173 yr BP (characterized by most enriched δ 18O of -6.92‰). 
This arid period was punctuated by three wet events at around 2717, 
2333 and 1732 yr BP, with highest precipitation occurred at around 
2,717 yr BP, reflected by most depleted δ 18O value of -9.75‰. Further, 
this dry period was followed by a moderately wet period between 1,031 
and 677 yr BP as reflected by average δ 18O value of -8.73‰, lesser than 
the average δ 18O value (-8.29‰) of BGR1 stalagmite with highest 
precipitation occurring around 797 yr BP manifested by most depleted 
δ 18O value of -10.24‰. This wet period between 1,031 and 677 yr BP 
was interrupted by three dry events at approximately 914, 809 and 687 
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Figure 4: The StalAge model of BGR1. Green line represents modeled ages and red lines show 95% confidence limits. The black dots represent four 230Th 
samples. The average growth rate as shown is 0.07 mm/yr.

Figure 5: Comparing linear and StalAge models.

Figure 6: Graph showing mineralogical composition of BGR1 stalagmite from four different depths by X-ray diffraction analysis revealing predominance of calcite 
mineral. The x-axis shows the diffraction angle (°C) and y-axis shows the intensity (counts per second) as a function of diffraction angle.
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Figure 7: Graph showing variations in δ18O vs VPDB with growth rate of the BGR1 stalagmite between 2,851 and 677 yr BP. Blue line represents average δ18O of 
BGR1 stalagmite. Relatively dry period from 2,851 to 1,031 yr BP is indicated by red line followed by a wet period between 1,031 and 677 yr BP, shown by green line.

yr BP, with lowest precipitation occurred at around 809 yr BP, marked 
by most enriched δ 18O value of -7.75‰.

The ISM has a very strong influence on δ18O of speleothems from 
Chinese caves [70]. The comparison of our BGR1 stalagmite record 
with stalagmites from China have also demonstrated influence of ISM 
in central China and Tan reflects coincident variations in precipitation 
strength during the late Holocene [71-73] (Figure 8). Wang and Chen 
demonstrate that atmospheric water vapor over southern China is 
mainly carried from the Indian Ocean [74]. The Figure 8 shows that the 
analogous tendency of δ 18O values in BGR1 and Chinese speleothems 
during the late Holocene confirm synchronous variability in Asian 
monsoon systems (Figure 8). 

Spectral analysis of BGR1 δ 18O time series reveals a range of 
significant periodicities (Figure 9). The average resolution of entire 
δ18O time series is ~9 years. Two peaks at around 0.026 and 0.03 cycles 
per year (~38 and 33 years cycle) were observed with 99% and 90% 
significance level respectively (Figure 9). A cycle of 33-38 years was 
reported by Stocker (1994) has been recognized as natural fluctuations 
of thermohaline circulation in North Atlantic. A solar cycle of 32 
year has been reported by Tiwari from a tree ring record from the 
western Himalaya. In addition, a 33 years cycle has been reported from 
speleothem records from China and a 36 year cycle was reported by 
Cai [75-80]. In view of available literature, this 33 years cycle in BGR1 

attribute to solar forcing control on ISM dynamics. The long term 
cycle of ~436 years is almost similar to the 420 years cycle observed in 
VSPM1 δ18O time series [52] (Figure 9). Stuiver and Braziunas detected 
this 420 years cycle by investigating high precision 14C chronology and 
related this cycle to periodic variations in the solar constant. Hence, 
these cycles may be reflecting the control of solar activity on ISM 
variability [81]. 

Conclusion
The 2,200 year δ18O time series from a stalagmite sample collected 

from the lesser Himalaya exhibit high amplitude variations in ISM 
precipitation during the late Holocene. The data reveals changes in 
ISM activity on multi-decadal to centennial timescales during the 
late Holocene. The δ18O time series provides a strong signature of 
significant changes in ISM activity between 2,851 and 677 yr BP. The 
δ18O record shows a relatively dry period from 2,851 to 1,031 yr BP 
in lesser Himalaya, followed by wet conditions between 1,031 and 677 
yr BP. A prominent δ18O shift, indicating enhance ISM activity at ~ 
1000 yr BP is also reflected in sudden increase in growth rate of BGR1 
stalagmite. Spectral analysis of BGR1 δ18O time series suggests 436, 
38, 33-year cycles indicating mainly solar control on ISM dynamics 
for the studied time interval. A comparison of BGR1 δ18O time series 
with those of Chinese stalagmites shows synchronous variations in 
monsoon-induced precipitation during the late Holocene. 
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Figure 8: Comparison between the δ18O time series of BGR1 with Chinese cave records. The vertical green and red dotted lines represent the coincident highest 
and lowest precipitation events respectively, whereas the green and red lines correspond to periods of strengthen and weaken monsoon activity respectively within 
their age uncertainties.

Figure 9: Spectral analysis of BGR1 δ18O time series using REDFIT 3.8 program. Peaks indicated by arrows are representing the 436, 38 and 33 year cycles.
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