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Sediments from Pookot Lake (PK) in southern India have provided a record of local environmental changes and

catchment processes during the past 3100 cal. years B.P. Variations in the rockmagnetic parameters (χlf, χfd, χARM
and IRM's at differentfield strengths) of sediments from twoAMS 14C-dated cores reflect climate-induced chang-

es in the catchment of Pookot Lake. Assuming that rainfall ismost likely the dominant drivingmechanism behind

the rockmagnetic variations of PK sediments, the environmental history of the site has been reconstructed. Rock

magnetic parameters exhibit significant variations during the past 3100 years. The palaeoenvironmental history

of the Pookot Lake regionmay be divided into three phases. During the first phase (~3100 to 2500 cal. years B.P.),

catchment erosion and detrital influx were high, indicating a strong monsoon. The second phase, which lasted

from 2500 to 1000 cal. years B.P., was characterised by low and steady rainfall, resulting in a low and uniform

catchment erosion and detrital influx. Phase 2 was interspersed with brief intervals of strong monsoon and

characterised by frequent drying up of the lake. During Phase 3 (~1000 cal. years B.P. to the present), catchment

erosion was high, indicating a shift to strong monsoonal conditions. It appears that monsoonal rainfall in the re-

gion is influenced by solar activity, with periods of high total solar irradiance being characterised by high rainfall

and vice versa; it was relatively low during the Little Ice Age and high during the Medieval Warm Period. The

magnetic susceptibility (χlf) data exhibit a number of periodicities whichmight have a solar origin. The χlf record

exhibits similaritieswith other continental andmarine palaeoclimatic records from the region, indicating that re-

gional trends in the monsoon during the Late Holocene are broadly similar.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Rock magnetism (or environmental magnetism) deals with the study

of the magnetic properties of a wide range of natural materials including

soil, sediment, dust and peat (Oldfield, 1999). Rock magnetic measure-

ments have the advantages of being rapid, inexpensive, sensitive and

non-destructive (Walden, 1999a). They have successfully been applied

to characterise dust particles and atmospheric pollution (Warrier et al.,

2014a; Blaha et al., 2008), study heavy metal pollution in soils and sedi-

ments (Wang, 2013; Pozza et al., 2004), understand pedogenic processes

(Maher et al., 2003; Sandeep et al., 2012), reconstruct palaeoclimatic and

palaeoenvironmental conditions (Shankar et al., 2006; Geiss et al., 2003),

estimate opaque and heavy mineral contents in beach placers (Shankar

et al., 1996), quantify particulate pollution in rivers (Sandeep et al.,

2011), unmix sediment sources (Shankar et al., 1994; Yu and Oldfield,

1989), and characterise archaeological samples (Bradak et al., 2009;

Mighall et al., 2009). Rockmagnetic techniques have also been employed

to study lake sediments (Geiss et al., 2003, 2004; Peck et al., 2004; Foster

et al., 2008; Shankar et al., 2006;Warrier et al., 2014b), which provide in-

formation on the concentration, grain size and mineralogy of magnetic

minerals present. This information may be used to determine catchment

processes in response to environmental/climatic changes. Hence, past en-

vironmental/climatic changes may be reconstructed based on the rock

magnetic data for lacustrine sediment cores. In India, most studies on

lake sediments are confined towestern India, Rajasthan and theHimalaya

(Saini et al., 2005; Prasad and Enzel, 2006; Juyal et al., 2009; Kotlia et al.,

2000; Krishnamurthy et al., 1986; Kajale and Deotare, 1997; Srivastava

et al., 2013). Only a limited number of rock magnetic studies have been

carried out on lake sediments of southern India to decipher

palaeoenvironmental conditions (Shankar et al., 2006). There are thou-

sands of lakes in southern India, which remain largely unexplored. In

this paper, we have investigated sediments from the Pookot Lake (PK),

southwestern India using rock magnetic methods to determine

catchment-related and environmental processes during the past

3100 years.

Variations in the magnetic properties of lake sediments are depen-

dent upon a variety of processes either outside the lake (pedogenesis

Journal of Applied Geophysics 118 (2015) 24–36

⁎ Corresponding author at: Department of Post-Graduate Studies and Research in

Geology, Government College Kasaragod, Kerala 671123, India.

E-mail address: sandeepk01@gmail.com (K. Sandeep).
1 Present address: National Centre for Antarctic and Ocean Research (NCAOR), Earth

System Science Organisation (ESSO), Ministry of Earth Sciences, Government of India,

Headland Sada, Vasco-da-Gama, Goa 403 804, India.

http://dx.doi.org/10.1016/j.jappgeo.2015.03.023

0926-9851/© 2015 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Journal of Applied Geophysics

j ourna l homepage: www.e lsev ie r .com/ locate / j appgeo

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jappgeo.2015.03.023&domain=pdf
http://dx.doi.org/10.1016/j.jappgeo.2015.03.023
mailto:sandeepk01@gmail.com
http://dx.doi.org/10.1016/j.jappgeo.2015.03.023
http://www.sciencedirect.com/science/journal/09269851
www.elsevier.com/locate/jappgeo


and erosion in the catchment) or within it (biogenic and authigenic). Fer-

rimagnetic iron sulphide (greigite) may form in anoxic environments

characterised by high organic matter content and rapid sedimentation

(Snowball, 1991; Roberts and Turner, 1993; Jelinowska et al., 1997). Its

occurrence is usually coupled with dissolution of magnetite (Snowball

and Thompson, 1990; Roberts and Turner, 1993; Anderson and Rippey,

1988), which may alter the magnetic signature recorded in sediments.

Bacterial and anthropogenic magnetite may also be present in lake

sediments. When post-depositional processes, anthropogenic, biogenic/

authigenic effects are absent or limited, a simple model of detrital

magnetic minerals being derived from a lake catchment may be used to

semi-quantify the detrital flux from the catchment, either by runoff or ae-

olian processes (Dearing et al., 1981; Oldfield, 1991).

The main objectives of this investigation are to explore the

(a) palaeoenvironmental changes of the Pookot Lake area during

the Late Holocene, (b) presence of any periodicities in the sedimentary

magnetic record, (c) influence of total solar irradiance onmonsoon, and

(d) regional trends in environmental changes by comparing themwith

other palaeoclimatic records from the region.

2. Materials and methods

2.1. Study area

Pookot Lake (PK) is a closed, natural lake situated at an altitude of

775 m in the Sahyadri (the Western Ghat) near Vythiri in Wayanad

Fig. 1. (a) Satellite imagery showing the location of Pookot Lake in southwestern India andother palaeoarchives that are referred to in the text. (b) Locationmap showing the topography of

the Pookot Lake and its surrounding area. Topographic contours are in metres. The locations of cores PK1 and PK2 are shown.
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district, Kerala (11°32′30″N; 76°1′38″E; Fig. 1). It covers an area of

0.085 km2 and has a maximum water depth of 6.5 m. The area

surrounding the lake is covered by evergreen forest, and is in its natural

setting. The area is pristine andwithout human perturbations. Its catch-

ment is small (~0.74 km2). Therefore, themagnetic (and other) proper-

ties of PK sediments must be a reflection of natural processes only and

be correlatable with the changes in the PK catchment.

The main rock types of the PK catchment are hornblende–biotite

gneiss and charnockite of the Late Archaeozoic Era (Geological and

Mineral Map of Kerala, 1995; Soman, 1997). The main soil type is ferru-

ginous forest loamy soil, which is shallow and immature that occurs

under a canopy of vegetation mantling the gneissic/granulitic parent

rocks in various stages of chemical weathering. It is dark reddish

brown to black (Kerala Forest Department, 1986). The vegetation of

the area falls in the category of western tropical wet evergreen forests

of low elevation (Bonnefille et al., 1999).

The climate is generally moist with an average rainfall of 4200 mm

per year (India Meteorological Department, 2008). The relative humid-

ity is on the average between 65 and 80%. It is the highest during the

southwest monsoon (95%). The temperature range is around 21–

38 °C. Westerly winds blow across the area during the southwest mon-

soon (Kerala Forest Department, 1986; Chandran, 2003).

2.2. Sampling

Two undisturbed sediment cores (PK1 and PK2) from the Pookot

Lakewere collected in November 2007 by pushing PVC pipes (diameter:

1.5 in.) into the sediment. The lengths of the cores obtained are 2.4 m

and 2.2 m (PK1 and PK2). In order to obtain high-resolution data, core

PK1 was sub-sampled at 0.5 cm interval (n = 441) and core PK2 at

1 cm interval (n = 251). The sub-samples, packed in polythene covers,

were stored in deep-freeze.

2.3. Chronology

Carbon-14 dating by accelerator mass spectrometry was carried

out on the organic matter content of bulk sediment samples from se-

lected depths. The details of the dates spanning the past 3100 years

are given in Table 1. The 14C ages were calibrated using the code

clam (Blaauw, 2010), which runs on open source software ‘R’ (R

Development Core Team, 2010) and uses IntCal09.14C calibration

curve (Reimer et al., 2009). An age-depth model was constructed

(Fig. 2) and age calculated for every depth (0.5 cm for PK1 and

1 cm for PK2) using a linear interpolation model. The R code of

clam calculates the confidence intervals for undated levels from the

calibrated age distribution (at 95% interval) of every dated depth

and the age-model is drawn through these models and the calibrated

age calculated (Blaauw, 2010) for every depth (0.5 cm for PK1 and

1 cm for PK2). The software obtains many calendar age estimates

for every depth through repeated sampling (1000 times) from

which the best age-depth model is calculated using the weighted

mean of all the sampled calendar ages (Blaauw, 2010). Sedimenta-

tion rate was calculated from the age-depth model.

2.4. Rock magnetic measurements

Standard techniques were used for sample preparation (Walden,

1999a). Sediment samples were dried in a hot air oven at 35 °C and

gently disaggregated using an agate mortar and a pestle. They were

filled in polythene covers and tightly packed in 8-cc non-magnetic

plastic bottles. Where insufficient quantity of sample was available,

care was taken to position the sample in the centre of the plastic

bottle. A range of magnetic parameters (χlf, χfd, χARM and IRM's at

different field strengths) was determined on the samples using

standard methods (Dearing, 1999; Walden, 1999b; Thompson and

Oldfield, 1986). Magnetic susceptibility at low (0.47 kHz; χlf) and

high (4.7 kHz; χhf) frequencies was determined on a Bartington Sus-

ceptibility Meter (Model MS2B) with a dual-frequency sensor.

Frequency-dependent susceptibility (χfd and χfd %) was calculated

from the difference between the low- and high-frequency suscepti-

bility values (Dearing, 1999).

Anhysteretic Remanent Magnetisation (ARM) was induced in the

samples using a Molspin AF demagnetiser (with an ARM attachment)

set with a peak alternating field (AF) of 100 mT and a DC biasing field

of 0.04 mT. The ARM induced was measured on a Molspin spinner flux-

gate magnetometer and expressed as susceptibility of ARM (χARM) by di-

viding it by the size of the biasing field (0.04mT=31.84 Am−1;Walden,

1999b).

Isothermal Remanent Magnetisation (IRM) was induced in the

samples at different field strengths (20, 60, 100, 300, 500 and

1000 mT) using a Molspin pulse magnetiser. The isothermal rema-

nence induced at 1 T field (the maximum field attainable in the

Environmental Magnetism Laboratory at Mangalore University)

was considered as Saturation Isothermal Remanent Magnetisation

(SIRM). The remanence acquired was measured using the Molspin

spinner fluxgate magnetometer. Inter-parametric ratios like S-ratio,

χARM/χlf, χARM/SIRM and SIRM/χlf were calculated to determine the

magnetic mineralogy and grain size.

Table 2 gives the details of the magnetic parameters and inter-

parametric ratios studied, their units, interpretation and the instru-

ments used (after Thompson and Oldfield, 1986; Maher, 1988;

Oldfield, 1991, 1994, 2007; Oldfield et al., 2010; Snowball, 1991;

Snowball and Thompson, 1990; Dearing et al., 1997).

2.5. Spectral analysis

Spectral analysis of the time series of environmental magnetic pa-

rameters was carried out using the Fortran-based programme REDFIT

3.8 (Schulz and Mudelsee, 2002). The spectra were estimated using

the Lomb–Scargle Fourier Transform for unevenly spaced data, the

Table 1

AMS 14C dates obtained on the organic matter content of bulk sediment samples from Pookot Lake. The 14C dates were calibrated using the code clam (Blaauw, 2010), which runs on the

open source software R (R Development Core Team, 2010), and IntCal09.14C calibration curve (Reimer et al., 2009). Sample PKB3 (depth= 90–91 cm, 14C age= 430± 20 years) of core

PK2 was not considered for the age-depth model as its age is nearly the same as that of the adjoining sample PKB2 (depth = 52–53 cm, 14C age = 420 ± 20 years).

Core ID Sample no. Xi'an Lab ID Depth (cm) δ13C (‰) 14C age (years) Weighted mean of calibrated age (years) Calibrated age (cal. years B.P.) 2-σ

PK1 PKA1 XA3591 44–45 −32.30 ± 0.28 125 ± 20 133.3 269–13

PKA2 XA3567 108–109 −33.97 ± 0.27 399 ± 20 468.1 507–335

PKA3 XA3568 153–154 −32.31 ± 0.39 698 ± 24 650.4 683–567

PKA4 XA3570 194–194.5 −25.95 ± 0.27 2003 ± 28 1952.1 2033–1884

PK2 PKB2 XA2996 52–53 −30.11 ± 0.44 420 ± 20 492.07 514–464

PKB3 XA2997 90–91 −30.41 ± 0.38 430 ± 20 Date not used in age-depth model

PKB4 XA2998 143–144 −31.31 ± 0.35 734 ± 19 676.8 691–663

PKB5 XA2999 193–194 −23.32 ± 0.37 1630 ± 22 1515.4 1595–1418

PKB6 XA3000 214–215 −18.11 ± 0.45 2641 ± 21 2758.1 2777–2743

PKB7 XA3001 235–236 −17.43 ± 0.80 2891 ± 26 3026.37 3142–2946
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Welch overlapped-segment-averaging procedure (four segments with

50% overlap) and linear detrending for each segment. The univariate

spectra were bias-corrected using 1000 Monte-Carlo simulations

(Schulz and Mudelsee, 2002). The oversampling factor (OFAC) was set

at 4.0 and the maximum frequency to analyse (HIFAC) set to Nyquist

frequency (1.0). The cross spectral and phase analysis were carried

out using the software SPECTRUM 2.2 (Schulz and Stattegger, 1997).

3. Results and discussion

3.1. Chronology

The chronology of the two sediment cores is provided by 10 acceler-

ator mass spectrometric (AMS) 14C dates (four for core PK1 and six for

core PK2). The calibrated age range at 95% confidence interval (2-σ)

Fig. 2. Age-depth model for sediment cores PK1 and PK2. The age-depth model was constructed by linear interpolation model using the weighted mean of probability distribution of cal-

ibrated 14C ages by R code of clam (Blaauw, 2010). The sedimentation rate is given for each interval. The 2σ probability range of each calibrated age is shown in black and that of inter-

polated ages in grey. The black line is the best age-depth model drawn through the weighted means of all the calendar ages.

Table 2

Magnetic measurements, their interpretation and instrumentation used in this study.

After Thompson and Oldfield (1986), Maher (1988), Oldfield (1991, 1994, 2007), Dearing et al. (1997), Snowball and Thompson (1990), Snowball (1991) and Oldfield et al. (2010).

Magnetic measurements and their units Instruments used Interpretation of rock magnetic

parameters

Climatic interpretation

Low- and high-frequency magnetic

susceptibility

χlf and χhf (10
−8 m3 kg−1)

Bartington susceptibility metre with

a dual-frequency sensor

Proportional to the concentration of

magnetic minerals

A higher χlf value indicates a higher detrital influx

(high rainfall) from the catchment and vice versa.

Frequency-dependent magnetic

susceptibility

χfd (10
−8 m3 kg−1)

=χlf− χhf

Bartington susceptibility metre with

a dual-frequency sensor

Proportional to the concentration of

superparamagnetic grains

A higher χfd value indicates a higher influx of

pedogenic magnetite (=high rainfall) from the

catchment to the lake-bed and vice versa.

Susceptibility of Anhysteretic Remanent

Magnetization (ARM)

χARM (10−5 m3 kg−1)

Molspin AF-demagnetiser with ARM

attachment and fluxgate

magnetometer

Proportional to the concentration of

magnetic minerals of stable single

domain size range

A higher χARM value indicates a higher influx of

pedogenic magnetite (=high rainfall) from the

catchment to the lake-bed and vice versa.

Isothermal Remanent Magnetisation and

Saturation Isothermal Remanent

Magnetisation (IRM and SIRM)

(10−5 A m2 kg−1)

Molspin pulse magnetizer and

fluxgate magnetometer

Proportional to the concentration of

remanence-carrying magnetic minerals

Higher IRM and SIRM values indicate a higher

detrital influx (high rainfall) from the catchment

and vice versa.

‘Hard’ Isothermal Remanent Magnetisation

HIRM = SIRM–IRM300 mT

(10−5 A m2 kg−1)

Proportional to the concentration of

magnetically ‘hard’ minerals like

haematite and goethite

A higher HIRM value indicates a higher influx of

haematite/goethite to the lake-bed. Higher

haematite content indicates warm and oxidizing

conditions.

χARM/χlf Indicative of magnetic grain size. A

higher ratio indicates a finer grain size

(fine SSD) and vice versa.

Higher ratio values indicate a higher influx of fine

magnetic grains to the lake, and hence a higher

rainfall. Values of χARM/χlf N 40 and χARM/χfd N 1000

are indicative of bacterial magnetite.

χARM/χfd

χARM/SIRM A higher ratio value indicates a finer

magnetic grain size and vice versa.

A higher ratio value indicates a higher influx of

fine magnetic grains to the lake, and hence higher

rainfall. Very low ratio values indicate a coarser

magnetic grain size, indicative of anthropogenic

sources.

SIRM/χlf High ratio values (~70 × 103 A m−1)

are indicative of greigite.

Higher ratio value indicates reducing conditions.

S-ratio = IRM300 mT/SIRM Indicative of the relative proportion of

ferrimagnetic and anti-ferromagnetic

minerals (high ratio = A relatively

higher proportion of magnetite).

Higher ratio indicative of higher influx of softer

magnetic minerals like magnetite/maghemite into

the lake and lower ratio indicative of higher influx of

haematite/goethite to the lake bed. Higher haematite

indicates warm and oxidizing conditions.
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and the weighted mean of the calibrated age range are given in Table 1.

Sample PKB3 (depth = 90–91 cm, 14C age = 430 ± 20 years) of core

PK2 was not considered for the age-depth model as its age is nearly

the same as that of the adjoining sample PKB2 (depth = 52–53 cm,
14C age = 420 ± 20 years). The underlying assumptions in this model

are that the sedimentation rate was uniform between successive 14C-

dated layers, the core-top has a zero age, therewas no loss/compression

of sediments and no bioturbation.

Themaximum 14C age obtained for the two cores is 2891±26 years.

In core PK2, no dates are available beyond 236 cm depth down to the

core-bottom (246 cm). Hence, ages for sediment layers in this segment

of the core were assigned by extrapolation though this may have led to

uncertainties. Similarly, core PK1 does not have any dates beyond

194.5 cm depth. But ages were assigned to sediment layers in this seg-

ment of the core by correlating the peaks in magnetic susceptibility

values of PK1 and PK2. Fig. 3 depicts the χlf vs. calibrated age for cores

PK1 and PK2. In spite of differences in the magnitudes of χlf values,

there is a good overall correlation between the two cores. Correspond-

ing peaks in χlf are discernible in both the cores andmay be used for cor-

relation. Correlatable peaks are shown by broken lines in Fig. 3. A

prominent peak in χlf (148.2 × 10−8 m3 kg−1) is documented in PK1 at

a depth of 222.5 cm, which may be correlated with a peak in PK2 at

2462.2 cal. years B.P. with a χlf value of 89.8 × 10−8 m3 kg−1. Hence,

the age-depth model for PK1 assumed an age of 2462.2 cal. years B.P.

for 222.5 cm depth. Pookot Lake core-top samples were analysed for
210Pb and 137Cs activities to determine the modern sedimentation rate

and thus an accurate chronology for the core-top. No significant 210Pb

and 137Cs activities or peak was detected above the background level.

This is probably because the sample quantity (3–4 g) was not enough

even after combining 4–5 sub-samples from adjacent depths. This may

be due to the possibility that a large fraction of these isotopes may have

decayed, leaving only a small activity to be detected. Hence, an age of

−57 cal. years B.P. was assigned to the core-top (i.e., 0 cm) as the core

was collected in 2007 A.D.

The sedimentation rate is not uniform both within and between the

two cores. It varies from 0.02 cm/year to as high as 0.49 cm/year. The

average sedimentation rate is 0.175 cm/year for PK1 and 0.15 cm/year

for PK2 (Fig. 2). Each 0.5 cm sub-sample of core PK1 represents

2.11 years up to 44 cm depth; however, it represents 2.62 years (44–

108.5 cm), 2.03 years (108.5–153.5 cm), 16.07 years (154–194.5 cm)

and 9.11 years (194.5–225 cm). Similarly, in core PK2, each 1 cm sub-

sample represents 10.36 years up to 52 cm depth; however, it repre-

sents 2.03 years (52–143 cm), 16.77 years (143–193 cm), 59.17 years

(193–214 cm) and 12.78 years (214–246 cm). This variation in sample

resolution may be attributed to changes in the sedimentation rate.

3.2. Source of magnetic minerals in the PK sediments

In order to appreciate the palaeoenvironmental significance of mag-

netic proxies, it is essential to determine their origin which is possible

through the magnetic parameters. Down-core variations of rock mag-

netic parameters for cores PK1 and PK2 are displayed in Fig. 4. The

SIRM/χlf ratio may be used to detect the presence of greigite in sedi-

ments. High SIRM/χlf values (~70× 103Am−1) are indicative of greigite

(Snowball and Thompson, 1990; Snowball, 1991; Oldfield et al., 2010).

But Pookot Lake sediments exhibit values that are less than the one as-

cribed for greigite (Fig. 4a and b). Hence, the possibility of greigite con-

tributing to the magnetic make up of Pookot Lake sediments is ruled

out.

Magnetic minerals are also producedwithin a lake as a result of bac-

terial activity, notably of magnetotactic bacteria. Magnetite produced

thus has stable single domain (SSD) grain size with grain diameter

ranging from 0.02 to 0.1 μm (Oldfield et al., 2010). Hence, the relative

importance of bacterial magnetite in sediments may be evaluated qual-

itatively by χARM and interparametric ratios derived from it (Oldfield

et al., 2010). When bacterial magnetite is present, χARM/χlf and χARM/

χfd exhibit considerably high values, i.e., χARM/χlf N40 and χARM/χfd
N1000 (Oldfield, 1994, 2007) andplot in a distinct envelope in thebiplot

of the two parameters. But Pookot Lake sediment samples exhibit values

that are considerably lower than those prescribed for bacterial magnetite

(Fig. 5). χARM/SIRM has also been used to detect the presence of bacterial

magnetite (Oldfield et al., 2010) with a value of N200 × 10−5 mA−1. A

majority of the Pookot Lake samples exhibit low values (Fig. 6a); a few

do exhibit slightly higher values. But they are for individual samples

scattered throughout the core (Figs. 4a, b and 6) and not being restricted

to a particular depth range. This indicates that there is no sustained con-

tribution from magnetotactic bacteria (Oldfield et al., 2010). A compari-

son of data for PK sediments and catchment soils indicates that χARM/

SIRM ratio values range from 51 to 207 × 10−5 mA−1 (average =

120 × 10−5 mA−1) for catchment soils whereas those of sediment

samples from both the cores range from 2 to 204.5 × 10−5 mA−1

(average = 128 × 10−5 mA−1). However, values of concentration-

dependent parameters, χlf and SIRM, are much higher for catchment

soils when compared to sediments (Fig. 5b). This may be due to the dia-

magnetic effect of sand and organic matter in sediments (Oldfield et al.,

2010). As the magnetic grain size of both the catchment soils and lake

sediments are similar (Figs. 6a and7), it is inferred thatmagneticminerals

are of detrital, but not bacterial, origin.

The magnetic properties of anthropogenic magnetic minerals differ

from those of naturally produced magnetic minerals (Oldfield et al.,

1985) in having a coarse magnetic grain size (MD and PSD; Warrier

et al., 2014a; Shen et al., 2008; Gautam et al., 2004). Magnetic grain

size may be determined semi-quantitatively using the bi-plot of χARM/

SIRM vs. χfd % (Dearing et al., 1997). A majority of the Pookot Lake sed-

iment samples plot in the regions of coarse SSD to SSD/SP transition

range (Fig. 7), indicating a fine magnetic grain size. This indicates that

there is no anthropogenic contribution to the magnetic signal carried

by Pookot Lake sediments, which have a coarse magnetic grain size.

Moreover, the lake is situated well away from industries and pollution

sources. At the present time, the lake is situated in a tropical evergreen

forest that falls under the jurisdiction of the SouthWayanad Forest Divi-

sion. The catchment area of the lake is rather small and without much

Fig. 3.Magnetic susceptibility vs. age diagrams for cores PK2 and PK1. Note: The two cores

are correlatable; the corresponding peaks are joined using broken lines. The radiocarbon

ages obtained are indicatedwith arrowspointing to sediment depths in the cores. The bot-

tommost peak in PK1 (shown using dotted lines) has been assigned an age corresponding

to that of a correlatable peak in PK2.
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human settlement. Hence, it is reasonable to assume that theremay not

have been anthropogenic activities during the past also. The historical

lines of evidence suggest that there was no organised human settle-

ment in the area surrounding the Pookot Lake till the 18th century. A

microscopic examination of sediment samples from Pookot Lake

did not reveal the presence of any charcoal pieces. This indicates

the absence of fire-related activities due to human intervention.

Soils affected by fire bear a distinct rock magnetic signature with low

χARM/χlf and χARM/χfd values (Oldfield and Crowther, 2007). The sam-

ples from Pookot Lake region do not plot in the envelope of fire-

affected samples (Fig. 5). Pollen analysis of Pookot Lake sediments

(Bhattacharyya et al., under review) reveals the dominance of pollen

of high land taxa, mangroves and Poaceae. Pollen grains from agricul-

tural or cultivated plants are not detected. These data indicate that

there were no agricultural activities in the regions surrounding the

Pookot Lake, ruling out any human intervention influencing the detrital

influx to the lake.

Dissolution of magnetic minerals has to be verified before using mag-

netic parameters as a climate/environment proxy. The absence of greigite

and the negligible sulphur content in PK sediments indicate that reducing

conditions necessary for iron oxide dissolution are absent. Hence, dissolu-

tion of magnetic minerals in PK sediments may be ruled out.

There is a proportion of SP grains in PK sediments as indicated by the

high χfd % values (0.2 to 14%; average = 7.7%). The SP grains in PK sed-

iments are derived from catchment soils. There is a high production of

pedogenic magnetite (of SP grain size) in tropical soils as revealed by

many studies (Sandeep et al., 2012; Ananthapadmanabha et al., 2014a,

2014b). This is confirmed by the χfd % values of catchment soils which

vary from 1.7 to 12% (average = 8.8%). These values are in the same

range as those of PK sediments.

The detrital influx may be related to changes in catchment erosion

which, in turn, is related to rainfall. Hence, it may be argued that rainfall

is the most likely driving mechanism behind the variations in the mag-

netic properties of lake sediments.

Fig. 4. Down-core variations of rock magnetic parameters for cores PK1 (a) and PK2 (b). Periods with high rainfall are shadedwith grey. Note the almost similar trends of concentration-

dependent parameters. Low-rainfall periods are characterised by magnetically fine grain size and vice versa. Magnetic mineralogy is predominantly “soft”, but some periods are

characterised by a slightly high proportion of magnetically “hard” minerals. (* = ×10−8 m3 kg−1; ** = ×10−5 A m2 kg−1; # = ×10−5 m A−1).
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3.3. Environmental magnetic record of Pookot Lake sediments

The trends exhibited by the concentration-dependent parameters –

χlf, χfd, χARM and SIRM – are almost similar (Fig. 4a and b). All of them

are strongly correlated with χlf. As IRM values (at 20–500 mT field

strength) also exhibit a trend similar to that of χlf, theywere not plotted.

The χlf curve closely matches that of χfd. The generally high χfd % values

(average=8% andmaximumof 14%) indicate a significant contribution

by magnetite/maghemite of SP size resulting from pedogenic processes

(Maher and Thompson, 1992; Maher and Taylor, 1988).

The Pookot Lake sedimentary χlf record shows episodes of high

and low detrital influx which, in turn, may be related to relatively high

and low precipitation respectively (Fig. 4a and b). As most of the

concentration-dependent magnetic parameters exhibit similar trends,

variations in χlf only are discussed here. During the period ~3100 to

2400 cal. years B.P., χlf exhibits the highest values in the entire core. It de-

creases abruptly from 2400 cal. years B.P. and remains steady but low up

to 1100 cal. years B.P. However, this period was interspersed with peaks

of high χlf. About 1100 cal. years B.P. onwards, χlf values exhibit an overall

increasing trend, but interspersed with periods of low χlf.

TheχARM/SIRM ratio has been used to identify the relative changes in

the magnetic grain size of minerals above the SP/SD threshold

(Thompson and Oldfield, 1986). The χARM/SIRM ratio exhibits a strong

correlation with χlf (r = 0.50). High values of χARM/SIRM are indicative

of a fine magnetic grain size and vice versa (Dearing et al., 1997). The

ratio values indicate that during periods of high intensity of chemical

weathering, the magnetic grain size was fine and vice versa. The χARM/

SIRM ratio values suggest a wide variation in the magnetic grain size

of Pookot Lake sediments (Fig. 7). Samples from periods of low detrital

influx are characterised by magnetically coarse grains whereas those of

high detrital influx periods contain fine grains (Fig. 4a and b). The over-

all decrease/increase in magnetic grain size during high/low rainfall pe-

riods may be due to high/low production of fine grained pedogenic

magnetic minerals due to high/low intensity of chemical weathering

and pedogenesis in the catchment. It has been reported that magneti-

cally coarse (MD) grains are converted into fine (SP and SSD) grains

during pedogenesis in tropical regions (Ananthapadmanabha et al.,

2014b, 2014). Rainfall is one of the important factors which control

this process.

Fig. 5. Bi-plot of χARM/χlf vs. χARM/χfd (Oldfield, 1994; Oldfield and Crowther, 2007) for

Pookot Lake sediment samples. Note: Most of the PK sediment samples plot in the enve-

lope for soils, palaeosols and catchment-derived fine sediments.

Fig. 6. Bi-plot of (a) χARM/SIRM vs. χARM/χlf (logarithmic scale) and (b) χlf vs. SIRM for

Pookot Lake sediment and catchment soil (Sandeep et al., 2012) samples. Note: Most of

the PK sediments and catchment soils exhibit χARM/SIRM values of b200 × 10−5 m A−1.

The magnetic grain size of PK sediments is similar to that of catchment soils. However,

the magnetic mineral concentration is relatively high in the latter.

Fig. 7. Semi-quantitativemagnetic granulometry plot of χARM/SIRM vs. χfd% (after Dearing

et al., 1997; Maher and Taylor, 1988) for Pookot Lake sediment samples and catchment

soils (Sandeep et al., 2012). Note the large variations in the magnetic grain size of Pookot

sediment samples.
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The magnetic mineralogy of Pookot Lake sediments is dominated by

magnetically “soft” minerals as indicated by the high S-ratio values

which range from 0.86 to 1. Although the range of variation in S-ratio

values is small throughout the core, there are slight variations during

the 2400–1000 cal. year B.P. period (average S-ratio value= 0.90) com-

pared to the post-1000 cal. year B.P. period (average S-ratio value =

0.97; Fig. 4a and b).Water saturation alters the redox state of soils, lead-

ing to magnetite formation during periods of enhanced precipitation,

but to haematite formation through oxidative processes (Maher and

Thompson, 1995). Probably, the lake dried up frequently during this pe-

riod, exposing the lake-bed and leading to the formation of haematite

due to oxidation.

3.4. Magneto-climatic interpretation of Pookot Lake sedimentary record

The palaeoenvironmental history of the Pookot Lake region may be

divided into three phases based on the rock magnetic properties of PK

sediments.

Phase 1 (~3100–2500 cal. years B.P.): This period is characterised by

very high detrital influx of to the lake resulting from intense catchment

erosion. This is evident from the high values for concentration-

dependent magnetic parameters (χlf, χARM and SIRM). The high rainfall

caused by intensifiedmonsoonwould have carriedmoremagneticmin-

eral grains to the Pookot Lake. Hence, strong monsoonal conditions

must have prevailed during this period.

Phase 2 (~2400–1000 cal. years B.P.): This period was characterised

by very low detrital influx and catchment erosion as evident from the

low values for concentration-dependent magnetic parameters. This in-

dicates low rainfall during the period except a few brief spells of high

rainfall. The lake would have dried up frequently during this period as

evident from the presence of haematite. Towards the end of this period,

rainfall exhibits an increasing trend.

Phase 3 (~1000 cal. years B.P. to the Present): Detrital influx to the

lake exhibits wide variations during this period. Overall, it shows an in-

creasing trend. Precipitation was overall high when compared to Phase

2. However, it was interspersed with a few low-precipitation intervals.

3.5. Relationship betweenmagnetic susceptibility and total solar irradiance

(TSI)

Fig. 8 presents the Pookot Lake sediment χlf, TSI data based on cos-

mogenic radioisotopes (Steinhilber et al., 2012), and TSI data based on

sunspot numbers (Lean et al., 1995). A visual comparison of the curves

shows that their broad trends are similar. During the Medieval Warm

Period (MWP; 900–1400 AD) when TSI was high, χlf values generally

exhibit an increasing trend, save for the two intervening periods of

solar minima – theWolf Minimum (1282–1342 AD) and the Oört Min-

imum (980–1120 AD) – for which conspicuous decreasing trends in χlf
values are documented (Fig. 8a–c). The Wolf and Oört Minima are not

aligned with the troughs in magnetic susceptibility and there is a slight

offset. This may be attributed to the uncertainties in the age-depth

model.

During the Maunder (1645–1715 AD) and the Spörer (1416–

1534 AD) Minima, which bracket the Little Ice Age (LIA), TSI was

lower by as much as 0.25% (Lean et al., 1995). These periods are

characterised by low χlf values. There was a complete absence of sun-

spots (Fig. 8d) during the Maunder Minimum (Eddy, 1976). The Spörer

Minimum had a much lower TSI compared to the Maunder Minimum.

These characteristics are also mirrored in the χlf values, i.e., much

lower during the SpörerMinimumand slightly higher during theMaun-

der Minimum. In fact, the χlf values during the Little Ice Age are signifi-

cantly low compared to the rest of the core.

The Dalton Minimum (1790–1820 AD) was characterised by low

values of TSI and sunspot number. However, a decrease in χlf values is

not recorded for the same period, but slightly earlier (1750–1780 AD).

Similarly, although a minimum in solar activity is documented around

1900 AD (1880–1900 AD), the corresponding low χlf values are docu-

mented slightly earlier (~1860–1880 AD). From 1900 AD to the Present,

an overall increasing trend in TSI is apparent except for a slight decrease

during 1940–1970 AD. But the χlf values do not increase corresponding-

ly, the overall trend remaining steady.

Spectral analysis for the period −57 to 1100 cal. years B.P. of the

original χlf data yielded periodicities of 469, 209–134, 14.3, 10, 8.5, 8.1

and 7.8 years (Fig. 9a). It is interesting to note that many periodicities

recorded in the χlf time series of Pookot Lake sediments are similar to

those documented in other palaeoclimatic records from the region

and to the solar modulated tree ring Δ14C record of Damon and

Peristykh (2000) (Supplementary Table S1). In order to check whether

these periodicities had a solar origin, cross spectral analysis of χlfwas

attempted with group sunspot number (Hoyt and Schatten, 1997) as

well as with annual (Wolf) sunspot number data. The results showed

a high coherency for several periodicities at 90% significance level

(Fig. 10a and b). Periodicities with high coherency are 91, 37, 24.8,

12.8–11.9, 8.2 and 5.5 years for sunspot numbers. For group sunspot

Fig. 8. Comparison of the Pookot Lake sediment magnetic susceptibility (χlf) of the past 1117 years (a) with: Reconstructed total solar irradiance (TSI) based on cosmogenic radioisotopes

(Steinhilber et al., 2012; given as difference to the value of the PMOD composite during the solar cycle minimum (1365.57 W/m2) of the year 1986 AD) (b), TSI reconstructed based on

sunspot numbers (Lean et al., 1995) (c), and Group sunspot numbers (d). Note the similarities in the broad trends of χlf and TSI curves, with periods of high TSI being associatedwith high

χlf.
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numbers, there was good coherency for the 12.1, 8.1–7.5, 6.7 and

5.9 year periodicities. Agnihotri et al. (2002) carried out spectral

analysis of the reconstructed TSI based on 10Be and 14C (Bard et al.,

2000) as well as annual sunspot numbers (Lean et al., 1995). The

former yielded periodicities of 210, 125 and 91 years and the latter

194, 113, 77 and 53 years. Spectral analysis of TSI data (Steinhilber

et al., 2012; ftp://ftp.ncdc.noaa.gov/pub/data/paleo/climate_forcing/

solar_variability/steinhilber2012.xls accessed on 14/03/2015) yielded

periodicities of 209–197 and 134–129 years (Fig. 9b). Cross spectral

analysis of PK χlf and TSI data (Steinhilber et al., 2012) indicates high co-

herency for the 418, 76 and 65 year periodicities (Fig. 10c). The shorter

periodicities are not recordedmay bebecause of the coarse resolution of

TSI data.

Most of these periodicities appear similar to those modulated by

the Sun (Supplementary Table S1). However, finding similar period-

icities may not suggest a causal relationship between TSI and mag-

netic parameters. Phase analysis indicates that both the parameters

are out of phase, with χlf leading TSI (Fig. 10d). This indicates that

there is no causal relationship between the two, although their

broad trends are similar. Therefore, we wish to suggest that solar

minima and magnetic susceptibility are not aligned at the present

state of knowledge.

3.6. Comparison with other palaeoclimatic records from the region

We compared the environmental magnetic record of Pookot

Lake (PK) sediments (Fig. 11) with other continental and marine

palaeoclimatic records from the region (Fig. 1a) to explore regional

trends of rainfall during the past 3100 years.

A weak monsoon during the Little Ice Age and a strong monsoon

during the Medieval Warm Period documented in the PK sediment re-

cord are also recorded in the organic carbon content of a sediment

core from the eastern Arabian Sea (Agnihotri et al., 2002; Fig. 11a) and

the δ18O of Globigerinoides ruber from a sediment core off Mangalore

coast (Tiwari et al., 2005; Fig. 11b). Both the records show low rainfall

during LIA and high rainfall during MWP. The varve thickness record

from a sediment core off Pakistan (von Rad et al., 1999; Fig. 10c) also ex-

hibits a similar pattern, with an increased runoff from the Indus River

recorded during 1000–700 cal. years B.P. and a decreased runoff during

700–400 cal. years B.P.

A conspicuous peak in rainfall is recorded around 300 cal. years B.P.

(1650 AD) in the PK record (marked as ‘H’). It may correspond to

the high-rainfall period around 1666 AD (ER1) when the Akalagavi

speleothem (Fig. 11d) started growing (Yadava et al., 2004).

Bhattacharyya and Yadav (1999) also documented high ring width for

a tree fromwestern India for the same year. Themagnetic susceptibility

record of TK Lake in southern India also shows high values during

1640 AD, indicating high rainfall during this period (Shankar et al.,

2006). The historically recorded droughts of 1777 AD and 1796 AD doc-

umented in the Akalagavi speleothem (as DR7 and DR8; Yadava et al.,

2004) are seen as a trough in the PK χlf record around

200 cal. years B.P. (1750 AD) (marked as ‘L’).

The Dandak and Gupteshwar speleothems (Yadava and Ramesh,

2005) recorded high rainfall around 600 years B.P. (Fig. 11e and f). Re-

constructed rainfall data using the Gupteshwar and Dandak speleothem

records suggest low rainfall during LIA compared to MWP (Sinha et al.,

2007; Yadava and Ramesh, 1999a, 1999b; Yadava and Ramesh, 2005).

The oxygen isotope profile of a speleothem (S3) from southern

Oman (Fleitmann et al., 2004; Fig. 8g) recorded low rainfall between

1310 AD and 1660 AD. Fleitmann et al. (2004) suggested that the tran-

sition from theMedievalWarm Period to the Little Ice Age occurred ap-

proximately around 1310 AD based on a distinct shift to more positive

δ18O values, coinciding with a significant reduction in rainfall. The low-

est rainfall is recorded between 1450 AD and 1480 AD. The Pookot Lake

record has also documented this with a sharp decrease in magnetic pa-

rameter values around 1400AD (~550 cal. years B.P.). There is no agree-

ment on the duration of LIA; its termination has been placed variously at

1700, 1850 or even 1900 AD (Lamb, 1977). But rainfall exhibits an

increasing trend after 1660 AD and is almost entirely above the long-

term average in Oman (Fleitmann et al., 2004). The PK record shows

an increasing trend of rainfall post-350 cal. years B.P. (1600 AD) and a

constant rainfall post-200 cal. years B.P. (1750 AD). Hence, the Little

Ice Age seems to be short-lived in the region as suggested by

Fleitmann et al. (2004) and may be placed at 1400–1600 AD. The

1600–1750 cal. year B.P. period experienced low rainfall conditions

compared to the present, although it displays an increasing trend.

Hence, the termination of LIA may not be exactly around 1600 AD, but

somewhere between 1600 and 1750 AD. Although there are short inter-

vals of low rainfall after 1750 AD, the overall rainfall is high.

These high- and low-rainfall periods are also documented in the

geochemical record of a sediment core from the southeastern Arabian

Sea (Chauhan et al., 2010; Fig. 11h) off Kerala. The geochemical record

suggests low rainfall around 1000 and 650–450 cal. years B.P. and

high rainfall during 900–650 cal. years B.P. A sudden weakening of the

monsoon around 950 cal. years B.P. is also documented in the PK record

(which is a brief spell of low rainfall during MWP) after which there is

an increasing trend. Post-400 cal. years B.P., an increasing trend in rain-

fall is recorded by all the proxies; this is documented in the PK record

too around the same time (~350 cal. years B.P.).

Fig. 9. Results of spectral analysis for (a) Pookot Lake sediment χlf data corresponding to

the period−57 to 1117 cal. years B.P. (b) Total solar irradiance data (Steinhilber et al.,

2012). REDFIT 3.8 software was used with Welch window and an over-sampling factor

(OFAC) of 4.0. The number of segments that overlap one another by 50% is 4. Prominent

periodicities are marked above the peaks. The solid line indicates the first order auto re-

gressive curve. Short dashed and long dashed lines indicate 90% and 95% false alarm levels

(χ2) respectively.
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Fig. 10. Results of cross spectral analysis. (a) Coherency spectra for annual sunspot numbers (A.D. 1700 to 2007) and χlf; (b) Coherency spectra for group sunspot numbers (A.D. 1610 to

2005) and χlf; (c) Coherency spectra for TSI (Steinhilber et al., 2012) and χlf (for the past 1200 years); (d) Phase analysis of TSI (Steinhilber et al., 2012) and χlf (indicating that χlf leads TSI).

Note: The horizontal broken line indicates 90% significance level. Periodicities are shown above the peaks.

Fig. 11.Comparison of PK sediment χlf record (solid lines indicate data from core PK2 and dotted line data from core PK1)with other palaeoclimatic records from the region. (a) Corg record

from an eastern Arabian Sea sediment core (Agnihotri et al., 2002); (b) δ18O of G. ruber from an eastern Arabian Sea sediment core off Mangalore coast (Tiwari et al., 2005); (c) Varve

thickness of sediments from the NE Arabian Sea off Karachi (von Rad et al., 1999, 2006); (d) δ18O of Akalagavi speleothem (Yadava et al., 2004); (e & f) δ18O of Dandak (thin line— Yadava

and Ramesh, 2005; thick line — Sinha et al., 2007) and Gupteshwar speleothems (Yadava and Ramesh, 2005); (g) δ18O of stalagmites (S3) from Oman (Fleitmann et al., 2004);

(h) Geochemical record (chemical index of alteration) from a southeastern Arabian Sea sediment core (Chauhan et al., 2010); and (i) Sediment χlf record from Thimmannanayakanakere,

Chitradurga, southern India (Shankar et al., 2006).
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During 2400–1100 cal. years B.P., rainfall was steady and relatively

low compared to the Present. An arid phase was recorded by Chauhan

et al. (2010) during 2200–1800 cal. years B.P. and a wet phase subse-

quently up to 1100 cal. years B.P. But in the PK record, this arid phase

is longer and interspersed by a few, high-rainfall intervals. Varve thick-

ness data of von Rad et al. (1999, 2006) indicate precipitation minima

during 2100–1900 and 1900–1400 cal. years B.P. Yadava and Ramesh

(2005) documented an arid phase from 2000 to 1000 cal. years B.P.

with two strong arid stints around 1700 and 2000 cal. years B.P. in the

Gupteshwar speleothem record.

The wet phase documented in the PK record around 2400–

3100 cal. years B.P. is concordant with the humid periods during 3000–

2000 and 4000–2700 cal. years B.P. respectively recorded by Chauhan

et al. (2010) and von Rad et al. (2006). Fleitmann et al. (2003) also docu-

mented a strong monsoon around 3000 cal. years B.P. based on the δ18O

record of a speleothem (Q5) from the Qunf Cave, southern Oman. But a

long drought or weakening of the summer monsoon was documented

in Rajasthan lakes (Lunkaransar and Didwana) between 3600 and

2000 cal. years B.P. (Bryson and Swain, 1981; Swain et al., 1983; Prasad

et al., 1997). According to these records, the wet phase got terminated

around 3500 cal. years B.P. and dry conditions like in the modern times

persisteduntil around2000 cal. years B.P. Chauhanet al. (2010) attributed

this discordance to the archival efficiency of the proxies. As these lakes are

located in a region of extremely high temperature and abysmally low

rainfall, a marginal increase in precipitation may not alter the vegetation

pattern or pollen flux; hence, a record from the southwest continental

margin of India (which receives a much higher rainfall compared to the

former) cannot be compared with a secondary vegetation response

(Chauhan et al., 2010). Sarkar et al. (2000) attributed the aridity to the

large spatial variability of the monsoon over the subcontinent and

suggested that the Sahyadri (theWestern Ghat) did not experience sig-

nificant aridity around 4000 cal. years B.P. The δ18O record of

Gupteshwar speleothem (Yadava and Ramesh, 2005) displays high

rainfall between 3400 and 2900 cal. years B.P., a gradual decrease

subsequently and a comparatively low rainfall between 2900 and

1200 cal. years B.P. Varved sediments also show that the decrease in

rainfall (after 2700 cal. years B.P.) was gradual, with the lowest rainfall

documented around 2000 cal. years B.P. But in the PK record the shift

fromhigh to low rainfall conditions around2400 cal. years B.P. is abrupt.

As Pookot Lake is situated in a high-rainfall region (~4200 mm annual

rainfall) and Rajasthan receives b500 mm annual rainfall, a

comparison of their palaeoclimatic records is not reasonable. As per

the TK lake record (Shankar et al., 2006; Fig. 11i), which is only about

400 km away from PK, dry conditions prevailed up to

1550 cal. years B.P., after which the monsoon began to strengthen and

relatively high rainfall conditions persisted up to ~663 cal. years B.P.

There are dissimilarities in the palaeorainfall records of the two lakes.

Such dissimilarities between the χlf records of the two not-so-distant

lakes point to regional variability of rainfall in the past. This is not sur-

prising when the spatial variability of the modern rainfall is considered

(Parthasarathy et al., 1993). This is because the two lakes experience

entirely different climatic conditions at the present: TK being situated

in a semi-arid area has an average annual rainfall of 638 mm whereas

PK is situated in the Sahyadri (theWesternGhat)with an average annu-

al rainfall of ~4200 mm.

4. Conclusions

Pookot Lake sediments have provided a palaeoenvironmental record

of the region for thepast 3100 cal. years. Pookot is oneof the few lakes in

southern India that have been investigated. Variations in the magnetic

parameters reflect changes in the local environment that are linked

probably to rainfall and/or changes in the water table. The rainfall-

dependent catchment erosion (detrital influx) model may be applied

here to explain the variations in magnetic parameters. The magnetite

in the Pookot Lake sediments is mainly catchment-derived and rainfall

is the most likely dominant driving mechanism behind variations in the

magnetic properties of PK sediments. The detrital influx to the Pookot

Lake, and hence rainfall in the Pookot catchment, has varied significantly

during the past 3100 years. Noteworthy are the following features:

(a) ~3100 to 2500 cal. years B.P.: Detrital influx and catchment erosion

were very high, indicating a strong monsoon (the highest value of χlf in

this section of the cores); (b) 2500 to 1000 cal. years B.P.: Low and steady

rainfall interspersed with brief spells of strongmonsoon as detrital influx

and catchment erosionwere uniform and low; (c) ~1000 cal. years B.P. to

the Present: Therewas high catchment erosion indicating a shift to strong

monsoonal conditions. Although the monsoon was generally strong dur-

ing this period, there were short low-rainfall intervals in between.

The broad trends of total solar irradiance and χlf (=rainfall) are sim-

ilar with periods of high TSI characterised by high rainfall (χlf) and vice

versa. However, smaller variations in TSI and χlf are out of phase which

we are unable to explain with the present state of knowledge although

they may be due to age-depth uncertainties. Rainfall in the region was

relatively low during the Little Ice Age and high during the Medieval

Warm Period. This seems to be the overall trend of rainfall documented

not only by Pookot Lake sediments but by other continental andmarine

palaeoclimatic records from a wider region of the Indian sub-continent.

Rainfall in the region exhibits a number of periodicities with a promi-

nent 10-year period.
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