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Pookot is a small freshwater lake situated in the Sahyadri
(the Western Ghat) of southern India. We used diffuse reflec-
tance spectroscopy (DRS) and magnetic parameters to
characterize the sediment components present in a core
dating back to ~3000 cal. years B.P. DRS data indicate
the presence of CaCQO;, goethite, hematite/goethite, clay
minerals and organic carbon in the lake sediments. Based
on the down-core variations of the four components, and
the values of yr (low-field magnetic susceptibility indica-
tive of detrital magnetite) and DRS parameter redness %,
we reconstructed the paleoenvironmental history of the
region surrounding the lake. The down-core variations of
DRS-determined sediment composition and of data obtained
from independent analyses (CaCQO;, S-ratio, clay % and
Coe %) are similar. The pre-2500 cal. years B.P. period
was characterized by a stronger monsoon compared to the
Present. From 25001000 cal. years B.P, the monsoon
was weak and steady, but interspersed with brief periods
of strong monsoon, whereas from 1000 cal. years B.P. to
the Present, rainfall exhibited a fluctuating trend. Rain-
fall was relatively high during the Medieval Warm Period
(1000-600 cal. years B.P), low during the Little Ice Age
(600-350 cal. years B.P) and from 350 cal. years B.P. to

the Present, it exhibited an increasing trend.

Introduction

A number of proxies and techniques have been applied to extract
palaeoenvironmental information from lacustrine sediments, e.g., par-
ticle size (Conroy et al., 2008; Warrier et al., 2014a), rock magnetics
(Shankar et al., 2006; Frank, 2007; Warrier et al., 2014b), geochemis-
try (Oliveira et al., 2009; Warrier and Shankar, 2009), organic matter
(Meyers and Lallier-Verges, 1999; Chengjun et al., 2010), pollen

(Trivedi and Chauhan, 2008; Lee et al., 2010), oxygen and carbon iso-
topes (Beuning et al., 2003; Leng and Marshall, 2004) etc. However,
diffuse reflectance spectroscopy (DRS) has emerged during the recent
years as a new tool for quantifying the sediment colour rapidly and
effectively. Visible reflectance spectra have been used to identify iron
oxides and oxyhydroxides (Deaton and Balsam, 1991; Jiang et al.,
2014), clay minerals and sediment organic content (Balsam and Dea-
ton, 1991; Balsam et al., 1998). The technique has been successfully
used on marine (Cortina and Herguera, 2014; Dong et al., 2014) and
lake (Ji et al., 2005; Duan et al., 2014; Wei et al., 2014; Fang et al.,
2015; Zhang et al., 2015) sediments to estimate the past climate; on
soil, loess and paleosol deposits to understand pedogenesis (Lyons et
al., 2014; Colombo et al., 2015; Srivastava et al., 2015; Mohanty et
al., 2016), and for characterisation of aerosol particles (Arimoto et al.,
2002). In this study, the first on lacustrine sediments in India using
DRS, we investigate the use of spectrophotometric data to identify
and evaluate components of the Pookot Lake sediments and to deci-
pher past environmental changes.

Diffuse reflectance spectroscopy deals with the analysis of reflec-
tance as a function of the wavelength of light diffusely reflected from
asample’s surface (Balsam and Deaton, 1991). The advantages of this
technique are that it is rapid, sensitive to some minerals, non-destructive
and semi-quantitative. Visible (VIS) spectral reflectance techniques are
especially sensitive to iron oxides and may be used to detect iron-bearing
minerals at concentrations as low as 0.01% (Deaton and Balsam,
1991). The DRS technique is advantageous when compared to stan-
dard methods like XRD and Mossbauer spectroscopy. This is because
the limits of resolution of XRD are higher than the amount of iron
minerals commonly found in soil and sediment (Balsam et al., 2014),
and Mossbauer spectroscopy just gives the ratio of iron species, not
the actual amount. Iron oxide minerals like hematite and goethite are strong
colouring agents and impart a yellowish/red colour to sediments. How-
ever, DRS technique is also sensitive to other components like carbon-
ates, clay minerals and organic matter present in sediments. Therefore,
visible reflectance spectra may be used to identify iron oxide and oxy-
hydroxide minerals (hematite and goethite), clay minerals (illite, mont-
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Materials and methods

Two undisturbed sediment cores (PK1 and
PK2) were collected from the Pookot Lake in
November 2007 by manually pushing PVC
pipes (diameter: 1.5 inches) into the sediment.
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To accommodate a water depth of 6.5 m, two
PVC pipes (of 5m length each and 3.8 cm
diameter) were joined together for the coring
exercise. The resulting cores obtained are
2.4 m and 2.2 m long (PK1 and PK2). This
paper is based on the results obtained for core
PK1 which was sampled at 0.5 cm interval
(approximately 2 to 2.5 gram each).
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Figure 1. Satellite image of the Pookot Lake and surrounding areas (Source: Google Earth).
Locations of sediment cores are shown as PK1 and PK2. Inset map shows the location of the

lake in SW India.

morillonite and chlorite), calcite, and organic content (Balsam and
Deaton, 1991; Deaton and Balsam, 1991; Balsam et al., 1998).

The main objective of this investigation is to reconstruct paleoenvi-
ronmental changes of the Pookot Lake area during the Late Holocene
using the DRS technique. Only a few studies have been carried out on
lake sediments from southern India and there is a dearth of high-reso-
lution palaeoclimatic data for the region. To date, only one southern
Indian lake has been studied for palaeoclimatic information (Shankar
et al., 2006; Warrier and Shankar, 2009; Warrier et al., 2014a). How-
ever, there are thousands of lakes in southern India which may contain
valuable palaeoclimatic information about the region. The present
study aims to fill this lacuna and test the suitability of the DRS tech-
nique as a proxy for palacomonsoons by comparing the results of DRS
analysis with other data such as particle size, organic carbon and envi-
ronmental magnetic data.

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
District, Kerala (1132'30"N; 761'38"E; Fig. 1). The lake has a small
catchment area (~0.74 sq.km) and a maximum water depth of 6.5 m.
The main rock types in the PK catchment are hornblende-biotite
gneiss and charnockite of Late Archaeozoic age (Geological and Min-
eral Map of Kerala, 1995; Soman, 1997). The primary soil type is fer-
ruginous forest loamy soil with a dark reddish brown to black colour
(Kerala Forest Department, 1986). The vegetation in the area is in the
category of western tropical wet evergreen forests of low elevation
(Bonnefille et al., 1999). The region experiences a tropical wet cli-
mate with an average rainfall of 4200 mm per year (India Meteorological
Department, 2008). The relative humidity is on the average between
65 and 80% and the mean annual temperature range is 21-38 °C (Ker-
ala Forest Department, 1986; Chandran, 2003).

spectrometry (AMS) was carried out on the
organic matter of bulk sediment samples from
selected depths at the Xi’an Accelerator Mass
Spectrometer Center, Institute of Earth Envi-
ronment, Chinese Academy of Sciences (CAS),
China. The chronology of the two sediment cores (PK1 and PK2) was
provided by 10 accelerator mass spectrometric (AMS) 'C dates. Four
'C dates are available for core PK1 and six for core PK2. The "C
ages were calibrated using the code clam (Blaauw, 2010), which runs on
open source software ‘R’ (R Development Core Team, 2010) and uses
IntCal09."C calibration curve (Reimer et al., 2009). The age was cal-
culated for every depth (0.5 cm) using a linear interpolation model
with calibrated ages. Further details of chronology and age-depth model
are provided in Sandeep et al. (2015).

Sediment samples were prepared following standard techniques for
magnetic susceptibility measurement (Walden, 1999). Samples were
dried in a hot air oven at 35 °C and gently disaggregated using an
agate mortar and a pestle. They were placed in plastic bags and tightly
packed in 8-cc non-magnetic plastic bottles. Magnetic susceptibility
at low frequency (0.47 kHz; y;r) was determined using a Bartington
Susceptibility Meter with a dual-frequency sensor (Model MS2B).
Isothermal remanent magnetisation (IRM) was induced in the sam-
ples at different field strengths (20, 60, 100, 300, 500 and 1000 mT)
using a Molspin pulse magnetiser. The isothermal remanence induced
at 1T field (the maximum field attainable in the Environmental Mag-
netism Laboratory at Mangalore University) was considered as satu-
ration isothermal remanent magnetisation (SIRM). The remanence
acquired was measured using a Molspin spinner fluxgate magnetome-
ter. Using the remanence measurements, values of S-ratio and HIRM
were calculated. S-ratio is the ratio between IRMs,r and SIRM whereas
HIRM is the difference between SIRM and IRM ... The S-ratio used in
this study is the forward field S-ratio (Kruvier and Passier, 2001; Hes-
lop, 2009) and not the classical back field S-ratio proposed by Stober
and Thompson (1979).

Diffuse reflectance spectroscopic analysis was carried out on 30
representative samples. Sample preparation followed the procedures
described by Balsam and Deaton (1991). The sediment sample was
ground and made into slurry on a glass micro slide with distilled water.
Then it was smoothed and dried slowly at low temperature (< 40 °C)
and analysed on a Perkin-Elmer Lambda 6 spectrophotometer with a
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diffuse reflectance attachment (reflectance sphere) from near ultra
violet (NUV-250-400 nm) through visible (VIS-400-700 nm) to the
near infrared (NIR-700-850 nm) region. The sediment slides were
photographed for visual comparison. The samples were scanned at a
rate of 600 nm/min and % reflectance values were recorded relative to
a white barium sulphate standard at 1 nm intervals. Reflectance data
were processed to obtain percent reflectance in standard colour bands,
i.e., violet =400~450 nm, blue = 450~490 nm, green =490~560 nm, yel-
low = 560~590 nm, orange = 590~630 nm, red = 630~700 nm. Per-
cent reflectance in these colour bands was calculated by dividing the
percentage of reflectance in a colour band by the total reflectance of
the sample in the VIS. Total reflectance, except for scaling, is the
same as L* or optical lightness (Balsam et al., 1999). In this paper
total reflectance of a sample will be refered to as optical lightness.
Data from the spectrophotometer were recorded at 1 nm interval from
250 to 850 nm. To enhance the variability of percent reflectance spectra, the
first derivative (% reflectance per nanometer) at a 10-nm wavelength
interval was calculated. The first derivative curves, calculated as per-
cent per nanometer and plotted at the mid-points of the 10 nm calcula-
tion intervals, are more amenable to interpretation than the untransformed
reflectance spectra. Simultaneous R- and Q-mode factor analysis was
carried out on first-derivative values for all the samples using SPSS v.
16 for Windows. Factor analysis was carried out to extract assem-
blages that can be interpreted in terms of mineral composition. Factors
were extracted using principal component analysis and redistributed using
varimax rotation which was employed to maximise the variance between
the variables.

Organic carbon content was determined for 26 samples. Bulk sedi-
ment samples were dried in a hot air oven at 40 °C and finely ground
and homogenized using an agate mortar and pestle. About 2 g of the
powdered sample was treated with 1N HCI that was added in small
increments until effervescence stopped (Schumacher, 2002). It was
later allowed to react at room temperature overnight to facilitate com-
plete dissolution of carbonates. The sample was then washed 3—4 times
with deionised water and dried in a hot air oven at 100 °C. Weight loss
after the HCI treatment gave the weight of CaCO; or inorganic car-
bon and is expressed as percentage. After the removal of inorganic
carbon, the remaining carbon is organic. The organic carbon in the decar-
bonated samples was determined using a CHNS analyzer (Model:
Elementar Vario EL III; Liying et al., 2009).

Results and discussion

Colour and magnetic susceptibility data

Figure 2 depicts the colour and magnetic susceptibility data (as
bars) of Pookot Lake sediments. A visual observation of the sediment
colour reveals that samples with higher y;; values generally correlate
with darker sediment. Colour variation in sediments is determined by
the relative concentrations of a variety of sediment components
including organic matter, carbonate, clay and iron oxides (Ji et al.,
2005). However, the identification of low concentrations of hematite
is difficult through visual examination because it is sensitive to mask-
ing by other sediment components, especially organic matter (Bal-
sam and Damuth, 2000). In general, high ;¢ values indicate periods of
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Figure 2. Sediment colour of selected samples of Pookot Lake sedi-
ments. Length of the bar indicates the value of magnetic suscepti-
bility. Note: In general, samples with high susceptibility are dark.

high rainfall (Shankar et al., 2006; Balsam et al., 2011 and references
therein; Sandeep et al., 2015). High rainfall leads to a high detrital
influx which, in the study area, leads to a high concentration of detri-
tal magnetite in the samples. Detrital influx may also be related to
changes in catchment erosion which, in turn, is related to rainfall.

Percentage reflectance, percentage redness and
first derivative values

Percentage reflectance of sediments is closely associated with the
presence of light and dark sediment components in samples. The pres-
ence of light components like carbonate and kaolinitic clay increases
the brightness of the sample, thereby enhancing the reflectance. On
the other hand, the presence of dark components like hematite/goethite
or organic matter decreases the brightness and, therefore, the reflec-
tance (Ji et al., 2001). When more than one component is present in a
sample, the net effect of the components determines the reflectance.
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Figure 3. Magnetic susceptibility (), % redness, optical lightness, first derivative values at 435 nm and 565 nm, S-ratio and HIRM values for

selected samples from the Pookot Lake sediment core PK1.

Table 1. Correlation matrix for yj, S-ratio, HIRM, percentage reflectance values (in violet, blue, green, yellow, orange, red), total percentage
reflectance (optical lightness) and I* derivative values at 435 nm (Gt435) and 565 nm (HmS565)

xu: | S-ratio | HIRM |% Violet| % Blue (% Green|% Yellow|% Orange % Red |Optical lightness| Gt435 | Hm565
Yo 1.00
S-ratio 0.11 1.00
HIRM 0.17 | -0.83 1.00
% Violet 0.54 022 | -0.02 1.00
% Blue 0.47 0.26 | —0.05 0.99 1.00
% Green 0.18 0.25 | -0.09 0.66 0.74 1.00
% Yellow -0.37* | -0.21 0.10 | -0.83 | —0.80 | —0.23 1.00
% Orange  |-0.43**| 024 | 0.08 | -0.97 | -0.98 | —0.64 0.89 1.00
% Red —048 | -024 | 0.02 | -0.94 | -0.96 | —0.86 0.61 0.90 1.00
Optical lightness | —0.63 | —0.12 | —0.17 | —0.73 | —0.68 | —0.16 0.77 0.71 0.56 1.00
Gt435 —0.48 | -0.29 | 0.05 -0.77 | -0.74 | —0.18 0.94 0.81 0.56 0.88 1.00
Hm565 -0.39* | -0.29 | 0.05 —0.85 | —0.86 | —0.50 0.87 0.91 0.74 0.84 0.90 1.00

Numbers marked in bold are significant at 1% level, * = 5%, ** =2%.

Down-core variations of percent reflectance, percent redness, and
values of first derivative at 435 nm indicative of goethite (Gt435) and
565 nm indicative of hematite (Hm565) (Deaton and Balsam, 1991),
S-ratio and HIRM are shown in Figure 3. The correlation matrix for
these parameters is given in Table 1. Percentage reflectance exhibits
significant down-core variations from 20 to 82.5%. It shows a nega-
tive correlation with y;; (r = —0.63; p < 0.01; n = 30), suggesting that
periods of high values of y;; were characterised by low values of
reflectance and vice versa. This relationship is also apparent from a
visual examination of sediment colour (Fig. 2).

We calculated the first derivative of percentage reflectance because

most untransformed percentage reflectance curves are almost feature-
less and exhibit few peaks. The first derivative curves exhibit peaks
wherever the rate of change of raw spectral value is high but are flat
when the rate of change is minimal (Balsam and Deaton, 1991). Fig-
ure 4 depicts the first derivative values versus wavelength for Pookot
Lake samples. Peaks are indicative of a variety of components, espe-
cially hematite, goethite, clay minerals, carbonate and organic matter.
Hematite and goethite have distinct peaks in the VIS reflectance spec-
tra (Deaton and Balsam, 1991). The characteristic peak for hematite is
centred at 565 nm, but may range from 555 nm at low concentrations
(weight percent 0.05%) to 575 nm at high concentrations (> 1%).
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Figure 4. First derivative value vs. wavelength for Pookot Lake sed-
iment samples. Note: The peaks are indicative of different mineral
components in the samples.

Goethite has two peaks, one at 535 nm and the other at 435 nm. In
practice, the 435 nm peak is a better indicator of goethite because the
535 nm peak is frequently obscured by hematite (Balsam and Wol-
hart, 1993; Balsam and Damuth, 2000). However, the goethite peak
may also vary slightly, depending on changes in concentration, substi-
tuted metal ions (Torrent and Barron, 2002), and/or matrix (Balsam
and Deaton, 1991). All the PK samples exhibit a major peak at 415
nm and a smaller one at 445 nm indicative of goethite. The peak at
545 nm indicates the presence of hematite in low concentrations. In
addition, three more peaks at 325 nm, 595-625 nm and 685-745 nm
were documented. The one in the near ultra-violet at 325 nm is identi-
fied as clay minerals (montmorillonite and illite). The broad peak
around 595-625 nm (the red end of the spectrum) is probably indica-
tive of organic matter and the broad peak at 685—745 nm suggests
carbonate (Balsam and Deaton, 1991; Balsam and Beeson, 2003).
Magnetic susceptibility exhibits a significant positive correlation
with % violet and % blue but negative correlation with % yellow, %
orange, % red, optical lightness, Gt435 and Hm565. Magnetic suscep-
tibility exhibits negative correlation with % redness (r =—0.48, p <0.01,
n=30) and Hm565 (r =—0.39, p=0.03, n=230). This may be because hae-
matite exhibits relatively low values of magnetic susceptibility compared
to magnetite. Hence, a relative increase in the proportion of haematite
with respect to magnetite/maghemite decreases the ysvalues. It is also
possible that magnetite/maghemite may be oxidized to haematite.
Percent redness varies from 29 to 39% whereas Hm565 values range
from —0.002 to 0.128. Redness of a sediment sample is primarily related
to the iron oxide concentration, especially hematite and goethite (Deaton
and Balsam, 1991; Ji et al., 2001). The presence of hematite and goethite
not only reduces reflectance, but also increases redness. Goethite is
yellowish-brown and hematite dark red. Periods with high y;r values
are characterised by low % redness values and vice versa. It is inter-
esting to note that when the optical lightness values increase, percent-
age redness also increases. There is a positive correlation between
optical lightness and % redness (r = 0.54, p < 0.01. n = 30). If solely
hematite or goethite were present in the samples, the contrary would
have been expected (i.e., a negative relationship) because as the abun-
dance of dark minerals like hematite or goethite increases, reflectance
decreases and vice versa. A positive relationship between them indi-

Episodes Vol. 40, no. 1

51

cates that reflectance and sediment colour are not controlled exclusively by
the hematite/goethite content but also by additional components.

The peaks in optical lightness and Hm565 correspond to troughs in
S-ratio values and vice versa (r =—0.29, p > 0.05, n = 30). The Gt435
values, indicative of goethite, are also negatively correlated with y; (r
=-0.48, p<0.01, n=30), indicating the intimate association between
hematite and goethite in the region. The close association of hematite
with goethite in tropical conditions is well documented (Cornell and
Schwertmann, 1996).

Factor analysis

Factor analysis is generally used to explore multivariate relation-
ships in data sets and to group a large number of associated variables
into a small number of factors. Factor analysis of the first derivative
values of Pookot Lake sediment samples (using Principal Component
Analysis) extracted four factors with eigenvalues greater than one.
The four factors explain 93% of the cumulative variance. The individ-
ual variance explained by Factors 1 to 4 is 63.9%, 19.8%, 6.1% and
3.1% respectively. The factor pattern diagrams (Fig. 5) which plot the
importance of each wavelength (factor loading) through the wave-
length range analyzed was compared to the first-derivative curves for
known minerals and combinations of minerals. The loadings for each
factor describe how each of the sixty variables (first derivative wave-
lengths) contributed to that factor. The higher the value of loading, the
more significant its contribution to a factor is (Balsam and Wolhart,
1993; Balsam and Deaton, 1991). Down-core variations of factor scores
(Fig. 6) indicate temporal variations in the minerals represented by
that factor.

Factor 1

Factor 1 is a positive factor and has the highest loadings from 675
to 845 nm with a maximum value of 0.97. Two small secondary peaks
are centered at 455 and 635 nm. The pattern is similar to that of the
carbonate factor identified by Balsam and Deaton (1991) and Balsam
and Damuth (2000). Hence, this factor is interpreted as the carbonate
factor (Fig. 5a). This interpretation is supported by carbonate data.
Down-core variations of Factor 1 pattern and carbonate percentage
(Fig. 6) are similar despite the fact that the samples used for carbon-
ate analysis and DRS are not from the same depths. For this reason,
the correlation coefficient between the two variables could not be
obtained. There is also a positive correlation (r = 0.44; p = 0.02; n = 30)
between factor 1 and percentage reflectance. The scores for Factor 1
range from —1.16 to 3.87. High positive values are documented for
periods of low yyvalue and high carbonate (= periods of low rainfall).
On the other hand, low negative values are recorded for periods of
high y; value and low carbonate % (= periods of high rainfall). This
factor has a negative correlation coefficient with y; (r = -0.67, p <
0.01, n = 30). It may be noted that carbonate percentage also exhibits
a correlation coefficient of —=0.51 (p <0.01, n=26) with .

Factor 2

Factor 2 is bimodal and also a positive factor. It has the highest
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Figure 5. Factor-pattern curves. Note: The curves (describing how important each wavelength
is in each factor) were derived from analyzing the full spectral data set. This data set encom-
passes 30 samples and, for each sample, there are 60 first derivative values calculated at the
midpoint of the 10-nm sample interval from 250 to 850 nm. A varimax rotation was carried out before
factor extraction and the factors are listed in the order of decreasing variance explained. Four
factors were extracted with eigenvalues greater than one. They are identified as carbonates,
hematite/goethite, clay minerals and organic matter. Those in red are factor-pattern curves for
similar factors identified by Balsam and Damuth (2000) and Damuth and Balsam (2003).

loadings from 385 to 435 nm and 485 to 575
nm. The first-derivative curve for hematite
exhibits a peak at 575 nm and that for goethite
at 535-545 nm and 435 nm (Fig. 5b). When
hematite and goethite occur together, which is
typical in nature, their spectral curves overlap
and reinforce each other (Balsam and Damuth,
2000). The net effect is that the hematite peak
shifts toward shorter wavelengths, broaden-
ing the area under the peak and producing a
shoulder at 525-535 nm (Balsam and Damuth
2000). Hence, Factor 2 is interpreted as the
hematite + goethite factor. This interpretation
is bolstered by the similarity of the shapes of
the Factor 2 pattern curve and the hematite/
goethite factor identified by Damuth and Bal-
sam (2003). The down-core variations of Fac-
tor 2 pattern and S-ratio values also confirm the
interpretation: The trends of Factor 2 pattern
and S-ratio values (which indicate the relative
proportions of magnetically "hard" and "soft"
minerals) are very similar (Fig. 6 where S-ratio is
plotted on a reverse scale for ease of compari-
son), indicating the anti-correlation between
them. As Factor 2 indicates magnetically "hard"
minerals and S-ratio values magnetically "soft"
minerals, the negative correlation between them
is expected (r =—0.31, p = 0.10, n = 30). This
factor also exhibits a negative correlation with
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0 4 8 12 16 1.00 0.95 0.90 0 40 80 120 8 16 24 32
0 1 L Iy e 1 L __A__.. A L .._4‘_\_;;..4 J —

500 4
a
m
) 1000 -
[1:]
)
>
™ ]
S |
P 1500
& ]
<

2000 4

2500 4 ' !

0 80 160 -2 0 2 4 2 0 2 4 6 4 -2 0 2 4
Xyx 10 m*kg™) Factor 1 Factor 2 Factor 3 Factor 4
—e— Factor 1 score —e— Factor 2 score —e— Factor 3 score —s— Factor 4 score
—— xﬂ +— Carbonate % +— S.ratio —+— Clay % +— Organic carbon

Figure 6. Down-core variations of yr and Factor scores. Factors 1, 2, 3, and 4 are interpreted as carbonate, hematite/goethite, and clay and
organic matter contents whose down-core variations are also shown (red lines). Note the close similarity of the trends of factor scores and the
factor-interpreted component obtained by actual analysis. The scale for S-ratio is reversed for interpretational ease.
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wr (r =-0.35, p=0.06, n = 30). Factor 2 scores range from —1.75 to
2.07. High positive values are documented for periods typified by low
wr and low S-ratio values (= periods of low rainfall). Low negative
values are recorded for periods characterized by high y;- and high S-
ratio values (= periods of high rainfall).

Factor 3

Factor 3 is a positive factor with major peaks at 275-305 nm (with
factor loadings of 0.8 to 0.73) and 375-345 nm and a minor one at
455 nm. As the highest loadings are at the violet end of the spectrum,
Factor 3 is identified as clay mineral factor, possibly a combination of
montmorillonite and illite. The Factor 3 pattern curve (Fig. 5c) is sim-
ilar to that reported by Balsam and Deaton (1991) and Damuth and
Balsam (2003) for clay minerals. The peaks in the range 275-305 nm
and 375-345 nm may indicate both montmorillonite and illite whereas
the one at 455 nm matches closely with the illite peak (Damuth and
Balsam, 2003). But an exact match is unlikely as clay minerals exhibit
a wide range in composition (Damuth and Balsam, 2003). This is fur-
ther substantiated by sedimentological data on the same samples (Bhattacha-
ryya et al., 2015) and the similarity of down-core variations of clay
percentage and the Factor 3 pattern curve (Fig. 6). Factor 3 scores
range from —2.23 to 2.42. High positive values are documented for
periods with low yrvalues and high clay percentage (= periods of low
rainfall) and low negative values during periods with high y;; values
and low clay % (= periods of high rainfall). Usually, a high clay con-
tent is indicative of arid and low rainfall conditions (Chen et al., 2004;
Peng et al., 2005; Conroy et al., 2008). The factor has a low negative
correlation with y; (r = —0.15) whereas clay has a more negative ‘r’
value with y¢ (r =-0.71). A possible reason for this difference may be
that lake sediments are a complex mixture of components and the
spectra may not respond to in proportion to a component’s weight
(Balsam and Damuth, 2000). The dominant spectral signal in a factor
may not necessarily be the component with the highest weight con-
centration due to differing spectral strengths (Balsam and Beeson, 2003).

Factor 4

Factor 4 is a positive factor too and has high loadings from 595 to
665 nm (peaking at 655 nm with a maximum factor loading of 0.78).
The Factor 4 pattern curve (Fig. 5d) is similar to that reported by
Damuth and Balsam (2003) for organic matter. Balsam and Deaton
(1991) and Balsam and Wolhart (1993) identified first-derivative val-
ues that increase toward the red end of the spectrum (increased reflec-
tance) and decrease at the violet end (increased absorption), which is
typical of organic matter. The precise pattern produced by organic matter
is a function of its type and concentration (Balsam and Damuth,
2000). Organic matter encompasses a wide variety of materials with
differing spectral characteristics depending on their source and degree
of maturation (Balsam and Beeson, 2003). As noted by Balsam and
Deaton (1996) and Deaton et al. (1996), immature organic matter
(which is not subjected to heat or pressure or intense bacterial action)
has a golden brown colour. As organic matter ages and is subjected to
increasing heat and pressure, it becomes darker and the absorption
band gradually moves across the VIS towards the red end of the spec-
trum. Fully mature organic matter is black and absorbs through the
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entire VIS range. Factor 4 exhibits high first-derivative values at the
red end of the spectrum, suggesting that this factor is the organic mat-
ter factor. This interpretation is corroborated by similar down-core
variations of organic carbon, obtained from a CHN analyser, and Fac-
tor 4 loadings (Fig. 6). The two curves match well, particularly for the
pre- ~1000 cal. years B.P. period. The organic matter content and Fac-
tor 4 loadings exhibit significant down-core variations; there are peri-
ods characterised by high and low organic matter content. Factor 4
scores range from —1.67 to 2.29. There is no correlation between both
i and Factor 4 scores (r =—0.03) or organic carbon and y;;(r = 0.04).
However, there are some periods when high y¢is associated with high
Factor 4 scores and high organic carbon content.

The reason for the negative correlation between reflectance and
susceptibility is the influence of Factor 1, i.e., the carbonate content.
Carbonate is light coloured and hence increases the reflectance when
present, the degree of increase in reflectance depending on carbonate
concentration and the amount of dark minerals. As carbonate content
(Factor 1) was high during periods characterised by low susceptibil-
ity values (= low rainfall) and vice versa, they have an inverse rela-
tion. But hematite content also exhibits a negative correlation with y;.
Therefore, reflectance should increase during periods typified by high
e values (= high rainfall) because of the absence of dark minerals like
hematite/goethite. Factor 2 exhibits a correlation coefficient of only —
0.35 with yr and —0.67 with Factor 1. This suggests that the reflectance
signal of the PK samples is mainly controlled by Factor 1 rather than
Factor 2. This is substantiated by the fact that from 1000 cal. years B.P. to
2500 cal. years B.P. Factor 1 scores (carbonate) are low and Factor 2
(haematite) scores are high. In other words, the reflectance and colour
of Pookot Lake sediments are controlled mainly by the content of
light coloured carbonates and not of dark coloured hematite/goethite.

Factor analysis reveals that colour variations in Pookot Lake sedi-
ment are indeed determined by the relative concentrations of a vari-
ety of sediment components, including organic matter, carbonate, clay
and iron oxides. The results of DRS corroborate the data (carbonate
content, particle size, organic carbon and rock magnetic properties)
obtained from independent analyses, lending strength to the interpre-
tations made in this study. Among the iron oxides, magnetite cannot
be detected using DRS techniques. However, maghemite, which is
dark brown, could be detected as Factor 5 with characteristic peaks at
595 and 665 nm (Damuth and Balsam, 2003). It explains only 1.3% of
the cumulative variance and has an eigenvalue < 1.

Palaeoenvironmental history of the area

Around 2500 cal. years B.P. period

Around 2500 cal. years B.P., yrand S-ratio display high values,
which indicate strong pedogenesis and a high detrital influx of mag-
netite from the Pookot catchment. The presence of magnetically
"soft" minerals is further substantiated by DRS data. Percentage red-
ness and Hm565 values are low with low Factor 2 scores (indicative
of hematite/goethite) for this period. The carbonate content is low,
which is also confirmed by the low Factor 1 scores (indicative of car-
bonate). The clay percentage is low also. These data indicate rela-
tively low rainfall around ~2500 cal. years B.P.
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2500—-1000 cal. years B.P. period

During this period, yrand S-ratio exhibit low values. These charac-
teristics point to a low influx of detrital magnetite to the lake and weak
pedogenesis in the catchment. DRS data also exhibit an increased per-
centage redness and Hm565 values. Clay and carbonate contents are
relatively high, which is substantiated by the high Factor 1 scores.
However, this period is interspersed by short intervals with sharp
peaks in yr and S-ratio values but with decreased values of redness %,
clay and carbonate contents. These data suggest that the period was
characterized by low and steady rainfall, but interspersed with brief
spells of high rainfall.

1000 cal. years B.P. to the Present period

The 1000-600 cal. years B.P. period is characterized by increasing
trends of yrand S-ratio values with a low percentage redness and
Hm565 (—=0.001) values. The clay content is high, although it displays
a slightly decreasing trend. Carbonate content also exhibits a decreas-
ing trend. The 1000—600 cal. years B.P. age bracket is the Medieval
Warm Period (MWP) documented in many paleoclimatic records
(Agnihotri et al., 2002; Brazdil et al., 2005). After the MWP, ¢
values become remarkably low and S-ratio values relatively low, indi-
cating a decreased influx of detrital magnetite and low pedogenesis in
the catchment area. The clay content is high but the carbonate and
organic carbon contents fluctuate. Overall, the rainfall was significantly
lower during 600-350 cal. years B.P., which corresponds to the Little
Ice Age (LIA). After 350 cal. years B.P., rainfall exhibits an increas-
ing trend up to the Present. There is no agreement on the duration of
LIA; its termination has been placed variously at 1700, 1850 or 1900
A.D. (Lamb, 1977). Although LIA is conventionally defined as the
16" to mid-19™ century period when European climate was most strongly
impacted, its timing and the nature of climatic fluctuations are highly
variable from region to region and not synchronous globally (Mann,
2002). The Little Ice Age seems to be short-lived in the region as sug-
gested by Fleitmann et al. (2004) and may be placed in the age bracket
1400-1600 A.D. (550-350 cal. years B.P.). But the period 1600—1750
A.D. (350200 cal. years B.P.) experienced rainfall conditions weaker
than the present, although it displays an increasing trend. Hence, the
termination of LIA may not be exactly around 1600 A.D. (350 cal.
years B.P.), but somewhere between 1600 and 1750 A.D. (350-200 cal.
years B.P.).

Conclusions

In this study, we have highlighted the use of diffuse reflectance
spectroscopic parameters to identify different components of lake
sediments. The four dominant components of Pookot Lake sediments
are carbonate, hematite/goethite, organic carbon and clay minerals.
The components identified based on DRS techniques are independently
validated by data obtained from other analyses. Based on down-core
variations of the four components and y;rvalues (indicative of detrital
magnetite), the paleoenvironmental history of the Pookot Lake catch-
ment is reconstructed. Around 2500 cal. years B.P. the monsoon was
strong compared to the Present. During 2500-1000 cal. years B.P., the

monsoon was weak and steady, but interspersed with short spells of
high rainfall. During 1000 cal. years B.P. to the Present, rainfall
exhibits fluctuating trends. Rainfall was relatively high during the
Medieval Warm Period (1000—600 cal. years B.P.) and low during the
Little Ice Age (600-350 cal. years B.P.). From 350 cal. years B.P. to
the Present, rainfall exhibits an increasing trend.
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