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The Holocene epoch has witnessed several natural climate variations and these are well
encoded in various geological archives. The present biomarker investigation in conjunction
with previously published multi-proxy records was applied to reconstruct organic matter
(OM) sources forming the peat succession spanning the last 8000 cal yr BP and shift in
hydrological conditions from the Kedarnath region, Garhwal Himalaya. Intensified
monsoon prevailed from ~7515 until ~2300 cal yr BP but with reversal to transient arid
period particularly between ~5200 and ~3600 cal yr BP as revealed by the variability in
n-Cos/n-Cgq, ACL (average chain length of n-alkanes) and P,q (P-aqueous) values. A
prolonged arid phase is recognizable during the interval between ~2200 and ~370 cal yr
BP suggested by the n-alkane proxies. Regional scale heterogeneity in the monsoonal
pattern is known in the studied temporal range of mid to late Holocene across the Indian
subcontinent that is probably a result of complex climate dynamics, sensitivity of proxies
and impact of teleconnections. The biomarker signatures deduced from gas
chromatography mass spectrometry (GCMS) analysis are suggestive of a mixed biotic
input that includes prokaryotes, Sphagnum spp. and gymnosperm flora. The mid chain
alkanes viz. n-C,3 and n-Cos denote the presence of typical peat forming Sphagnum moss
that preferentially grows in humid and waterlogged conditions. Diterpane marker such as
ent-kaurane indicates contribution of gymnosperms, whereas the hopanes are signatures
of microbial input. The preservation of organic matter is attributed to little microbial
degradation in a largely suboxic depositional environment. Our study strengthens the
applicability of organic geochemical proxies for the reconstruction of past climate history
and indicates their suitability for use on longer timescales given the high preservation
potential of the molecular remains.
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INTRODUCTION

Peatlands are highly dynamic ecosystems providing diverse
ecological niches for a variety of biota and can be utilised to
understand the past environmental conditions (Gorham et al,
2003; Chambers et al,, 2012; Kumaran et al,, 2016; Naafs et al.,
2019). Peats form in a specific geomorphological environment
mostly concentrated in mid to high latitudes in the Northern
Hemisphere covering about 2-3% of land surface on Earth
(Kayranli et al., 2010; Naafs et al., 2019; Dai et al.,, 2020). Rapid
deposition of clastic sediments facilitates the burial of plant remains
in wetlands, such as bogs and fens, resulting into the formation of
peat layers through compaction over time (Zhang et al., 2017; Dai
et al,, 2020). The accumulation and preservation of the decomposed
plant matter is a complex interplay of biological, physico-chemical,
geomorphological and hydrological processes (Middleton, 1973;
Finlayson and Milton, 2016). Most importantly, precipitation is a
significant controlling factor in the development of the peat deposits.
Increased precipitation (or high groundwater level) is a necessity for
the growth of peatlands, whereas drier environmental conditions
negatively impact peat ecosystem (Marcisz et al., 2016).

Recent advances in the application of lipid biomarkers have
shaped our understanding on key aspects of past ecological and
climatic dynamics (Nott et al., 2000; Bingham et al., 2010; Jordan
etal., 2017; Baker et al., 2018; Jiang et al., 2020). Biomarkers (such
as n-alkanes, acyclic and cyclic terpenoids) have been frequently
used for biotic and palaeoenvironmental reconstruction in
lacustrine and marine settings (Chen and Summons, 2001;
Kelly et al., 2011; Dutta et al., 2013; Tulipani et al., 2015;
French et al., 2020; Ankit et al., 2021). The n-alkanes and its
proxies are widely used to understand the organic source inputs
and past environmental conditions (Eglinton and Hamilton,
1967; Eglinton and Eglinton, 2008; Bush and Mclnerney, 2013;
Tipple and Pagani, 2013). However, the utilization of biomarkers
in peat deposits for understanding the palaecovegetational changes
is limited (Ficken et al., 1998; Nott et al., 2000; Pancost et al., 2002;
Bingham et al., 2010; Schellekens et al., 2015; Naafs et al., 2019). A
variety of peat-forming plants producing distinct carbon chain
lengths in the lipid fraction is known (Cranwell, 1973; Ficken
et al,, 1998; Nott et al., 2000; Bingham et al., 2010). For example,
the mid-chain alkanes (n-C,; and n-C,5) are dominant
components in peat-forming wetland plants, whereas the
higher plants on land mainly comprise longer chain lengths
such as n-C,;, n-Cy9 and n-Cjy. Further, the ratio of acyclic
terpenoids such as pristane (Pr) and phytane (Ph) (products of
chlorophyll side chain of phototrophic organisms) can also be
used to understand the redox potential of ambient environment
(Didyk et al., 1978; Bechtel et al., 2003). Higher Pr/Ph ratios
indicate oxic condition, whereas lower values are suggestive of a
reducing environment. Additionally, specific cyclic terpenoids
such as hopanoids (derived from prokaryotes) and diterpenoids
(produced by gymnosperm vascular plants) are robust tools that
specify the organisms contributing into sedimentary organic
matter and provide useful information on their habitat
(Brocks et al., 2003; Peters et al., 2005).

The Indian Summer Monsoon (ISM) is an important climatic
element in the Indian subcontinent and provides the main water
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resources to the South Asian countries (Benn and Owen, 1998;
Kumar et al,, 2020). In recent years in the Himalaya, anomalous
patterns of extreme rain events have caused huge socio-economic
impacts on the human populations. Palaeoclimate studies from the
region have utilized multiarchive-multiproxy approach for climate
reconstructions (Anoop et al., 2013; Mishra et al., 2015; Bhushan
et al,, 2018; Kumar et al., 2020; Misra et al., 2020; Rawat et al., 2021).
However, only a limited number of studies have targeted peat
sediments for understanding the palaeovegetation and
environmental and depositional conditions (Phadtare, 20005
Rawat et al, 2015; Srivastava et al, 2017). These studies have
used several established climate proxies such as pollen, mineral
magnetism, stable isotopes of C, N and elemental geochemistry to
reconstruct the Holocene climatic changes. Sedimentary biomarkers
that are now established as a strong molecular tool have so far not
been explored in Indian Himalaya. Here, we utilize a well-dated peat
succession spanning the past 8000 cal yr BP that was previously
studied from the Kedarnath region, and analyze the succession for
hydrocarbon biomarkers. This allows 1) an opportunity to provide a
climate record using an independent proxy and also 2) to analyze
how a molecular-based proxy relates and compares to already
existing pollen and isotope-based proxy record. We have also
compared the monsoonal changes in the Kedarnath region with
previous records of variability pattern for clearer perspectives of the
complexity of climate dynamics. Our study highlights the excellent
applicability of biomarkers in improving the understanding of
longer time-scale climatic fluctuations and thus can be utilized to
address wider aspects in palaeoclimate research.

STUDY AREA

The study area (Figures 1A,B) is located at an altitude of 3525 m
above mean sea level at northwestern Himalaya in Kedarnath,
Uttarakhand, India (30.73°N; 79.07°E) (Srivastava et al, 2017).
The region is a climatically sensitive zone located at the
periphery domain of the ISM rainfall The peat succession
formed in a glacio-fluvial environment between two lateral
moraines close to the Chorabari Glacier and north of the Pindari
Thrust. The moraines are the only source of sediments into the
depression. Geologically, the region is situated in Pindari formation
which is characterized by calc-silicate, schist, and granitic formations
(Valdiya et al., 1999) (Figure 1B). The long-term precipitation data
of Kedarnath region from Climate Research Unit (CRU TS v4.03)
for the period 1901-2019 interpolated into 0.5 latitude/longitude
gridded cell (1901-2019) (Harris et al,, 2020) shows a decreasing
trend with mean precipitation of 7.2 mm per decade (Figure 1C)
and an increasing trend in mean temperature (0.06°C per decade)
(Figure 1D). The region is typically characterized by a temperate
climate (Kar et al, 2016) and receives heavy rainfall during the
months of June to September primarily under the influence of the
Indian Summer Monsoon (ISM) (~71% of the mean annual
rainfall). Winter precipitation comprises snowfall between the
months of December to March due to intensification of the
westerly winds. The temperature in the region fluctuates from a
freezing —1°C to a maximum of 15°C during the months of June, July
and August. The vegetation in the area is dominated by broadleaved
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FIGURE 1 | (A) Location of the study area in the Indian subcontinent. (B) The geological map showing the sampling location of the peat succession in the Kedarnath
region of Uttarakhand (marked with the red star). (C) The long term decreasing trend in the mean precipitation in Kedarnath region from Climate Research Unit (CRU TS
v4.03) for the period 1901-2019 interpolated into 0.5 latitude/longitude gridded cell. The shaded region represents 99% confidence interval. (D) The long term
increasing trend in the mean temperature in Kedarnath region from Climate Research Unit (CRU TS v4.03) for the period 1901-2019 interpolated into 0.5° latitude/
longitude gridded cell. The shaded region represents 99% confidence interval. (E) The litho-column depicting the sedimentary layers across the studied depth along with
the analyzed samples marked with solid blue circles.

species and conifer biota (Kar et al,, 2016). Conifers are particularly
abundant followed by a few broad-leaved taxa such as Quercus,
Alnus and Ulmus. The most prominent herbaceous taxa include
Lamiaceae, Rosaceae, Polygonaceae and Rutaceae. Few steppe
elements such as Amarantheceae and sub-families of Asteraceae
are also well represented (Kar et al., 2016).

MATERIALS AND METHODS

Samples

The studied sediments were collected from a ~5m long peat
succession (Srivastava et al., 2017). The section was dated using
radiocarbon dating from seven bulk samples by accelerator mass

spectrometry (AMS) and the detailed description is provided in
the previous study (Srivastava et al, 2017). The '*C dated
succession covers the last ~8,000 years. A total of 46 sediment
samples from various time intervals covering the section have
been employed for the present biomarker analysis (Figure 1E). A
detailed litholog (Figure 1E) depicting the various sedimentary
layers of the studied section along with the sampling points is
provided.

Sample Processing

The sediments were powdered and homogenized using mortar
and pestle. The powdered samples were introduced into the speed
extractor (Buchi, E-914) for recovering the soluble fraction of the
organic matter (total extract) using a solution of dichloromethane
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and methanol (9:1 ratio, respectively; v/v) at 100°C and 70 bar
pressure. For removing the insoluble polar fraction, n-pentane
was added to the total extract and left for 12 h. Upon precipitation
of the heavier and primarily unsaturated polar constituents, the
supernatant fraction was decanted and dried overnight in fume-
hood. Saturated hydrocarbon fractions were isolated using
column chromatography (activated silica gel; 100-200 mesh;
eluent n-hexane) and analyzed by gas chromatography mass
spectrometry (GC-MS).

Gas Chromatography Mass Spectrometry
The aliquots of saturated hydrocarbon fraction were dissolved in
dichloromethane and analyzed using an Agilent 5977C mass
spectrometer interfaced to a 7890B gas chromatograph. The
samples were injected by auto sampler in pulsed splitless
mode. The GC is equipped with an HP-5MS capillary column
(30 m x 0.25 i.d. x 0.25 pm film thickness). Helium was used as
the carrier gas with a flow rate of 1 ml/min. The analysis was done
in full scan mode over a mass range of 40-600 Da. The ion source
operated in the electron ionization mode at 70 eV. The initial
temperature of the GC oven was programmed to 40°C
(isothermal for 5min) and then ramped to 310°C (isothermal
for 5.5 min) at 4°C/min. Data was processed using Mass Hunter
software and the compounds were identified by comparing the
elution pattern and mass spectra from published literature.

n-Alkane and Terpenoid Proxies

Based on carbon chain lengths, various n-alkane indices have
been assessed to understand the possible organic matter sources.
The short chain n-alkanes (n-C;5-n-C,;) are attributed to
microbial input such as algae and prokaryotes, whereas higher
order terrestrial plants are dominated by the long chain
(n-Cy7-n-Cs3) homologues (Eglinton and Hamilton, 1967;
Eglinton and Eglinton, 2008). The aquatic plants (submerged/
floating) and Sphagnum moss species are characterized by a
predominance of the mid-chain lengths typically the n-Cy;
and n-C,s (Ficken et al., 2000).

The n-alkane based indices [carbon preference index (CPI),
P-aqueous (P,q) and average chain length (ACL)] have been
calculated to characterize the distribution pattern of normal
alkanes in the studied Kedarnath sediment samples. The CP]I,
P,q and ACL are calculated based on the following equations:

1 Cos + Cys + Cyy Cos + Gy + Gy
CPI = —x* +
2 Cos + Gy + Cyg Cry + Gy + Cyg

(Marzi et al., 1993)

P - (Cys + Cys)
“ (Cos + Cos + Cyo + C5y)

(Ficken et al., 2000)

23 X Cy3 +25 X Cy5 + 27 X Cy7 + 29 X Cyo + 31 X Cy

ACL =
Cp3 + Cys + Cyy + Gy + G54

(Wang et al., 2015)
CPI is used to understand the origin of hydrocarbon
biomarkers and degree of molecular taphonomic alterations
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post deposition. Generally, CPI values tend to be higher on
occasions of heavy influx of terrestrial plant matter and lower
when derived from microbial biota such as algae and bacteria
(Cranwell et al., 1987; Bulbul et al., 2021). In addition, significant
microbial reworking and/or increasing thermal maturity also
lower the CPI values. The P,y denotes the relative proportion
of submerged, floating and terrestrial biota and can successfully
indicate the water level history especially in peat-forming
environments (Zhou et al., 2010). The ACL which is the
weighted mean of chain lengths is a crucial proxy that reveals
the ambient climatic conditions (Sarkar et al., 2014). The
underlying principle of ACL is that arid conditions induce
increased production of the longer chain n-alkanes in
terrestrial plants (Andrae et al, 2019). Other n-alkane ratio
such as n-C,3/n-C;; has been evaluated to decipher the shift
in the biotic input in response to changing environmental
conditions. The ratio n-C,3/n-Cs; is particularly applied to
trace the changes in input of Sphagnum vs. non-Sphagnum
species into the preserved organic matter in sediments.

Pr/Ph has been used to reconstruct redox potential of the
depositional environment (Didyk et al., 1978). The Pr/Ph values
are sufficiently high (>3) in oxic environments, whereas values
<0.8 pertain to suboxic to reducing conditions. Furthermore, the
acyclic terpenoid/n-alkane ratios viz. Pr/n-C,; and Ph/n-C,g are
used to explain the relative contributions of aquatic and terrestrial
biota and also the biodegradation status since the normal alkanes
are generally consumed faster than the terpenoids during
microbial degradation thus increasing the Pr/n-C;; and Ph/
n-C,g values.

Diterpenoid compound is identified using base peak in the
selected ion chromatogram at m/z 123 (Noble et al., 1985) and
hopanoids with base peak in the selected ion chromatogram at
m/z 191 (Waples and Machihara, 1991; Sessions et al., 2013;
Nizar et al., 2021).

RESULTS

GCMS traces reveal the presence of n-alkanes, acyclic and cyclic
terpenoids in the total ion chromatograms (Figure 2).

n-Alkanes
The n-alkanes, detected in selected ion chromatogram at m/z 57,
in the saturated hydrocarbon fractions of the studied sediments
comprise a homologous series ranging from n-C;s to #n-Cs;
(Figure 3). The short-chain n-alkanes depict a moderate
abundance of n-C;q, n-C;; and n-C,g, whereas n-C,;, n-Cyg
and n-C;; generally dominate the longer-chain range. The
mid-chain n-alkanes comprise relatively high abundance of
n-C,3 and n-C,s. The n-alkane series exhibits a bimodal
distribution with two distinct centers at n-C,4— n-C;g and a
dominant n-Cy;— n-Cs; range. A strong odd-over-even carbon
predominance is observed in the range of n-C,3-n-Cs;
homologues.

CPI values for the n-C,3-n-C,9 homologues are characterized
by a wide spread ranging between 1.0 and 11.4 and averaging at
3.3 (Figure 4; Table 1). Values are seen to fluctuate throughout
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FIGURE 2 | (A) Total ion chromatogram showing the distribution of biomarkers, both linear chain and cyclic compounds, in the saturated hydrocarbon fraction
extracted from the studied sediment (K1, ~369 cal yr BP). (B) Total ion chromatogram showing the distribution of biomarkers, both linear chain and cyclic compounds, in
the saturated hydrocarbon fraction extracted from the studied sediment (K96, ~4842 cal yr BP). (C) Total ion chromatogram showing the distribution of biomarkers,
both linear chain and cyclic compounds, in the saturated hydrocarbon fraction extracted from the studied sediment (K119, ~5655 cal yr BP).

the studied succession and no systematic trend could be
discerned. However, a short interval between ~4900 and
~4400 cal yr BP distinctly displays considerably high CPI
values between 3.7 and 8.0 (Figure 4).

The ACL values also vary throughout the Kedarnath peat
succession between 25.9 and 29.1. Generally, lower values are
observed in the interval between ~7515 and ~2300 cal yr BP

and the ACL fluctuates between 25.9 and 28.9 averaging at
27.3 (Figure 4). In the above-mentioned interval, the
temporal range between ~5300 and ~3600 cal yr BP shows
many minor and short-lived fluctuations (Figure 4). During
the period between ~3600 and ~2300 cal yr BP, the ACL
shows minimum values (between 26.0 and 28.8 with a
mean value of 27.1) followed by a sharp increasing trend

Frontiers in Earth Science | www.frontiersin.org 5

September 2021 | Volume 9 | Article 703362


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Bhattacharya et al.

nC.H

A

K1

m/z 57
40.00 45.00 50.00 55.00 60.00 65.00 70.00 75.00
B nC,,
3 K96
o
<
o
=]
=
il
<
2 |
5 P
= e P e e
& 30.00 3500 40.00 45.00 50.00 5500 60.00 65.00 70.00 75.00
nC,,

Cc K119

30.00 35.00 40.00 45.00 50.00 55.00 60.00 65.00 70.00 75.00
Retention time (min)

FIGURE 3| (A) Selected ion chromatogram at m/z 57 showing the chain
length distributions of the n-alkanes in the saturated hydrocarbon fraction
extracted from the studied sediment (K1, ~369 cal yr BP). (B) Selected ion
chromatogram at m/z 57 showing the chain length distributions of the
n-alkanes in the saturated hydrocarbon fraction extracted from the studied
sediment (K96, ~4842 cal yr BP). (C) Selected ion chromatogram at m/z 57
showing the chain length distributions of the n-alkanes in the saturated
hydrocarbon fraction extracted from the studied sediment (K119,

~5655 cal yr BP). A clear shift in the predominant chain length in the
sediments from different age intervals is observed. The changeover is a clear
signature of response of the ambient vegetation to changing climatic
conditions.

until ~370 cal yr BP (between 26.9 and 29.1 and averaging at
28.3) (Figure 4).

P,q is generally characterized by higher values between
~7515 and ~2300 cal yr BP varying between 0.21 and 0.80
(averaging at 0.54) and relatively lower values in the range
~2300 to ~370 cal yr BP fluctuating between 0.16 and 0.53
(averaging at 0.28). Similar to ACL, fluctuations are clearly
discernible in the range between ~5300 and ~3600 cal yr BP
(Figure 4). Notably, the P,y values exhibit a negative
correlation (r = —0.91) with the ACL wherein higher values
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of ACL are accompanied by lower values of P,q and vice versa
in the studied succession.

Another parameter namely the n-C,3/n-C;; has been
calculated to evaluate the distribution pattern of the n-alkanes.
Typically, higher values, with a mean value of 3.10 are observed
during the sufficiently long period between ~7500 and
~2400 cal yr BP (Figure 4; Table 1). A significant drop in the
n-C,3/n-Cs; ratio values is observed in the range between ~2300
and ~370 cal yr BP ranging between 0.11 and 0.67 (mean value
0.35). It is noteworthy that a concomitant decrease in the ACL is
also observed during this time interval.

Acyclic Terpenoids

Pristane (Pr) and phytane (Ph), the Cjy and C,, acyclic
terpenoids, respectively are monitored by selected ion
chromatogram at m/z 57 and detected by major fragments at
m/z 183 and m/z 197 in the sediment samples. The Pr/Ph ranges
between 0.37 and 1.35 with a mean of 0.83. Frequent oscillations
in the Pr/Ph are observed over the studied sedimentary section
and no distinct trend could be discerned. Similarly, fluctuations
are observed for Pr/n-C;; and Ph/n-C,g (Table 1).

Diterpenoids

Diterpane is identified in selected ion chromatogram at m/z 123
in all the sediment samples (Noble et al., 1985). Other major
fragments include m/z 231, 259 and 274. Tetracyclic diterpanes
such as ent-phyllocladane and ent-kaurane have a very similar
mass fragmentogram with major fragments at m/z 231, 259 and
274. However, these two compounds can be readily distinguished
by the m/z259/274 ion ratio wherein ent-kaurane is characterized
by higher relative intensity of m/z 259 as compared to m/z 274. In
our study, the diterpane peak is identified as ent-kaurane based
on the higher m/z 259/274 ion ratio (Figure 5).

Hopanoids

Hopanoids are identified in selected ion chromatogram at m/z
191 in saturated hydrocarbon fractions of the studied sediments
(Figure 6). The spectrum comprises both saturated and
unsaturated compounds. 22, 29, 30-Trisnorhop-17(21)-ene
(Te) is identified from the characteristic mass fragment at m/z
368 and other major diagnostic fragments at m/z 191 and m/z 231
(Nizar et al., 2021). The molecular ion fragment at m/z 368 (M*
-2H") indicates unsaturation in the cyclic structure. Csg
Diploptene [hop-22(29)-ene] is identified by the molecular ion
at m/z 410 and characteristic mass fragments at m/z 191, 395, 299
(Sessions et al., 2013). 17a(H)-22, 29, 30-Trisnorhopane (Tm), a
saturated C,; hopane, is identified based on the typical mass
fragments in selected ion chromatogram at m/z 149 and major
ions at m/z 191, 355 and 370 (Waples and Machihara, 1991).
Other saturated hopanes include C,9 norhopane and its isomer
detected in selected ion chromatogram at m/z 177, C;5, hopane
and Cs;; hopane. Additionally, C;; methyl hopane, in selected ion
chromatogram at m/z 205 is found to be present in the sediment
samples. The mass fragment at m/z 177 signifies loss of a methyl
group from the pentacyclic structure of hopane, whereas the
presence of the fragment at m/z 205 indicates presence of a
methyl group in the A-ring.
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reflect the influx of wetland vegetation and ACL indicates wetter or drier hydrological conditions. The palaeohydrological reconstruction by Srivastava et al. (2017) based
on multiproxy records has been incorporated on the right representing the changing dry and wet phases across the studied succession as deduced from the
previous work.

DISCUSSION

Depositional Conditions and Preservation
of Organic Matter

Depositional Condition of the Environment

A significantly well-preserved organic matter transforming into
the peat layers is evident from the high CPI values indicating
limited microbial breakdown and diagenetic alterations
(Alexander et al., 1981; Marzi et al., 1993; Peters et al., 2005).
Further, low degree of biodegradation and relatively mild
diagenesis are confirmed by the relation between Pr/n-C,; and
Ph/n-Cyg (Peters et al., 1999) (Figure 7) and presence of the
unsaturated hopanes such as 22, 29, 30-trisnorhop-17(21)-ene
(Te), and hop-22(29)-ene (diploptene). With increasing
microbial degradation, values for the ratios Pr/n-C;; and Ph/
n-C,g increase (>1) since normal alkanes are consumed faster
than acyclic terpenoids. The structural similarity between 22, 29,
30-trisnorhop-17(21)-ene (Te) and 17a(H)-22, 29, 30-
trisnorhopane (Tm) suggests that Te is the biogenic precursor

of Tm and that the latter is produced during early diagenetic
conditions in the sediment matrix. Further, the unsaturated
hopanes indicate that the depositional condition was favorable
towards inhibiting complete oxidation and degradation of the
hopanoid class of compounds. Moderate degeneration of the
organic matter and little taphonomic changes of the molecular
fossils are plausibly consequential to the suboxic depositional
condition of the environment as evident from low Pr/Ph values
(Table 1) and corroborated by the relation between Pr/n-C;; and
Ph/n-Cyg (Figure 7).

Organic Matter Sources

Further, to understand the OM sources, biomarker signatures
have been utilized here. The reconstruction of organic matter
input is important to understand the endemic vegetation
forming peat layers in the region (discussed herein) as well
as to detect any biotic changes induced due to climatic and/or
environmental shifts (see Changes in Monsoonal Intensity as
Inferred From Molecular Markers). The ratio between Pr/n-C,,
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TABLE 1| Alist of n-alkane (CPI, ACL, P,q and n-Co3/n-C31) and acyclic terpenoid (Pr/n-C4-, Ph/n-C5 and Pr/Ph) proxies across the studied sedimentary succession from

the Kedarnath region, Garhwal Himalaya.

Samples Age (cal CPI ACL Paq
yr BP)
K-1 369.6 2.1 28.8 0.27
K-3 4787 20 28.9 0.21
K-5 696.9 17 29.1 0.23
K-7 1024.2 3.8 27.4 0.43
K-9 1096.9 3.1 28.3 0.28
K-11 1169.6 3.8 29.1 0.16
K-13 1260.5 2.6 28.9 0.18
K-15 1351.5 3.4 28.7 0.21
K-17 1496.9 3.2 284 0.23
K-18 1569.6 2.1 28.4 0.31
K-20 17151 5.0 26.9 0.53
K-21 1787.8 2.0 28.4 0.29
K-23 1933.3 4.0 28.8 0.18
K-25 2078.7 4.6 27.3 0.43
K-27 2206.0 2.8 28.3 0.26
K-29 2315.1 3.3 217 0.36
K-31 2424.2 1.5 26.6 0.78
K-33 2533.3 2.6 27.1 0.47
K-37 27515 1.4 26.7 0.62
K-42 3060.5 1.1 26.7 0.79
K-44 3169.6 2.9 26.0 0.66
K-46 3278.7 3.2 26.5 0.56
K-48 3351.5 2.3 28.8 0.29
K-50 3442.4 1.5 27.2 0.73
K-53 3569.6 18 28.1 0.41
K-56 3733.3 3.0 275 0.47
K-62 3906.3 1.0 27.9 0.38
K-68 4111.8 1.4 27.3 0.58
K-70 4157.4 20 28.7 0.21
K-72 4195.5 2.4 28.9 0.21
K-77 4309.6 14 26.8 0.75
K-81 4401 7.0 27.2 0.56
K-83 4446.6 8.0 271 0.52
K-90 4614 3.7 28.0 0.31
K-96 4842.4 4.7 26.9 0.65
K-98 4872.8 6.2 27.1 0.53
K-99 4921.5 5.2 27.5 0.38
K-102 4987.9 14 27.8 0.34
K-108 5085.4 4.0 26.8 0.68
K-110 5129.7 1.0 28.0 0.34
K-118 5448.7 1.6 26.7 0.80
K-119 5655.9 2.8 27.6 0.65
K-121 6077 4.4 26.8 0.76
K-122 6287.5 2.9 27.2 0.71
K-124 6708.5 5.1 28.6 0.23
K-128 7515.5 6.0 25.9 0.74

and Ph/n-C;g indicates that most of the samples lie in the zone
of mixed organic matter, whereas only a few of them are
exclusively characterized in land plants-derived organic
matter (terrestrial vascular plants) (Figure 7). The sediment
samples in the “mixed OM” zone are those that comprise OM
formed from both wetland biota and terrestrial vascular plant.
These samples characteristically have moderate to high P,q and
n-Ca3/n-Cs; and low ACL (signifying higher water levels and
stronger precipitation). Conversely, the samples in “terrestrial
vascular plants” zone represent the ones that have low P,q and

n-Ca3/n-Cgy Pr/n-C47 Ph/n-Cyg Pr/Ph

0.22 0.99 0.33 0.54
0.17 1.21 1.38 0.82
0.19 1.25 0.94 0.85
0.67 0.77 0.21 1.35
0.35 0.60 0.21 1.29
0.12 0.70 0.37 0.87
0.15 0.47 0.13 11
0.24 0.55 0.09 1.40
0.24 1.66 0.89 0.96
0.36 0.80 0.86 0.89
1.14 1.66 0.82 1.04
0.28 1.02 1.01 0.62
0.11 1.07 0.70 1.01
0.63 117 0.47 1.21
0.19 0.95 1.05 0.58
0.55 0.82 0.30 0.76
4.95 0.49 0.26 0.88
0.89 117 0.88 1.00
2.30 1.21 0.67 0.79
6.28 0.38 0.07 0.50
2.25 0.79 0.15 1.22
2.20 0.95 0.22 1.08
0.32 0.43 0.64 0.47
3.44 0.47 0.45 1.16
0.70 0.46 0.61 0.64
0.81 0.46 0.55 0.57
0.33 1.03 0.89 0.70
1.75 0.29 0.43 0.38
0.15 1.32 1.02 0.74
0.16 1.49 1.83 0.81
6.55 0.47 0.37 0.86
3.42 0.52 0.53 0.47
4.03 0.38 0.46 0.37
0.29 117 1.25 0.78
14.98 0.60 0.48 0.95
10.69 0.48 0.35 1.19
0.63 0.56 0.71 0.69
0.36

6.35 0.44 0.39 1.16
0.27 0.88 0.87 0.87
4.56 0.36 0.10 0.53
2.07 0.36 0.43 0.44
3.22 0.56 0.51 0.69
3.08 0.30 0.05 1.22
0.16 0.33 0.07 0.93
5.89 0.97 0.39 0.88

n-C,3/n-Cs; and high ACL (indicating lowering of water levels
that reduced the aquatic vegetation cover possibly
consequential to decreased precipitation). The high
molecular weight alkanes and strong odd-over-even carbon
predominance also primarily indicate the contribution of
vascular plants in the formation of the peat deposits.
Sphagnum moss, a bryophyte, generally thrives in
submerged/floating conditions and is one of the
quintessential peat-forming aquatic biota (Cranwell, 1973;
Ficken et al., 1998; Nott et al., 2000; Bingham et al., 2010).
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The Sphagnum species are dominant producers of the mid-
chain lengths, typically the n-C,3 and #n-C,s (Bingham et al,,
20105 Zhang et al., 2017). Therefore, the periodic enrichment
of n-C,3/n-Cs; ratio in the studied succession indicates
contribution of Sphagnum-rich vegetation into formation of
the peat layers. Further, the higher order terrestrial plants are
dominated by the long chain (n-C,;-1-Cs3) homologues. Notably,
the modern arboreal vegetation cover in the study area is dominated
by a preponderance of conifer elements (Kar et al.,, 2016; Srivastava
et al, 2017). In particular, the vascular plant input includes
gymnosperms as reflected by the presence of specific ent-kaurane
diterpane compound. The compound ent-kaurene, which is the
precursor for ent-kaurane is produced abundantly in conifer resins.
Additionally, microbial biota such as bacteria also contributed into
the peat-forming OM as revealed by the presence of the hopanoids.
These compounds are produced as an integral part of the cellular
membrane by prokaryotes of diverse taxonomic clades (Ourisson

and Albrecht, 1992). The presence of the mono-unsaturated
hopanoid compounds viz. 22, 29, 30-trisnorhop-17(21)-ene (Te),
and C;, diploptene, i.e., hop-22(29)-ene are tracers of bacterial input
into the organic matter (Ochs et al., 1992). A possible cyanobacterial
source for 17a(H)-22, 29, 30-trisnorhopane (Tm) is suggested by
Freeman et al. (1994). The C;; methylhopane is also known to be
produced by cyanobacteria (Brocks et al., 2003). Likewise, the short
chain n-alkanes (n-C;s-n-Cy,;) in the present study could be
attributed to microbial input such as prokaryotes or algae
(Cranwell et al, 1987). Concentrations of the shorter chain
alkanes viz. n-C;;, n-Cjo are relatively low as compared to the
mid- and long-chain alkanes throughout our studied sedimentary
record suggesting subdued presence of microbial biota. The acyclic
terpenoids pristane and the phytane, produced from the phytyl side
chain of chlorophyll upon diagenetic alterations in the sediments,
could also be derivatives of microbial organisms or vascular higher
plants.
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FIGURE 7 | Cross plot between pristane/n-C4; and phytane/n-Csg
describing the type of biota forming the peat and organic rich layers in the
studied section. The cross plot also indicates the extent of biodegradation of
the preserved organic matter in the sediments, level of thermal maturity

and the redox condition [modified after Alexander et al. (1981)].

Changes in Monsoonal Intensity as Inferred
From Molecular Markers

Various n-alkane proxies derived from sedimentary records are
robust indicators of source biota in peat along with the
palaeohydrological conditions (Baker et al., 2016; Basu et al,
2017; He et al, 2019). For e.g., higher ACL values reflect the
modification of wax lipid composition by plants as an adaptive
measure to changing climatic conditions. The longer chain
n-alkanes are hydrophobic in nature and hence increasingly
produced in arid condition. Being hydrophobic, the longer
chain n-alkanes create an impermeable layer that minimizes
desiccation in drier environment. Hence, greater synthesis of
the longer chain n-alkanes, reflected by higher ACL and lower
n-Cy3/n-Cs; values, is one of the survival strategies of vascular

land plants to combat dry spells and protect the cellular apparatus
(Sarkar et al., 2014; Andrae et al., 2019). Marked variations are
observed for CPI values in the studied section and higher values
(>2) are reflective of preservation of fresh organic matter in the
region (Figure 4). Further, the relative contribution of Sphagnum
spp. and other vascular land plants has been assessed by the
1n-C,3/n-Cs; and P,q ratios wherein higher values are corelatable
with expansion of wetland biota The trend in the #n-C,3/n-Cj,
ratios complements the variability in ACL values as deduced from
the studied sediments and a clear inverse correlation could be
established between the ACL and n-C,3/n-Cj;, ratios (Figure 4;
Table 1). Likewise, higher values of P,q across the studied
succession, related to increased aquatic taxa input, correlates
well with higher range of n-C,3/n-Cs; (Figure 4; Table 1). In
terms of the n-alkanes proxy variables, climate variability in
Kedarnath region can be divided into four distinct intervals: 1)
~7515 to ~5300 cal yr BP depicting higher P,q and n-C,3/n-Cs,
and lower ACL values 2) ~5300 to ~3600 cal yr BP characterized
by oscillating ACL and P,q (also n-C,3/n-Cj;) 3) ~3600 to
~2300 cal yr BP with reversal to higher P,y and #n-C,3/n-Cs; 4)
~2300 to ~370 cal yr BP characterized by lower n-Cy3/n-Cs;, Pyg
and increase in ACL index (Figure 4). During the time span
between ~7515 and ~2300 calyr BP, the higher n-Cy3/n-Cs;
values are accompanied by lower ACL (and higher P,,) and
vice versa (Figure 4). This is reflective of a generally enhanced
monsoonal phase and wetter hydrological condition that
facilitates the proliferation of the hygrophilic Sphagnum moss
biota. Despite generally intensified monsoon, there were brief
periods of aridity during the time span between ~5300 and
~3600 cal yr BP. Further, a significant deviation towards lower
ACL and higher #n-Cy3/n-Cs; is observed for a short interval
between ~3600 and ~2300 cal yr BP (Figure 4). This reflects
return of humid condition briefly consequential to strengthening
of monsoon that again resulted into proliferation of aquatic
vegetation in the area. The increased precipitation facilitated
expansion of waterlogged condition that is highly desirable for
expansion of Sphagnum flora (Inglis et al.,, 2015). Conversely,
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FIGURE 8 | Regional comparison of palaeoclimate data (A=l) with major teleconnections (J-M).

lower values for the n-C,3/n-Cj, are co-relatable with higher ACL India (Lonar and Nonia Tal lakes) demonstrate early Holocene

values between the interval ~2300 and ~370 cal yr BP (Figure 4).  intensification followed by general weakening in monsoonal
This observation suggests arid conditions resulting into sparse  precipitation during the mid-Holocene (Prasad et al, 2014;
cover of Sphagnum-dominated vegetation during the period. Mishra et al, 2015; Sandeep et al, 2017; Bhushan et al, 2018;

Kumar et al., 2019). Similarly, the Globigerina bulloides-based study
. . from Arabian Sea (Gupta et al, 2003) and Globigerinoides ruber
Palaeohydrological Changes in Kedarnath from Bay of Bengal (Rashid et al., 2011) have also portrayed an early
and a Regional Comparison Holocene intensification in response to the Northern Hemispheric
The present study based on n-alkane proxies from Kedarnath solar insolation (Berger and Loutre, 1991) (Figure 8). Conversely,
peat succession clearly demonstrates a shift in the biotic  the pollen-based palaeorecord from Indo-Gangetic plain
composition in response to a change in the hydrological  (Lahuradewa Lake) indicate a prolonged ISM intensification
conditions since mid-Holocene (ca. 7500 cal yr BP). during ~9200 to ~5300 cal yr BP (Saxena et al.,, 2013). The 880
The wetter climatic condition during ~7515 to ~5300 calyr BP  record from Kotumsar cave in central India represent mid-Holocene
inferred by mn-alkane proxies is in agreement with previous  wetter climatic condition punctuated by series of megadroughts
geochemical and bulk organic proxy-based data from the region  probably linked to increased frequency of El Nino events and weaker
which shows warmer and wetter condition during mid-Holocene North Atlantic circulations (Band et al.,, 2018).
(~6500 to ~5400 cal yr BP) (Srivastava et al., 2017). Likewise, the Further, a major shift in climatic pattern in the Kedarnath
pollen-based investigations from Bednikund and Tso Kar lakes (NW  region is observed between ~5300 and 3600 cal yr BP. This brief
Himalaya) shows a short-term mid-Holocene climate optimum and ~ period of generally weakened monsoon with high frequency
intensified ISM (Demske et al., 2009; Rawat et al,, 2021). In contrast, ~ climate variability is clearly visible in both our proxy records
the terrestrial records from the Himalayan region (Tso Moriri and ~ and the previous study by Srivastava et al. (2017). Such a scenario
Benital lakes), southern India (Shantisagara Lake) and the central is well recorded in several other studies from the Indian sub-
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continent (e.g., Lahuradewa in central India, Benital and Tso
Moriri in NW Himalaya, Lonar Lake in central India, and Chachi
sediment profile in the western India) (Saxena et al., 2013; Prasad
et al., 2014; Mishra et al., 2015; Pillai et al., 2017; Bhushan et al,,
2018). Further, low ACL and high Paq and n-Cy;/n-C;; values
between ~3600 and ~2300calyr BP reflect wetter climatic
condition due to increased monsoonal precipitation in the
studied region. The NW Himalayan region (Bednikund Lake
during ~3300 to ~2800 cal yr BP and Benital Lake between ~3500
and ~2400 cal yr BP) have also recorded wetter climatic condition
in response to Northern Hemisphere temperature variability and
increased solar irradiance (Bhushan et al., 2018; Rawat et al,,
2021). In contrast, the record from central and southern India
shows drier (weak monsoon) climatic condition due to
weakening of ISM precipitation (Prasad et al, 2014; Sandeep
et al., 2017). This discrepancy might be attributed to increased
contribution of Westerlies as the region receives precipitation
from dual sources (both ISM and Westerlies). This is supported
by increased westerly contribution during ~3600 to ~2300 cal yr
BP (An et al., 2012) (Figure 8).

Lastly, the period between ~2300 and ~370 cal yr BP exhibit
low #n-Cy3/n-Cs; and P,q and high ACL suggesting progressive
weakening of monsoonal condition in the region. Other
signatures such as subdued presence of broad-leaved taxa
and marshy flora also confirms the prevalence of drier
conditions (Bingham et al., 2010; Inglis et al., 2015). The
previous study has revealed two short-term centennial scale
climatic events such as Medieval Climate Anomaly (during
~1250 to ~800calyr BP) and Little Ice Age (~600 and
~250 cal yr BP) (Srivastava et al., 2017). However, in our
present proxy study, the identification of these events is
beyond the scope due to relatively low sample resolution as
aresult of unavailability of sediments in these intervals that are
most appropriate for organic geochemical analyses. Moreover,
with the exception of these short term events, the majority of
palaeoclimate records demonstrate depreciating monsoonal
condition over the Indian subcontinent. This progressive
decrease in monsoonal precipitation is mostly interpreted in
terms of southern migration of the Intertropical Convergence
Zone (ITCZ) coupled with increased frequency of El Nifio
events (Haug et al., 2001; Moy et al., 2002; Kumar et al., 2019;
Singh et al., 2020). For example, the proxy records from
Bednikund suggest intermittent weak monsoonal condition
(1860-1050 cal yr BP followed by 760 to 580 cal yr BP and 500
to 320 cal yr BP) punctuated by several short term wet phase
(Rawat et al., 2021). The study suggests the role of solar
insolation and Northern Hemisphere temperature effects in
controlling the climatic condition in the NW Himalaya.
Likewise, the evaporative carbonates from Tso Moriri Lake
indicate weakest monsoon (2700 calyr BP to present) in
response to reduced solar insolation (Mishra et al., 2015).

Thus succinctly, similar multiproxy studies from different
climatic sensitive region are warranted to further understand
the mechanisms for the spatial and temporal heterogeneity and
the impact of teleconnections in monsoon variability (e.g., El
Nino) (Figure 8).

Reconstructing Vegetation History and Palaeohydrology

CONCLUSION

A sedimentary succession with peat layers from the Kedarnath
region, Garhwal Himalaya spanning the last 8000 cal yr BP has
been investigated for lipid biomarkers. The peat-forming organic
constituents include gymnosperms and Sphagnum moss as
evident from the presence of ent-kaurane and high abundance
of the n-C,; alkane, respectively. A variety of hopanoid
compounds both unsaturated including hop-22(29)-ene and
22, 29, 30-trisnorhop-17(21)-ene (Te) and saturated such as
the 17a(H)-22, 29, 30-trisnorhopane (Tm), C,9 norhopanes,
C;0 hopane, C;; hopane and C;; methyl hopane reveal the
suite of microbially derived lipid constituents. The n-alkane
proxies used in the present study (P,q, ACL, #-C,3/n-Cs;) and
previously published records clearly reveal shift in the intensity of
monsoon and a concomitant changeover in the vegetation cover.
The relatively high abundance of mid-chain alkane homologues
during the interval between ~7515 and ~2300 cal yr BP suggests
significant aquatic vegetation cover. The palaeohydrologic
condition is established as wetter during the aforementioned
interval although interlude periods of aridity had prevailed as
evident from frequent shifts towards the longer n-alkane chain
lengths, typically during ~5300 to ~3600 cal yr BP. Beginning at
around 2300 cal yr BP until around 370 cal yr BP, the climate
entered a prolonged phase of aridity triggering the synthesis of
longer chain n-alkanes as a protective measure by the terrestrial
plants to combat the dry spells. The climate reconstruction as
inferred from the n-alkane proxies is consistent with the
previously determined multiproxy records and attests the
applicability of hydrocarbon biomarkers for past climatic
reconstructions in sedimentary The overall
comparison of palaeoclimate data from the Kedarnath peat
succession with other regional records reveals temporal and
spatial heterogeneity in monsoonal pattern over the Indian
sub-continent during mid to late Holocene.

successions.
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