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ARTICLE INFO ABSTRACT

Long-term data on flooding events are necessary for understanding the flood frequency and magnitude varia-
tions, but the available instrumental records span only a few decades. Recently, lake sediment sequences have
emerged as a relatively untapped archive for high-magnitude floods over longer timescales. In the present study,
multi-proxy data from a lacustrine sequence at Timbi in the Dhadhar river basin were analysed to determine high
magnitude floods in this semi-arid region of western India in response to southwest monsoon variability. The
results indicate the occurrence of discreet high magnitude flood events and depositional phases corresponding to
different climatic conditions during the mid to late Holocene. Three large flash floods between 4830 and
2730 cal yr B.P. (Phase-I) have been identified as coeval with flood events from fluvial archives and correlated to
the widespread period of aridity and weak monsoon recorded in the lakes of north western India. A shift in the
depositional environment from fluvial to lacustrine occurred around 2730 cal yr B.P. as inferred from an abrupt
change in the sediment character and palynofacies caused by high intensity flash floods and high sediment
influx. Phase II (2730-1730 cal yr B.P.) was marked by periodic erosion and deposition in the catchment and
sediment influx during pulses of higher precipitation as evident in the dominance of Glomus sp. and Alternaria
sp., and relatively low values in concentration-related magnetic parameters and S-Ratio. A high magnitude flood
event occurred at 1770 cal yr B.P. towards the end of phase II. During phase III (1730-880 cal yr B.P.) the
monsoon was enhanced and climate was warmer as suggested by low xfd%, SIRM/, S-Ratio, higher Ba/Sr ratio
and presence of aquatic palynomorphs. A high percentage of structured Organic Matter (OM), low fungal re-
mains and increased Ba/Sr ratios between 880 and 360 cal yr B.P. indicate higher lake waters and better
monsoon condition during phase IV. The phase V (360-0 cal yr B.P.) corresponds to lake level lowering, soil
formation and eutrophication. The Timbi lake sediments demonstrate the potential for lakes in semi-arid alluvial
plains of western India to preserve proxy flood records providing additional archives for generating long-term
datasets. The flood record generated substantiates palaeoflood data from the fluvial archive suggestive of re-
gional-scale southwest monsoon variability. Low frequency-high magnitude floods occurred during arid periods
and low magnitude-high frequency events during relatively strengthened monsoon and thus have implication for
linking the palaeoflood events to the southwest monsoon intensity in the semi-arid continental regions.
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1. Introduction

Floods are the most common natural hazards that cause widespread
destruction, necessitating a comprehensive understanding about their
future trends. Long-duration datasets of flood occurrence are necessary
to study the flood frequency and magnitude variations. However, the
instrumental data available are very short. Therefore, information on
past floods are derived from archives such as slack water sediments,
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coarse clasts, erosional landforms and high-water marks along bedrock
channels (Baker, 1987). In alluvial regions the highest magnitude floods
are captured as discrete layers of silt and sand in overbank sequences
and are preserved in incised, abandoned channels and flood basins
(Sridhar, 2007a; Jones et al., 2012; Leigh, 2018). Lakes also form
promising repositories for clastic material eroded from catchment
slopes and floodplains (Oldfield, 2005) and hence lacustrine sequences
have been increasingly studied during the last two decades as recorders
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of past floods (Wilhelm et al., 2012). Floods erode and transport large
amounts of material from the lake catchment and generate the sedi-
ment-laden flows that deposit the mostly detrital material forming flood
layers (Wilhelm et al., 2015). Such layers are preserved in undisturbed
areas of the lake and stacked in sediment sequences, providing a great
potential to reconstruct long and continuous flood series which may be
missed in a fluvial sequence (Gilli et al., 2013). Across the globe, high-
resolution lake sediment palaeoflood records have been generated in
the last two decades based on multi proxy analysis of sediment layers in
upper river catchments (Bge et al., 2006; Page et al., 2010; Wilhelm
et al., 2012; Wirth et al., 2013; Schlolaut et al., 2014; Bird et al., 2016)
as well as lower river reaches (Li et al., 2013; Reinwarth et al., 2013;
Toonen et al., 2015; Munoz et al., 2018) but none from the Indian
subcontinent.

In India, the lacustrine records have been investigated to address the
climatic variations resulting in the spells of dry, wet, cold, and warm
conditions over the subcontinent during the Holocene using pollens,
phytoliths, oxygen isotope ratios and mineral magnetics (Enzel et al.,
1999; Basavaiah et al., 2004; Phartiyal et al., 2005; Achyuthan et al.,
2007; Nair et al., 2010; Dixit et al., 2014; Prasad et al., 2014a; Prasad
et al., 2014b; Mishra et al., 2015; Raj et al., 2015). However, lake se-
diment records also preserve signatures of river floods at an event scale
and can be interpreted in terms of abrupt change in deposition en-
vironments (Bronstert, 2003), which is the focus of the present study.

The river hydrology and flooding in the semi-arid alluvial plains of
western India are governed by the southwest monsoon variability
(Sridhar and Chamyal, 2018). These alluvial archives and slack water
deposits in particular, have been extensively explored in the river ba-
sins for reconstruction of Holocene flooding history and climatic
variability (Ely et al., 1996; Kale, 1999; Kale et al., 2003; Sridhar,
2007a, 2007b; Sridhar et al., 2014, 2015, 2016) but the records are
fragmentary. The climatic and tectonic changes during the late Pleis-
tocene-Holocene time period led to avulsion in the rivers forming pa-
laeochannels, lakes and ponds (Raj, 2004; Juyal et al., 2006). These
features in turn have provided archives for palaeoflood studies since the
flood events are discernible as layers of detrital material within the
authigenic lacustrine sediments (Wirth et al., 2013).

The primary objective of this study was to demarcate the layers of
past flood events within the sediment archive in a lake basin in the
alluvial plains of western India. Data on palynofacies, grain size, mi-
neral magnetics, major elements and chronology were generated on the
lacustrine sediment succession as proxy records of flood history span-
ning the past 5000 years. The multiproxy measurements showed a
strong relationship with the sediment stratigraphy and are expected to
enrich dataset of flood events in a sediment sequence from Indian lakes.
Additionally, the role of southwest (SW) monsoon variability in the
occurrence of flood events in the semiarid alluvial plains during the late
Holocene was assessed.

2. Regional setting and the study site

The semi-arid plains of western India, more commonly known as the
Gujarat Alluvial Plains, form the central part of the Gujarat State,
western India. The plains extend for ~33,000 sq. km, fringing the Thar
Desert margin to the North, the Eastern Hill ranges to the east, the
Arabian Sea to the west and Sahyadris to the south (Fig. 1). These plains
have formed owing to extensive sedimentation during the Pleistocene
and are drained by numerous west flowing rivers such as the Sabarmati,
Mahi, Dhadhar, Narmada and Tapi (Merh and Chamyal, 1997). The
river valleys were formed during the early-Holocene enhanced mon-
soon conditions (Gupta et al., 1999). Since then, the factors of phy-
siography, lithology, tectonics and climate have controlled the geo-
morphology of these river basins. Maurya et al. (2000) have described
three lateral surfaces viz. the valley-fill terraces, the ravine surface and
the alluvial plain surface which form the geomorphic ensemble in the
region. The Dhadhar River originates from the Pavagarh hill (Fig. 1B),
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flows through the alluvial plains and merges into the Arabian Sea. The
upland reach of the basin comprises the metamorphic rocks of Cham-
paner Group belonging to the Aravalli Supergroup (Fig. 1B). Deccan
Trap Basalts occur at the subsurface and are seen exposed as isolated
hills. The alluvial and estuarine part of the basin occupies a part of the
Cambay graben (Mathur et al., 1968) and comprises a basaltic base-
ment overlain by thick (up to 500 m) Quaternary sediment sequences.
The Dhadhar River has incised these sediments forming ravines
(Fig. 1C) and the upper 18-20 m is seen exposed along the channel (Raj,
2004). A good number of lakes/ponds occurring in the alluvial plains
(Fig. 1C) show thick fluvial record overlain by laminated lacustrine
clays (Raj, 2004).

The Timbi lake is located in the Dhadhar River Basin (22°19’ N;
73°17’ E), has an area of ~3.5 sq. km and a catchment of about 15 sq.
km (Fig. 1D). The lake is situated within the alluvial plain area and has
a catchment in the pediment zone comprising thin veneer of Quaternary
deposits and the sediment input is mainly from the Precambrian rocks
of Champaner group and the Deccan volcanic basalts exposed to the
east and northeast of the lake.

The lake is in the semi-arid climatic region of western India within
the Core Monsoon Zone (CMZ) (inset Fig. 1). The climate of the region
is sub-tropical with moderate humidity and average annual rainfall of
930 mm, but infrequent torrential rains cause flooding in the river. The
land use in the catchment area of the lake is primarily agriculture
barring the ravine areas seen as open scrubs.

2.1. Lithostratigraphy

The study is based on the observations and analysis of the sediment
succession exposed by trenching at the fringe of the Timbi Lake
(Fig. 1B). Continuous sampling was done from the section (4.2 m) in the
lakebed at the inflow end so that maximum number of sediment pulses
in the lake can be picked. A total of 42 sediment samples were collected
from the main sequence at 5 cm resolution (BK 3 - BK 44), 4 samples
from the weathered bedrock at 30 cm interval (BK 45 - BK 48) and 6
samples from the topsoil horizon at 20 cm interval (BK 2 -BK 1d).

The sediment succession of the Timbi Lake comprises five zones as
classified based on the physical and stratigraphic character of the se-
diments (Fig. 2A). The topmost zone (zone V; 0-90 cm depth; BK 1d —
BK 2) comprises pedogenised organic rich sediments, predominantly
clay and silt (~40% each; Figs. 2A and 3). The underlying zone IV
(90-185 cm; BK 3 - BK 21) is 95 cm thick and shows a significant in-
crease in the sand (upto 70%), a decrease in clay (20%) and massive silt
(10%) contents as compared to zone V (Figs. 2B and 3). Zone III
(185-265 cm; BK 22 - BK 36), 80 cm thick comprises laminated inter-
calated silt and clayey silt horizons (Fig. 2A, C). A decrease in the sand
content (~55%) and increase in the clay and silt content (20-25%) than
zone IV is observed (Fig. 3). Six events of silt deposition can be de-
marcated, each followed by a thin (about 2 cm) organic rich clay layers.
Zone II (265-305 cm; BK 37-BK 44) is distinctively different in char-
acter from the overlying zones. The sediments are loose, coarse and
show planar cross stratifications (Fig. 2). The sediment grain size is
predominantly coarse sand to fine gravel size with low content of silt
(< 5%; Fig. 3). The bottom most zone I (305-425 cm depth; BK 45 - BK
48) comprises highly weathered basalt. The contact between the zone I
and II is an erosional one, very sharp and distinct (Fig. 2B).

3. Analytical methods

Data on sediment grain size, palynofacies, major element con-
centration and mineral magnetic properties were generated to de-
marcate the flood events and to infer the palaeoenvironmental changes
the area has undergone during the late Holocene.
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Fig. 1. A. Map showing the location of the study area, major physiographic features, climatic zones and isohyets in Gujarat. The box marked represents the area of
Fig. 1B. Inset picture shows the core monsoon zone (CMZ) in India. B. 30 m DEM of the region around the Timbi Lake showing the general topographic features and
the major rivers. C. Drainage of the Dhadhar River basin with marked geomorphic zones and major ponds/lakes (Raj, 2004). D. Google earth image of the Timbi Lake
showing the present-day set-up and land use pattern. The artificial bund was built in the year 1952-1953 for irrigating the wide spread agricultural land.

3.1. Grain size analysis

To analyse the grain size distributions 48 sediment samples (BK 1d -
BK 44) were pre-treated with hydrogen peroxide to eliminate Organic
Matter (OM) and then oven dried at the Department of Geology, The M.
S. University of Baroda, India. Around 100 g of sample was taken and
subjected to sieving as per the standard procedure (Folk, 1968). The
various size fractions obtained were weighed. The fraction < 63 pm
was further treated with sodium hexametaphosphate solution overnight
for deflocculation. The silt - clay fraction was analysed using Sedigraph
and results noted (Fig. 3). The data were processed using Gradistat
software for statistical parameters (Blott and Pye, 2001) of mean size,
sorting, skewness and kurtosis (Fig. 3).

3.2. Palynofacies analysis

Palynofacies has been defined as a set of distinctive assemblages of
various types of sedimentary organic matter (SOM) derived from sedi-
ments after the dissolution of carbonate and silicates (Combaz, 1964;
Powell et al., 1990; Traverse, 1994; Tyson, 1995). The study of the
palynofacies gained importance with an approach to define pa-
laeoenvironmental reconstructions in the field of palynology to estab-
lish depositional settings (Pocknall and Beggs, 1990; Roncaglia, 2004;
Sebag et al., 2006). Palynofacies has now been identified as a robust
proxy for multi-dimensional studies like climate change, hydrodynamic
conditions, oxic-anoxic environments, runoff related processes,

proximal-distal trends, palaeoenvironments and archaeological studies,
both in continental and marine records (Tyson and Follows, 2000;
Hoaen, 2000; Closas et al., 2005; Zobaa et al., 2011; Carvalho et al.,
2013; Mueller et al., 2014; Aggarwal et al., 2017). Initially the paly-
nofacies approach was developed for pre-Quaternary studies due to
their importance to petroleum exploration (Traverse, 1994; Tyson,
1995) for kerogen characterization. However, in recent few decades the
application of palynofacies has broadened and now it has become a
major proxy for Quaternary depositional environments (Roncaglia,
2004; Sebag et al., 2006; Thakur et al., 2019).

The major focus in the palynofacies study is the quantitative char-
acterization of various phytoclasts, palynomorphs, zoomorphs, algal/
fungal remains and amorphous OM (AOM) to establish the hydro-
graphic regime and process driven changes in the study area. The de-
tails of the palynofacies components recorded in the present study are
given in Appendix 1. The phytoclasts includes brown degraded OM, i.e.
partially degraded plant remains; structured organic matter such as
cuticles, wood and tracheid (Traverse, 1994; Tyson, 1995; Batten,
1996; Roncaglia, 2004); opaque phytoclasts, i.e. black debris that refers
to oxidized brownish — black to black woody tissues, including char-
coal. The palynomorphs comprises of various microfossils like pollen/
spore and dinocysts while the zoomorphs encompasses animal vestiges
and shell carapaces; the AOM is used to define particulate OM that lacks
a distinct shape, outline and structure (Tyson, 1995; Atta-Peters et al.,
2013). The non-pollen palynomorphs (NPP) in the palynofacies include
fungal and algal remains (Appendix 1).
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Fig. 2. A. Litholog of the sediment sequence revealing five distinct zones. B. A close view of the section with chronology. C. Photograph showing the sharp contact
between coarse sand zone II and the fine sand zone III. D. Photograph showing the sharp contact between the zone IV and soil horizon V.

48 samples (BK 1d - BK 44) barring the four samples from the
weathered basalt zone were analysed for palynofacies. The samples
were treated with HCl (10%) and HF (40%) to dissolve carbonates and
silicates. To analyse the entire OM and ensure no alteration of OM
preserved during chemical processing, use of oxidizing reagents (KOH
and HNO3) was avoided. The samples were sieved using 500 mesh
(~25 pm) and dispersed on glass slides using two drops 3% polyvinyl
alcohol (PVA) and finally mounted with Canada Balsam. After the slides
were prepared and dried, these were scanned under the transmitted
light microscope Olympus BH2 (20 x and 40 x) and 300-500 palyno-
facies components were counted and the photography was done on
DP25 camera. The palynofacies data obtained on sediment samples was
transformed into relative percentage based on the abundance and
predominance of the particulate OM. Further, the data were subjected
to Tilia 1.7 software for constrained CONISS cluster analysis (Fig. 4)
given by Grimm (1987, 1990). The important palynofacies are re-
presented in Fig. 5. The analyses were performed at the Birbal Sahani
Institute of Palaeosciences, Lucknow, India.

3.3. Mineral magnetic measurement

Mineral magnetic properties of sediments have been used as proxy
to decipher palaeoenvironments and climate change. Magnetic

measurements have also been applied to flood records wherein the
minerogenic flood layers are seen to possess high content of magnetic
minerals. Magnetic minerals in the natural environment are highly
sensitive to changes in environmental conditions. They are therefore
extremely useful palaeoenvironmental and palaeoclimatic indicators
(Thompson and Oldfield, 1986; Basavaiah, 2011). In the present work,
the bulk magnetic properties such as Magnetic Susceptibility (y), An-
hysteretic Remanent Magnetization (ARM) and Isothermal Remanent
Magnetization (IRM) of lacustrine sequences were studied with an aim
to apply such information to flood records wherein the minerogenic
flood layers are seen to possess high content of magnetic minerals.

A total of 48 samples (BK 1 - BK 48) were subjected for room
temperature magnetic measurements at the Environmental Magnetism
Laboratory, Indian Institute of Geomagnetism, Navi Mumbai. The
samples were normalized for differences in density by dividing by each
sample's dry weight. The description of the parameters measured, and
their possible inferences are given in Appendix 2. Mass-specific y was
measured using a MFK1-FA Kappabridge at low frequency (976 Hz) and
high frequency (15,616 Hz). Frequency-dependent susceptibility (yfd
%) was determined by the difference between the high and the low
frequency measurements as a percentage of ¢ at low frequency, ARM
and IRM were measured on a Molspin magnetometer. Peak induction
for ARM was 100mT, with a D.C. bias of 0.05mT using ASC Scientific D-
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Explanation of Plate |
1-4: Structured organic matter; 5, 12-14: Alternaria sp.; 6: Degraded brown organic matter; 7-11: Glomus

sp.; 15-17: Acaciasp. ; 20-22: Botryococcus alga; 23: Amorphous organic matter (AOM);
24: Filamentous algae; 25-27: Thecamoebians, 28-31: Spore; 32: Scolecodont

Fig. 5. Plate with photomicrographs of the significant palynomorphs.



A. Sridhar, et al.

Palaeogeography, Palaeoclimatology, Palaeoecology 542 (2020) 109581

f\QeBP Depth cgb 2(10'm’kg")  ARM(10°Am’kg") SIRM(10°Am’kg") xfd%  ARM/SIRM (10°) SIRM/y (kAm") Soft IRM (10°Am’kg") HIRM (10°Am’kg") S-Ratio
calyr 7 ] T 7 7 7 7 7 7
. Zone-V
1005 | 1 i i iy i 1 1 Zone-IVb
150 . . - e - . . .
Zone IVa
1730 5§ 200 b b i =1 el b 1 3
Zone Il
2730 8 2504 b E 5 = g . g -
3004 i | | | | | | | Zone-l|
4835 &
350 7 G q q e 9 - B Zone-|
400 S - o 9 B - - =
A B C D E F G H I
450 T T T T T T T T T T T T T T T T T | T T T T T T 1
0 1 2 3 40 2 40 100 2003000 1 2 306 16 26 6 7 8 950 150 25010 30 50 0.7 038

0.9

Fig. 6. A-I. Plots showing variations in the mineral magnetic parameters (x, ARM, SIRM, xfd%, ARM/SIRM, SIRM/y, Soft IRM, HIRM and S-ratio). The colour zones

across the plots demarcate the depositional zones I-V.

2000 AF demagnetizer. Initial IRM was imparted with Molspin impulse
magnetometer in the 1 T forward field and is termed as Saturation IRM
(SIRM). Opposite (back) IRM was imparted in 0.03, 0.06, 0.1 and 0.3 T
field (Thompson and Oldfield, 1986; Basavaiah, 2011). Magnetic sus-
ceptibility is mainly a measure of magnetite concentration, when
magnetite is present. Therefore, the IRM and ARM results were divided
by  in order to obtain a measure of magnetic characteristics that are
independent of magnetite concentrations, such as magnetic grain size
and mineralogy. The magnetic grain size effect is seen in the ARM/y
and SIRM/y as higher values with greater amounts of fine magnetic
material. SIRM and back-IRM distinguishes high-coercivity magnetic
minerals, such as hematite from low-coercivity magnetic minerals, such
as magnetite and Ti-magnetite. Derived magnetic parameters from the
measurements include HIRM (=SIRM-IRM.g 51) and Soft IRM (= SIRM-
IRM g g21), which indicate the amount of hematite, Ti-magnetite and
magnetite in the sample respectively. The S-Ratio (King and Channell,
1991; Basavaiah and Khadkikar, 2004) was calculated from the SIRM
and back-IRM results: S-Ratio = IRM_g 31/SIRM (1 if no hematite; < 1 if
hematite present). The results of the analysis are plotted in Fig. 6 cor-
responding to five lithostratigraphic and pollen zones (I-V). Visual in-
terpretation and mineral magnetic investigations suggested these sub-
divisions based on the composition of magnetic minerals (Soft IRM,
HIRM and S-Ratio) and magnetic grain size characteristics (ARM/SIRM
and SIRM/7) (Fig. 6). The significance of these parameters in inferring
the palaeoenvironments is summarised in Appendix 2.

3.4. Analysis of elemental concentration

Elements like Si, Al, Fe, K, and Ti have high concentration in the
detrital sediments and therefore used to identify detrital layers in the
lacustrine archive (Revel-Rolland et al., 2005). Elemental analysis was
done for 24 representative samples for which about 1 g of the powdery
material (< 63 pum fraction) of the crushed samples in a mortar was
placed into a small circular cup, sealed by a polypropylene membrane.
Each time, 12 samples were placed in a sample tray and subjected to X-
ray fluorescence (XRF) analysis using the SPECTRO XPOS at the en-
vironmental magnetism laboratory, Indian Institute of Geomagnetism,
Navi Mumbai. The range of elements that can be measured is from
sodium (Na) to uranium (U). The spectra of samples were evaluated
using the supplied ‘Turboquant’ program, and eleven elements namely
Si, Ti, Zn, Al Fe, Zr, Sr, Ca, K, Na and Ba were determined for this study
(Fig. 7). The accuracy of measurements was checked by GBW-07401
Geochemical Standard Reference Soil Sample and the precision was
better than 2%.

3.5. Radiocarbon chronology

Six bulk organic carbon sediment samples were identified for ac-
celerator mass spectrometry (AMS) '*C dating of which five were
analysed at the Beta Analytic Testing Laboratory in USA and one at the
Physical Research Laboratory, Ahmedabad, India. Bulk sediments were
chosen for AMS dating as macrofossils are found not only in very few
horizons but also in a meagre quantity. Since the sediments are also
derived predominantly from the lake catchment with terrestrial plant
remains, it may lead to younger ages (Oswald et al., 2005).The organic
fraction from the bulk sample that remains after sieving the sediment
to < 180 pum to remove any roots or macrofossils and then acid washed
to remove carbonates of the sample was dated. The AMS Radiocarbon
14C ages were calibrated in OxCal v.4.2 package (Bronk Ramsey, 2001)
with the standard IntCal 13 calibration curve (Reimer et al., 2013) and
referred as calibrated years B.P. (cal yr B.P.) in a range of = 10 years
(Table 1). An age-depth model was produced using the Poisson process
depositional model which is highly tangible for non-uniform deposi-
tional rate and proves to be more realistic in simulating the depositional
history (Bronk Ramsey, 2008).

Six AMS radiocarbon dates obtained on the sediment succession of
the Timbi Lake are 4240 = 30 yr BP, 2580 = 30 yr BP,3010 = 30yr
BP, 3190 + 30 yr BP, 3418 = 34 yr BP and 250 * 30 yr BP at
280-295, 260-265, 210-235, 190-195, 120-135 and 80-90 cm depth
respectively (Fig. 2, Table 1). Older dates within the sediment sequence
at the depth of 210-235, 190-195, 120-135 cm are observed. These
horizons represent the reworked sediments from the catchment with
older carbon depleted in 14C and have been excluded from the age-
depth model. The age inversion in the Timbi Lake is attributed to epi-
sodic sediment focusing events that reworked the older material from
the catchment during high discharge floods and deposited in the lake.
The systematic inversion of the ages observed in zone III and IV within
organic and inorganic sediment layers suggests a mechanism of sedi-
ment deposition wherein both erosion and deposition occur simulta-
neously (Brown et al., 2002). Bierman et al. (1997) suggest that
scouring and erosion of sediments from the lake margins and sub-
sequent redeposition would lead to the inversion of ages. Extrapolation
of ages was done based on age-depth model (Fig. 8; Table 1) with
lighter and darker shades indicating 95% and 68% probability ranges
respectively (Reimer et al., 2013; Bronk Ramsey, 2017).

4. Results and interpretations

Based on the interpretation of the multiple proxies, the sediment
succession at the Timbi Lake was divided into five zones of sediment



A. Sridhar, et al.

Palaeogeography, Palaeoclimatology, Palaeoecology 542 (2020) 109581

si% Ti% n% A% Fe% %
Age 0 20 40 0 05 1 0 0.005 0.01 0 5 10 0 5 0 0.05
cal yr BP +— 50 +4—m—t — 1 50 4—1 1 50 L 1 50 1 50 1
Zone V
360 & < » b d A .
L 100 - 100 100 4 100 4 100 Zone |V
4 4
i <: 150 4 é 150 3 150 4 3 150 A % 1501 } Zone IV
1730 § . . 4 . = £300
- $ 5201 §200 % S 200 4 g 52007 = Zone Il
- rF £ -
$: Ewlf % £ Yo
: ‘; & 250 8 250 8 250 8 250 A 8
2730 4 v
1 300 A 300 A 300 1 300 300 - Zone |l
4835
1 350 350 A 350 - 350 350 1 Zone |
4 <
C D E F
1A 400 - 8 400 - 400 - 400 - 400 -
Sr% Cca% K% Na% Ba% Ba/Sr
Age 0 002 004 ¢ 5 10 0 0.5 il 0.1 0.6 0 0.02 0.04 1 3 5
[ SR “S— | [ I 1 = J
cal yr BP 50 4——t——1 50 50 50 L 150
Zone V
360 ) 100 4 100 3 1004 > 10074 3 100
tz ; } Zone IVb
g 1 150 - 150 150 A 150 4
4 150 2’ ‘i 5 Zone IVa
1730 _
£7200 4 €200 1 § 200 + 5 200 1
£ £ £ = Zone Il
a a 2 3
& 250 & 250 A & 250 A & 250
2730 2 ¢
300 o 300 - 300 A 300 Zone Il
4835
350 o 350 o 350 4 350 A
) Zone |
H 400 4 | a00 47 a00 4K a0 4L
L. Plots representing the variation in elemental concentrations in the sediments during various depositional zones.
Table 1 4.2. Zone II (BK 36 - BK 44; 265-305 cm depth)

Conventional and calibrated '*C dates of the Timbi lake sequence.

Depth range AMS age  Error (yr) Calibrated age Median Based on sed.
(cm) (yr) cal B.P. cal B.P. rate

80-90 250 30 324-271 298 298
120-135 3418 34 3614-3701 3667 881
190-195 3190 30 3463-3361 3412 1771
210-235 3010 30 3271-3140 3178 2183
260-265 2580 30 2763-2699 2731 2731
280-295 4240 30 4860-4810 4835 4835

deposition (Figs. 2-4, 6-7) as described below.

4.1. Zone I (BK 45 - BK 48; 305-420 cm depth)

This zone comprises weathered basalt, greyish brown in colour
showing mottling and vertic character over which the sediment se-
quence lies (Fig. 2A). The weathered basalt samples were found un-
suitable for grain size and palynofacies analysis. The mineral magnetic
analysis shows high values of all magnetic proxy parameters such as 7,
ARM, SIRM, xfd%, ARM/SIRM, Soft IRM, HIRM and S-Ratio
(Fig. 6A-1). The elemental concentrations of Ti, Zn, Al and Fe are high
(Fig. 7B-E) and there is complete absence of Zr, Ba, and Na (Fig. 7F, J,
K). The high values of magnetic parameters indicate pedogenesis by
subaerial exposure (Jain et al., 2005), which promote mechanical
weathering and erosion. The weathered nature of basalt is also sug-
gested by the concentration of immobile elements such as Fe, Al and Ti
and depletion of mobile elements such as Na, Ba and Zr (Das and
Krishnaswami, 2007).

The zone II corresponds to a 40 cm thick layer of coarse sand and
fine gravel with occasional cross stratifications overlying the weathered
basalt with a sharp contact (Fig. 2). The sediment grain size varies
between coarse sand to fine gravel with mean size of 1.20, is poorly
sorted (Fig. 3), mesokurtic and very fine skewed. In lake catchments,
any change in the hydrological activity is reflected in the size of the
clastic component of the sediments and has been widely used as a proxy
(Boe et al., 2006; Kuzucuoglu et al., 2011; Schillereff et al., 2014). The
rainfall and runoff intensity control the sediment grain size, wherein
higher rainfall and runoff is linked with coarser terrestrial particles. The
deposition of coarse particles shows a positive relationship with the
high discharge conditions (Campbell, 1998). The very fine skewed
character and the particle size of the sandy gravel suggests a pre-
dominant gravel mode with a subordinate sand mode of riverine input
(Folk and Ward, 1957). Poor sorting suggests that sediments have not
undergone extensive post-depositional reworking (Bge et al., 2006).

The palynofacies study indicates that in this zone, Botryococcus
algae is represented in very high percentage (75 to 80%) except in three
samples (BK-37, 38 and 41 i.e. < 5%; Fig. 4). The phytoclasts remains
comprising of degraded brown varies from 2% to 36% while the black
oxidized charcoal ranges between 2 and 23%. The structured OM and
oxidized land plant remains vary from 2% to 12% and are absent in
samples (BK 44, BK 43, BK 40 and BK 39). The pollen/spore and fungi
percentage are very low (2-7%). The filamentous algae, chitinous an-
imal-remains and oxidized grass cuticle are represented below 5% and
AOM is < 10%.

The Botryococcus alga bloom in inland, shallow and oxygenated
freshwater lakes, ponds, pools suggesting its formation in stagnant
water and low energy conditions (Guy-Ohlson, 1992; Demetrescu,
1998). The low turnout of the phytoclasts is attributed to nutrients from
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Fig. 8. Fig. 4. Age-depth graph for the Timbi lake based on AMS **C chronology
and calibrated based on OxCal v4. 3. 2 (Bronk Ramsey, 2017); r: 5 IntCall3
atmospheric curve (Reimer et al., 2013). Also marked are the phases of de-
position and the flood events.

terrestrial supply that allowed blooms of Botryococcus alga during the
deposition time and developed an oligotrophic condition in the riverine
complex (van Geel, 1978; Tunno and Scott, 2017). However, the pre-
sence of Botryococcus alga in alternate layers (Fig. 2) suggests occur-
rence of multiple high energy discharge events followed by periods of
relatively low hydrological activity in the catchment. It is also seen that
in sample BK-41, BK-38 and BK-37 when the Botryococcus alga is in very
low or negligible percent, the brown degraded matter, charcoal and
AOM show high concentration (Fig. 4). The variation of the charcoal
components indicates transportation of plant material from the catch-
ment during events of high runoff wherein the terrestrial influx at large
allows the transport and degradation of particulate OM.

The , ARM and SIRM values in zone II are lower compared to zone
L, indicating less concentration of ferrimagnetic minerals. The sharp and
gradual decrease in xfd% and ARM/SIRM respectively at the contact of
zones I and II is observed and signify a shift from fine-grained magnetic
minerals to relatively coarser magnetic grain size (Fig. 6). xfd% shows
fluctuating behaviour, while ARM/SIRM shows a gradual decrease in
value upwards. The xfd% values with low spikes for sample BK 41, BK
38 and BK 37 (Fig. 6) suggest high runoff in tune with the inference
from the palynofacies. The higher values of ARM/SIRM suggest abun-
dant erosional debris dominated by finer magnetic grains. Moreover,
the xfd% and SIRM/7 values show variability and show peaks in Soft
IRM and HIRM data, indicating contribution of sediments from the
catchment with change in hydrology (Basavaiah and Khadkikar, 2004).
The increase in S-Ratio and distinct decrease in magnetic concentration
at beginning of this phase indicate a change in the sediment character
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(Fig. 6H-I) from the underlying basalt basement (Fig. 2). The high-
coercivity magnetic minerals (e.g. Ti-magnetite and hematite) were
derived from the weathering of Deccan basalt in zone I (Thompson and
Oldfield, 1986; Basavaiah and Khadkikar, 2004; Oldfield, 2007;
Basavaiah et al., 2010, 2015) and hence their contribution to the se-
diment load decreased in zone II. The presence of coarse grained mul-
tidomain (MD) or pseudo-single domain (PSD) magnetic minerals as
exhibited by decrease in ARM/SIRM and yfd% (Fig. 6D, E), corroborate
the interpretation that the sediments represent detritus eroded from the
catchment.

Further, the sediments contain higher Si and K contents (Fig. 7A, I),
lower Ti and Fe concentrations compared to underlying weathered
basalt zone suggesting terrestrial input from the catchment. The onset
of lacustrine environment is reflected by the occurrence of elements Zr,
Ba, Br and Na at the end of this phase. The higher concentration of Ca,
Na and low Ba/Sr ratios (Fig. 7H, J, L) suggest low intensity leaching
and shallow water conditions during arid climatic conditions (Gallet
et al., 1996).

Zone II thus represents a phase of high energy river flooding with
three peaks as is evident from the coarse sediment character, high
ARM/SIRM and yfd% magnetic parameters and high degraded brown
matter, charcoal and AOM. The flooding was followed by phases of
water stagnation allowing Botryococcus blooms (Guy-Ohlson, 1992;
Demetrescu, 1998). Flood sedimentation resulted in channel infilling
marking the end of this phase as seen in the changed sediment character
and a sharp contact between the sediments from the succeeding zone III
(Figs. 2A, B and 3).

4.3. Zone III (BK 22 - 35; 185-265 cm depth)

The zone III comprises 80 cm thick horizon of very fine sand and
silt. The sediments show horizontal laminations and intercalation of
minerogenic and organic rich silt layers (Fig. 2C). Six layers of silty
sand 10-20 cm thick can be demarcated, each followed by a thin (about
2 cm) organic rich layer. The mean size of sediments varies between 4.1
and 4.5 @, sorting is poor, sediments are fine skewed and very lepto-
kurtic in character (Fig. 3). The sediments show a bimodal distribution
with predominant saltation and suspension populations (Supplemen-
tary Figs. 1 and 2). High kurtosis and skewness values are interpreted as
indicating that a large amount of reworking has taken place in and
adjacent to the point of deposition of the sample (Cadigan, 1961).

This zone exhibits high percentage of phytoclasts dominated by
degraded brown, structured organic matter and black charcoal varying
from 2% to 38%. The phytoclasts remains can be identified as belonging
to herbs and shrubs derived from the close catchment near the water
body. There is a decline in the woody remains in the phytoclasts
components. Further it may also be noted that the fungal remains show
high percentage varying from 7% to 50% and consist of high percent of
Glomus sp. (Figs. 4 and 5) in this zone. The filamentous algae also show
variability from 3% to 10% in this zone. The Botryococcus alga are low;
but in BK-22 it represents about 79%. The AOM in this zone is below
7% while the oxidized grass remains varies differently from 2% to 7%.

The various palynofacies components viz. degraded brown, struc-
tured OM and high fungal remains suggests prevalence of aquatic
conditions. The palynofacies and non-pollen palynomorphs (Glomus sp.,
Alternaria sp.) assemblage suggests a stagnant water body or a lake
deposit (van Geel et al., 2011; Quamar, 2015) with limited runoff from
larger distances. The dominance of Glomus sp. (Fig. 4) indicates possible
erosion from the local catchment area and sediment infill from lake
edges (Quamar, 2015). The reduction in the woody phytoclasts suggests
periods of low precipitation and shallowing of the lake. The high per-
centage of Botryococcus alga in BK 22 (Figs. 2A and 4) indicates an
influx of freshwater possibly due to flash flooding and later stagnation
that marked the end of the phase.

The sediments correspond to low 7, ARM, SIRM, Soft IRM and S-
Ratio (Fig. 6A, C, E, I), suggesting a high concentration of high-
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coercivity magnetic minerals and/or paramagnetic minerals (Sandgren
and Snowball, 2001). The high content of antiferromagnetic (e.g. he-
matite) and high-coercivity ferrimagnetic (e.g. Ti-magnetite) minerals
within the zone III appear consistent with higher HIRM and SIRM/y
ratios and share elevated Ti, Zr and Ba concentrations (Fig. 7B, F, K).
However, the increase in S-Ratio at the termination of the phase, not
supported by Soft IRM, is associated with low xfd% and SIRM/y ratio
values, probably results from early lake sediment deposition of coarse
grained (MD) ferrimagnetic minerals such as magnetite and Ti-mag-
netite derived from eroded soils and share high Ti and Zr contents
(Fig. 7B, F) corresponding to the flooding event at the transition from
zone III to IV. Overall low ARM/SIRM and fd% suggest MD component
consistent with inputs from the catchment derived deposition of detrital
magnetic minerals (Basavaiah et al., 2004; Bge et al., 2006). The higher
precipitation, warm climatic conditions and high bank erosion during
this phase led to a change in the concentration of magnetic minerals
due to a shift in allochthonous sediment in-wash from the catchment
(Basavaiah et al., 2004, 2010). The Zr/Fe ratios have been used as
particle size proxies (Wilhelm et al., 2013) and indirect indicators for
deposition processes. The higher Zr/Fe ratio here suggests pre-
dominance of silt-sand fraction over the finer particles and thus ter-
restrial influx. Improved moisture content, humid climatic conditions
and stable lake levels can be inferred from the observed increase in
concentration of K and Ba/Sr ratio (Fig. 71, L) and a corresponding
decrease in Na and Ca content.

The zone III thus represents the development of a palaeo-lake during
enhanced precipitation with a shallow but stable lake level wherein
deposition of finer authigenic sedimentation took place. There were
however periods of high terrestrial influx and enhanced lake margin
erosion corresponding to flooding events.

4.4. Zone IV a and b (BK 3 - BK 21; 90-145 and 145-185 cm depth)

The overlying unit is 95 cm thick and comprises massive silt and
very fine sand (Fig. 2B). The sediment mean size is between 4.2 and 4.8
9, poorly sorted, very fine skewed and very leptokurtic (Fig. 3). The size
distribution shows bimodality (Supplementary Figs. 1 and 2), saltation
being the dominant means of transport. There is an increase in the sand
content and a corresponding decrease in the clay and silt content as
compared to the underlying zone III (Fig. 3). The very leptokurtic
character is due to the presence of predominant fine sand mode with a
subsidiary clay and silt mode (Friedman, 1961). The very fine skewness
suggests a riverine input and low energy conditions. Higher skewness
values of finer sediments have been attributed to low lake levels and
intensive transport with riverine admixture in the lake sediments (Liu
et al., 2016).

Relatively low values are observed in all magnetic concentration
parameters throughout the zone IV (Fig. 6). The lower and constant
values of y, ARM, SIRM, Soft IRM and ARM/SIRM parameters do not
agree with the gradual decrease of SIRM/7 values indicating increase in
contribution of paramagnetic component (Oldfield et al., 1983; Lepland
and Stevens, 1996). Lower S-Ratio do not show higher HIRM values
that may be consistent with a mixture of higher proportions of high-
coercivity magnetic minerals (e.g. Ti-magnetite and minor hematite)
suggesting a low fluvial input during this phase. The geochemical in-
dicators of Fe, Al, Ti, Zn, Zr and Br show similar trends to zone III in
their elemental concentrations (Fig. 7B-F) associated with the high-
coercivity ferrimagnetic Ti-magnetite and antiferromagnetite hematite
and paramagnetic minerals. The fluctuating Ba/Sr ratio with a gradual
increase towards the top and decrease in the Ca values (Fig. 7H, L)
suggest higher precipitation and deeper lake levels (Gallet et al., 1996).
Overall the sediment composition shows greater amounts of high
coercivity magnetic minerals and paramagnetic minerals deposited into
the lake under high monsoon variability and fluctuating lake levels.

Based on the palynofacies components, the zone IV is further di-
vided into two, zone IVa and IVb. In the zone IVa the phytoclast
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components comprising of degraded brown range from 10% to 30% and
the overall charcoal component is lower than 10% (Fig. 4). The struc-
tured OM (Fig. 5) also vary from 10% to 20% with a low at 190 cm
(4%). The oxidized land plants vary as low as 8% in most of the samples
with a slight peak at 190 and 175 cm where they range from 12 to 15%.
The black opaque particles, Botryococcus alga and pollen/spore per-
centage is low (< 5%). The fungal remains comprise of Glomus sp.,
Tetraploa sp., Alternaria sp. (van Geel et al., 2011; Quamar, 2015; Tunno
and Scott, 2017). The Thecamoebians, filamentous algae and animal
remains (Fig. 4) are present (up to 10%) and AOM ranges < 5% in most
of the samples except at 190 cm (48%) and 150 cm (10%). The oxidized
grass remains is also present in low percent ranging from 1% to 12%.

The high AOM content in the bottom sediments points towards
higher degradation of OM due to oxic environmental conditions
(Traverse, 1994; Tyson, 1995; Hoaen, 2000; Tyson and Follows, 2000).
The higher percentage of brown degraded palynofacies component and
fungal remains in the sediments point towards water table fluctuations
in the lake. The effect of bank erosion under warm and dry climate can
be indicated due to presence of Glomus sp., Tetraploa sp. and Alternaria
sp. (Quamar, 2015). The reduced percent of black oxidized charcoal
particles may be inferred as the reduction in biomass with a shift from
trees to shrubs and herbaceous plants (Fig. 4) indicating a transition
towards dry climatic conditions. The degraded brown also shows pre-
sence of shrubs and herbaceous plant remains rather than woody par-
ticles. The structured OM in the zone also suggests preservation of
herbaceous plants under well-oxygenated conditions.

The zone IVb comprises of high percent of degraded brown phyto-
clasts (25% to 35%) along with low to moderate percentage of struc-
tured OM (8% to 18%) with low turnout of black oxidized charcoal
components (Fig. 4). The oxidized land plant tissue, opaque (inorganic)
phytoclasts remains, pollen/spore and Botryococcus alga are also low
ranging from 1% to 8%. Further the fungal remains also vary from 7%
to 13% with presence of Glomus sp., Tetraploa sp., Alternaria sp. (Fig. 5)
while the Thecamoebians range between 2% to 8% which is higher than
all other zones. The filamentous algae vary between 4 and 12% whereas
the animal remains, and oxidized grass remains are < 5%. The AOM
shows very low percentage in this zone (< 5%) except at 145 cm where
it ranges about 12%.

The higher percentage of degraded brown and structured OM in-
dicate higher lake waters which may be due to moderate to higher
periods of southwest (SW) monsoon (Prasad et al., 2014a). It is also
pertinent to note that the degraded OM consists of herb and shrub type
of plant remains which indicates that the monsoon may have enhanced
during the depositional phase but not to the extent that it may have
helped in flourishing the woody forested biomass. The lowering of the
fungal remains in this zone (Fig. 4) points towards moderate to higher
water level in the lake and weak to moderate energy conditions. The
variation in the Thecamoebians and filamentous algae and their mod-
erate increase points towards pristine water with good oxygenation
conditions. The lowered values of oxidized grass remain indicate lack of
preservation due to higher water levels in the lake.

Thus, based on the proxy records it is inferred that deposition in this
zone represents stable monsoon conditions with low energy flows but
steady fluvial input to the lake resulting in the deposition of finer se-
diments and palynomorphs which survive in fresh water and well-
oxygenated conditions.

4.5. Zone V (BK 1d - BK 2; 0-90 cm depth)

The topmost zone (zone V; 0-90 cm) comprises pedogenised organic
rich sediment, dark in colour (Fig. 2D). The Mz is ~4.8 and sediments
show very poor sorting (Fig. 3), fine skewness and platykurtic nature.
The size distribution shows unimodality with a major bedload popu-
lation.

The degraded brown phytoclasts show high presence of herbaceous
remains and very low shrubs and woody fragments. Similar are the
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observations for the black oxidized charcoal components which pri-
marily consist of herbs and extremely low woody fragments. The
moderate to high percent of filamentous algae (Fig. 4) indicates very
low water levels and formation of soil or clay rich in organic matter and
water nutrients. Further the abundance of filamentous algae points
towards enhanced human activity and eutrophication in the lake. The
well-preserved structured OM indicated good preservation potential of
herbs and shrub plants.

A slight increase in magnetic concentration is noticeable in the
topmost zone V, both xfd% and SIRM/x show a slight increase while
ARM/SIRM show no such variation (Fig. 6D-F). Soft IRM and HIRM
values are high and S-Ratio values reduce to below average (Fig. 61).
This indicates that the sediments contain a mixture of the naturally
weathered and unweathered magnetic minerals characterized by ferri-
magnetic and antiferromagnetic components reflecting the potentially
mixed origins of magnetic minerals in sediments which may have an
anthropogenic, natural or mixed source. This zone is characterized by
higher concentrations of Fe, Ti and Zn compared to the other zones
(Fig. 7). Lower Ba/Sr ratio indicates low humidity conditions.

5. Discussion
5.1. Phases of sediment deposition and flooding events

Based on the proxy data and chronology, five major depositional
phases corresponding to the zones (IL, III, IV a, IV b and V) of the Timbi
lake described in the Results section and major flood events therein
have been demarcated (Fig. 9). The Phase-1 has been interpreted as a
phase of high energy fluvial sedimentation. The peaks in grain size, S-
Ratio and lows in fd% (Fig. 9) represent three distinct flood pulses
around 4800 cal yr B.P. that correlate with flood events reported from
the slackwater deposit records of the Mahi River at around 4.6 + 1 ka
(Sridhar, 2007a, Fig. 10). Higher percentage of degraded brown matter,
charcoal and AOM also suggest high runoff and terrestrial influx
(Fig. 4). The abundance of Botryococcus alga in the intervening layers
indicate shallow, stagnant water conditions and relatively low hydro-
logical activity in the catchment (Tunno and Scott, 2017) following
each flood event (Fig. 9). The poor representation of pollen/spores as
well as land plant tissue in the sand layers suggests deposition under
dry climatic conditions. Higher concentration of Ca and low Ba/Sr ra-
tios during phase I also suggest shallow water and dry climatic condi-
tions (Gallet et al., 1996). We thus infer that during phase I, though the
climatic conditions were largely dry and the monsoon weak, flash
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flooding in the catchment led to the deposition of sediments. If we try to
understand the occurrence of flood events in the context of the mon-
soon strength, it is evident that the flood events reported
~4800-4600 cal yr B.P. have occurred during the period of arid con-
ditions or more possibly, towards the transition from arid to humid
phase (Sridhar and Chamyal, 2018). Giosan et al. (2012) have also
indicated large scale flooding prior to mature Harappan stage
(4600-4200 B.P.) and a subsequent decrease in the flooding intensity
based on the landscape studies of Hakra-Ghaggar and Indus rivers lo-
cated to the north of the Timbi Lake.

The phase I of the Timbi lake around 4800 cal yr B.P. can be cor-
related with the phase of weakened monsoon and dry climatic condi-
tions in the Pariyaj lake between ~5864 and 4680 cal yr B.P. (Fig. 10,
Raj et al, 2015), Lunkaransar and Didwana at ~5000 and
~4700 cal yr B.P., Sambar lake at ~4700 cal yr B.P. (Prasad and Enzel,
2006) and Wadhwana lake between 5560 and 4255 cal yr B.P. (Fig. 10;
Prasad et al., 2014a). Correlated marine records from the Arabian Sea
point towards the onset of dry climatic conditions in India around
5000 cal yr B.P. (Staubwasser et al., 2003; Gupta et al., 2003). The
records from neighboring Wadhwana lake show a gradual strength-
ening of SW monsoon only after ~3500 cal yr BP with once again a
short pulse of dry climatic conditions (~3238 to ~2709 cal yr B.P.
Prasad et al., 2014a).

The Timbi Lake records show a period of erosion between phase I
and the beginning of phase II (2730 cal yr B.P.) as observed in the sharp
contact and a distinct change in the sediment character from riverine to
lacustrine (Fig. 2A & B). The abandonment of the channel and transition
to lacustrine environment may be attributed to climatic or tectonic
changes in a region (Schillereff et al., 2014). However, the absence of
tectonic indicators and the prevalence of aridity across the region as
suggested by the palynofacies and magnetic parameters in the Timbi
lake indicates that the channel probably became defunct due to lack of
flow under reduced precipitation and isolated water bodies were
formed (Fig. 2D) in the area. Reorganisation of channels and change in
the sediment facies from fluvial to lacustrine has been recorded in
various nearby ponds in the drainage basin (Raj, 2004). The re-
juvenation of monsoon occurred around 2730 cal yr B.P. as also re-
corded in the Pariyaj and Wadhwana lakes (Raj et al., 2015; Prasad
et al., 2014a). Earlier studies on the marine records from the Arabian
Sea have also indicated high southwest monsoon precipitation at 2.8 ka
(Anderson et al., 2010; Gupta et al., 2003; Tiwari et al., 2006).

The decrease in the sediment grain size, increase in the fungal re-
mains and reduction in woody phytoclasts mark the beginning of phase
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Fig. 9. Compilation of major proxy parameters used for inferences on palaeofloods and palaeo environments - sand percent, Botryococcus alga, xfd%, S-Ratio, Zr/Fe,
Ba/Sr, inferred lake levels, south west monsoon intensity and depositional phases from the Timbi sediment sequence.
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Fig. 10. Summary figure showing the correlation between the flood events in
the Gujarat Alluvial Plains, Indian Summer Monsoon activity and the Lake le-
vels in western India. The levels for the Wadhwana, Pariyaj and Nal Sarovar
lakes are based on Prasad et al. (2014a), Raj et al. (2015), Prasad et al. (1997)
and redrawn from Raj et al. (2015). The phases of peak monsoon, high Thar
lake levels and abrupt climatic changes have been marked from Kale et al.
(2003). The flooding pattern and discharge of the Mahi River is represented
based on Sridhar (2007a, 2007b). The flood frequency recorded from fluvial
archives of alluvial plains is shown from Sridhar and Chamyal (2018). Note that
the flood events identified from the Timbi lake sediments in the present study
corroborate well with the fluvial archives in the region.

IT around 2730 cal yr BP (Fig. 4) indicating low but stable water levels
with limited runoff and low precipitation. Data on chronology shows
that the sediment layers have yielded successively older ages dating to
3180 + 30 and 3410 = 30 cal yr B.P. suggesting reworking of se-
diment and incorporation of older carbon. According to Brown et al.
(2002) the inversion of ages also indicates that both erosion and de-
position mechanism are involved in the emplacement of these layers.
These sediment layers probably point towards higher erosion and se-
diment movement from a larger catchment leading to periodic infill to
the lake during enhanced monsoon (Schillereff et al., 2014). During this
phase, periodic sediment influx from catchment occurred, perhaps
during pulses of higher precipitation at 2730, 2490, 2285, 2150, 2010
and 1875 cal yr B.P. (Figs. 2A & 3) as evident in the dominance of
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Glomus sp. and Alternaria sp., high sediment kurtosis and skewness
values and relatively low values with minor variations for concentra-
tion related magnetic parameters and S-Ratio (Prasad et al., 2014a). At
around 1770 cal yr B.P. (Figs. 3, 6, 7), an abrupt increase in the mean
grain size, sand percentage, and S-Ratio values with a peak of Zr is
observed accompanied by the reappearance of Botryococcus alga
(Fig. 4). All these parameters provide evidence for high freshwater in-
flux, high sediment input (coarse grained MD) derived from eroded
soils corresponding to a flash flood and subsequent drying and shal-
lowing of the lake (Bge et al., 2006; Basavaiah et al., 2010). High
magnitude floods are reported at 1.7 + 0.7 ka from the slackwater
deposit records of the Mahi River (Sridhar, 2007a; Fig. 10) and in the
Narmada River basin (Raj and Yadav, 2009; Sridhar et al., 2015) sug-
gesting a regional imprint of these events.

During phase III (1730-880 cal yr B.P.) the lake levels were fluc-
tuating under variable monsoon conditions as indicated by increase in
the brown degraded palynofacies component and fungal remains, pre-
sence of Glomus sp., Tetraploa sp. and Alternaria sp. and higher amount
of high coercivity magnetic minerals. Prasad et al. (2014a) inferred
fluctuating monsoon conditions during this phase based on the pollen
and phytolith data from the Wadhwana Lake. Further, the increase in
sand content as compared to silt and clay and high skewness values
during this phase may be attributed to lower lake levels and terrestrial
admixture in the lake sediments (Liu et al., 2016). The magnetic con-
centration parameters and S-Ratio show fluctuating values supported
by similar fluctuations in the Ba/Sr ratio suggesting a varying fluvial
input during this phase. The decrease in charcoal particles (Fig. 4) and
the absence of woody degraded brown material suggests reduction in
biomass and shift towards dry climatic conditions and shallow lake with
well-oxygenated conditions.

Similar sediment character and magnetic parameters continue
during the succeeding phase IV however, marginal increase in the lake
level due to higher periods of monsoon activity is suggested during this
phase based on the higher percentage of degraded brown and struc-
tured OM (Prasad et al., 2014a) and lowering of the fungal remains
(Quamar, 2015). The marginal increase in Thecamoebians and fila-
mentous algae suggests existence of pristine water with good oxyge-
nation conditions during this phase till 360 cal yr B.P.

During the phase V (0-360 cal yr B.P.) markedly finer sediments
with higher magnetic mineral concentrations and mineralogical com-
positions were deposited as reflected in higher y, ARM, SIRM, yfd%,
SIRM/%, Soft IRM and HIRM followed by lower S-ratio and higher Fe, Ti
and Zn contents (Figs. 6 and 7). Potentially mixed origins of magnetic
minerals in sediments is suggested which may have an anthropogenic,
natural or mixed source (Basavaiah, 2011). Lower Ba/Sr ratio also in-
dicates low humidity conditions.

The degraded brown phytoclasts show high presence of herbaceous
remains and very low shrubs and woody fragments. Similar are the
observations for the black oxidized charcoal components which pri-
marily consist of herbs and extremely low woody fragments suggesting
moderate monsoon conditions but not tenable for flourishing of the
woody forested biomass (Thakur et al., 2019). The moderate to high
percent of filamentous algae indicates very low water levels and for-
mation of soil or clay rich in organic matter and lake water nutrients.
Further the abundance of filamentous algae points towards enhanced
human activity and eutrophication in the lake.

5.2. Comparison with regional flood events and southwest monsoon
variability

The results of the present study provide evidence for two periods of
river flooding in the Timbi Lake sediments. The chronology of sedi-
ments suggests that the first one occurred around 4800 cal yr B.P. and
another between 2730 and 1730 cal yr B.P. however, both had distinct
flooding patterns suggesting varying south west monsoon intensity. The
variability in the south west monsoon conditions during the late
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Holocene has been recorded from marine and continental archives of
western India (Gupta et al., 2003; Kale and Baker, 2006; Chauhan et al.,
2009; Sinha et al.,, 2007; Prasad et al., 2014a; Raj et al., 2015;
Saravanan et al., 2019).

The summer monsoon precipitation decreased for around 200 years
between 4200 and 4000 cal yr B.P. often known as the 4.2 ka event
(Staubwasser et al., 2003; Berkelhammer et al., 2012; Dixit et al., 2014;
Prasad et al., 2014b; Dixit et al., 2018). On the contrary, recent studies
on the eastern Arabian Sea records suggest that weakening of south
west monsoon occurred during 4600-3000 cal yr B.P. (Saravanan et al.,
2019) and the lake records from western India indicate a widespread
phase of aridity and drying of the lakes beginning ~5500 cal yr B.P.
until ~3500 cal yr B.P. (Bryson and Swain, 1981; Singh et al., 1990;
Prasad et al., 2014a, 2014b; Raj et al., 2015). The results from the
Timbi lake also suggest dry climatic conditions ~4800 cal yr B.P. and
occurrence of three high magnitude flood events during this period, the
bottom event has been dated to 4835 cal yr B.P. Clustering of flood
events during arid climatic periods and at transition from humid to arid
climatic conditions has been recorded in the alluvial rivers of western
India (Sridhar and Chamyal, 2018). Further, slackwater deposits in the
adjacent Mahi River basin indicate flood events around 4.6 =+ 1 ka
(Sridhar, 2007a) and may be correlated to the flooding events in the
Timbi Lake.

The records from south eastern continental margin of the Arabian
Sea indicate a wet phase between 3000 and 2200 cal yr B.P. followed by
century-scale climatic instabilities between 2200 and 1800 cal kyr B.P.
(Chauhan et al., 2009). The period ~3200-1300 cal yr B.P. has been
inferred as more or less present-day climatic pattern with fluctuating
SW monsoonal activity (Fig. 10) over the Gujarat alluvial plains (Prasad
et al., 2014a). Also, high southwest monsoon precipitation has been
envisaged at 2800, 1110, during 600-1200 cal yr B.P. and Little Ice Age
(LIA) from the Arabian Sea sediment record (Tiwari et al., 2006; Gupta
et al., 2003; Anderson et al., 2002). Based on the present study, we
envisage a period of multiple flood events (broadly six in number)
between 2730 cal yr B.P. and 1730 cal yr B.P.; each flood event fol-
lowed by a period of relatively low hydrological activity corroborating
with the regional climatic variations. A high magnitude flood event at
1770 cal yr B.P. identified in the Timbi Lake probably links with coeval
event recorded in the Mahi River basin (Sridhar, 2007). The sediment
record at Timbi lake does not show any imprints of flooding events post
1730 cal ka B.P. as suggested by the palynological, magnetic and grain
size data. However, fluctuations in the climatic conditions can be dis-
cerned and imply a shift to dry climatic conditions and fluctuating lake
levels with well-oxygenated conditions till ~880 cal yr B.P., moderate
increase in the lake levels till ~360 cal yr B.P. and later eutrophication
of the lake. A weaker monsoon during the Little Ice Age (LIA
550-100 yr B.P.) and a relatively stronger monsoon during the Med-
ieval Warm Period (MWP-1050-650 yr B.P.) have been envisaged from
the high-resolution proxy records of Indian Summer Monsoon varia-
bility (Gupta et al., 2003; Sinha et al., 2007) which further substantiates
our inference from the Timbi lake. High precipitation and wet climatic
conditions during the MWP and drier conditions during the LIA have
also been inferred from the lower reaches of the Narmada River based
on the denudation rates of basaltic catchment (Sridhar et al., 2016).

6. Conclusions
in

A multiproxy study from the Timbi Lake was useful
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understanding the flood pattern and its impact on sediment deposition
processes during late Holocene. This lacustrine sediment sequence in
the semiarid alluvial plains has provided an archive for high magnitude
late Holocene river floods as well as palaeomonsoon changes. The high
magnitude flood events were represented by layers of larger mean grain
size and poor sorting attributed to smaller catchment and limited post-
deposition reworking during the widespread phase of aridity in western
India.

Relatively high quantity of coarse (MD) detrital magnetic minerals
(S-Ratio, Soft IRM and HIRM) in flood event layers of the Timbi lake
sediments were attributed to high discharge, vegetation changes, poor
soil development and enhanced erosion. Low magnetic mineral con-
centration (¥, ARM and SIRM) was related to decreasing hydrological
activity of the catchment area and the deposition of authigenic fine
grained magnetic minerals (ARM/SIRM and xfd%) and organic-rich
sediments (black oxidized and degraded brown matter and fungal re-
mains). Peaks in S-Ratio and lows in yfd% (Fig. 9) were associated with
flood pulses between 4860 and 4810 cal yr B.P. in concurrence with the
onset of dry climatic conditions in the region around 5000 cal yr B.P.
resulting in large sediment influx. Furthermore, desiccation-induced
low vegetation cover in the catchment area, as indicated by the low
representation of moist habitats (oxidized land plant tissue and black
inorganic matter), might also have encouraged the sedimentation of
eroded material to the lake deposits. Prolonged phase of aridity caused
a depositional hiatus and sedimentation under closed environment in-
itiated with fluctuating lake levels and reduced terrestrial influx be-
tween 2730 and 1730 cal yr B.P. as seen in the dominance of Glomus sp.
and Alternaria sp. and relatively low and fluctuating values of con-
centration related magnetic parameters and S-Ratio. This corresponded
to low magnitude high frequency floods in the catchment leading to
alternate flood and non-flood layers. Enhanced monsoon conditions
caused high lake levels, sediment erosion and discharge from the
catchment between 880 and 360 cal yr B.P. Reduction in lake level post
360 cal yr B.P. due to sediment infill, soil formation and eutrophication
of lake was inferred.

The Timbi Lake palaeoflood archive corroborates with the fluvial
archive indicating a role of regional hydrological changes in response to
the south west monsoon variability. High magnitude events with a low
frequency were recorded during arid periods and low magnitude higher
frequency events during relatively strengthened monsoon. These ob-
servations have implications for linking the palaeoflood events to the
southwest monsoon intensity in the semi-arid continental regions.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palae0.2019.109581.
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Appendix 1. Classification of palynofacies components used for the present study (after Tyson, 1995; Batten, 1996)

Groups Subgroups/no-  Composition Origin Characters
menclature
Phytoclasts Structured or- Wood Higher plants Dark orange to brown in coloured particle from wood tracheids
ganic matter with or without visible pits.
(SOM) Cuticle Land plants Epidermal tissue of plants of cellular cells with or without stomata.
Bark Higher plants Brown to dark orange coloured multicellular layered tissue
Other tissues  Land plants Fibrous and featureless membranous tissues
Fungal hyphae Fungi Fungal mycelium of their vegetative phase
Degraded or- Degraded or-  Land plants Intermediate product of plant tissue degradation with and without
ganic matter ganic matter clear cellular margins in the same organic particle.
Opaque phyto-  Charcoal and  Lignin-cellulose of land plant tissues Black particles of wood without any internal biostructure
clasts/black other black
oxidized OM phytoclast
Palynomorphs Spores Bryophytic or Pteridophytic Triangular to circular palynomorphs with trilete or monolete
marks; varied ornamentation
Pollen grains  Higher plants Varied morphology from simpler to complex: saccate to non-
saccate, different type of apertures; varied ornamentation.
Fungal spores  Fungi Dark coloured small septate to non-septate spores, porate or non-
porate
Algal spores Algae Mostly pale yellow in colour, thin walled and inaperturate
Zooclasts Faunal derivatives Teeth, bones, hairs etc. with variable morphology and structure

Degraded product of microbial activity of terrestrial
origin

Structureless material with greyish or brownish in colour, homo-
genous, with diffused outline

Amorphous organic
matter (AOM)

Non-pollen palyno-  Botryococcus Algae Flourish in freshwater lakes, ponds and temporary Colonial green alga with densely packed conical-cylindrical cells
morphs (NPP) pools. Lacustrine environment. Indicator of hydrolo- radiating and branching from the centre of the roughly spherical
gical changes (freshwater input) colony
Glomus Fungal spore  Freshwater with erosional aspects around the area Chlamydospores variable in size, exclusive of hyphal attachment
Alternaria Fungal spore Common saprophytes found on many kinds of plants Multicellular with both transverse and longitudinal septa, obcla-
vate to elliptical or ovoid and provided with apical appendages.
Tetraploa Fungal spore  Aquatic fungi Four vertical and a horizontal wall dividing the spore body into

eight cells with four septate setae, oblong ornamented, generally
with four setose and septate appendages

Appendix 2. The suite of rock magnetic parameters measured, and ratios between them that yielded information about concentration,
grain size and composition of magnetic minerals and their environmental significance (Basavaiah and Khadkikar, 2004; Basavaiah, 2011;
Basavaiah et al., 2018, 2019)

Parameter

Description

Reported environmental associations

Magnetic concentration parameters
Magnetic susceptibility, x (normalized
to mass) (107 m®/kg)

Anhysteretic remnant magnetization,
ARM (10~ >Am>kg ") or Anhyste-
retic susceptibility, yarm (m®/kg)

Saturation isothermal remanent mag-
netization SIRM (10~ SAmzkg_ D]

Domain state
Coefficient of frequency-dependency
susceptibility yfd (%)

ARM/SIRM

ARM/y,
SIRM/,

Mineralogical composition

Isothermal remnant magnetization IR-
M (107° Am* kg™ 1)

Soft IRM (SIRM-IRM. ¢ 9o1)

Hard IRM (HIRM) (SIRM-IRM.g 31)

Measured as the ratio of volume susceptibility (k) to density . = k/p
Concentration of magnetic minerals, but is often roughly proportional
to the concentration of strongly magnetic (e.g. magnetite-like)
minerals. Weakly magnetic minerals, like hematite, have much lower
x values; water, organic matter have negative

Magnetic remanence imparted in a peak 100 mT demagnetizing
alternating field. When normalized by the biasing field strength, ARM
is termed as the Xarm

Maximum obtainable IRM, depends on concentration but also re-
sponds less sensitively than ARM to magnetic grain size

Variation in 7y between low frequency (¥If 0.976 kHz) and high
frequency (yhf 15.616 kHz) measurements

xfd% = 100 (xIf — xhf) / xIf

Indicator for proportion of ultra-fine SP grains

Relative grain size of magnetite

SSD and SP ferrimagnetic grains can affect the ratio
Could distinguish different types of magnetic behaviour

Acquired in different DC forward and back fields

Remanent magnetization after a magnetization in the 20 mT reverse
field

Difference between SIRM and IRM measured after magnetization in
the 300 mT reverse field
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x is indicative of magnetizability of sediments differentiated by
weathering and pedogenic processes. High values of  represent
catchment erosion inputs of primary Fe-Ti oxides from the Deccan
Trap basalts of the catchment or unweathered inorganic material as
a result of soil disturbance due to land-use

Allows estimation of the concentration of fine-grained stable single-
domain (SSD 0.025 ym < d < 0.05 pm) ferrimagnetic (magne-
tite-like) minerals and highest for grains at superparamagnetic
(SP)/SSD boundary and lowest for coarser multidomain (MD)
grains (d > 10 pm in magnetite)

Concentration of all remanence holding minerals in a sample

~10% or 5-10% would indicate large fine-grained, secondary SP
magnetic minerals (magnetite-like) that are the result of either
weathering or pedogenesis

High values suggest finer SSD and SP grains whereas low values
indicate coarser MD minerals of detrital origin

High values suggest significant SSD (magnetite-like) grains

Lower ratio suggests a greater proportion of diamagnetic and
paramagnetic minerals. If ¥ and SIRM values are low, but SIRM/% is
high, there may be a large amount of hematite-like minerals

Abundance of minerals capable of remanence acquisition at the
denoted field: (i) low fields (< 100 mT) magnetically ‘soft’ material
and (ii) high fields (> 300 mT) magnetically ‘hard’ material

Mass specific indication of ferrimagnetic minerals (magnetite-like)
and used as a proxy to MD ferrimagnetic minerals of detrital origin
Mass specific indication of the concentration of high coercivity
minerals (hematite-like), whereas ‘hard’ is a measure of the relative
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S-Ratio = IRM.q 37 / SIRM

degree on grain size

Ratio of saturated to non-saturated minerals at the —300 mT reverse
field. Indicator for coercivity, depends on mineralogy, to a lesser
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abundance of high coercivity (hematite-like) minerals in a mixture
with ferrimagnetic (magnetite-like) minerals

Higher values close to 1 are dominated by soft ferrimagnetic
minerals (magnetite and titanomagnetite) with a low coercive force
and lower values below 0.9 reflect increasing hard antiferromag-
netic component (hematite) with a relatively high coercive force
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