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A B S T R A C T

This research focuses on analyzing paleosols, major and trace element geochemistry, organic carbon levels, and
geo-archaeological aspects of Quaternary deposits investigated in two sedimentary successions located in the
east-central Barind region of NW Bangladesh. Several factors that influence the paleosol development can be
used to decipher the paleoenvironment and paleoclimatic conditions of the study area. Sedimentary succession of
the studied sections have been grouped into two broad categories i.e., Gray unit/Newer Alluvium (NA) of Late
Holocene and Red unit/Older Alluvium (OA) of Early Pleistocene age. Some geoarchaeological evidences have
been found at the bottom of the gray unit and the top of the red unit in Durgadaha (DD) section indicating the
existence of paleo-settlement at about ~1300 years BP. The age is determined by the relative dating of several
artifacts found at the paleo-settlement surface. Interpretation of several field characteristics and geochemical
parameters i.e., clayeyness, salinization, base loss, calcification, leaching (Ba/Sr), aeolian input (Zr/Al), CIA,
CIW, CIA-K, etc. revealed that the paleosols in gray unit are weakly developed; whereas, paleosols in red unit are
relatively moderate, strong to very strongly developed. In the red unit, the MAP and MAT range from 1000 ±

181 mm to 1478 ± 181 mm and 9◦ ± 4.4◦–14◦ ± 4.4 ◦C respectively. On the other hand, MAT ranges from 23.1◦

± 0.6 ◦C to 28.3◦ ± 0.6 ◦C in gray unit paleosols. Depending on the depositional pattern and estimated MAT, five
short-term climatic cycles (i.e., alternating phases of dry and wet) have been recognized in gray/newer alluvium
units during the last 1300 years. The demise of paleo settlement (1300 years BP) due to the abrupt climatic
change towards a dry and cooler phase where the MAT was estimated as 23.1◦ ± 0.6◦ which is at least 3 ◦C lower
than the present. This study also revealed that the estimated MAP and MAT are more analogous to paleoclimatic
records of the Asian regions.

1. Introduction

Quaternary continental paleoenvironmental and paleoclimatic con-
ditions have been reconstructed by recognition and use of paleosols and
it is nowwidely used for paleoclimatic research (Birkeland, 1984; Caran,
1998; Sheldon and Tabor, 2009; Tabor and Myers, 2015; Beverly et al.,
2018; da Silva Neto et al., 2020; Raigemborn et al., 2023). Paleosols are
soils that formed on the landscape in the past, which have direct inter-
action with climatic and environmental conditions that prevailed at the

time of their development (Birkeland, 1984; Kraus, 1999; Retallack,
2008; Muhs, 2021). Climate, organism, topography, parent material,
and time control the soil-forming processes (Birkeland, 1984; Huot
et al., 2015; Matchavariani, 2019; Ben Mahmoud and Zurqani, 2021;
Certini and Scalenghe, 2023). Precipitation and temperature are the
vital factors that govern the degree of pedogenesis (i.e., soil develop-
ment) and weathering processes along with the elemental mobility in
paleosol (Kumaravel et al., 2009; Babeesh et al., 2017; Kogler and
Hembree, 2019; Ghasera and Rashid, 2024). Leaching, transfer, and
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dissolution of the major and trace elements during pedogenesis are also
controlled by the chemical composition of the parent rock and the sur-
face/groundwater flow (Nesbitt and Young, 1982, 1984, 1989; May-
nard, 1992; McLennan et al., 1993; Li et al., 2014; Mikkonen et al., 2018;
Moussavi-Harami et al., 2009; Naiman et al., 2005; Nash, 2022). Several
studies show deviations of geochemical behavior through a paleosol
profile provide evidence of the degree of pedogenesis and climatic
conditions that existed during paleosol development (Wright, 1992;
Retallack, 1995; Sheldon et al., 2002; Sheldon, 2003; Hou et al., 2022;
Wang et al., 2023).

Several geochemical proxies have been widely used in paleosols to
calculate chemical weathering with pedogenesis to infer paleoenviron-
ment and paleoclimate (Delgado et al., 2021; Raigemborn et al., 2022;
Srivastava et al., 2019; Tabor and Myers, 2015; Wang et al., 2023). The
most important major element geochemical indices such as Clayeyness,
Salinization, Base loss, and Calcification were proposed by Nesbitt and
Young (1984) and also widely used in the literature (Prochnow et al.,
2006; Sheldon, 2006; Beverly et al., 2018; Eze et al., 2021; Guo et al.,
2024; Matshameko et al., 2022). Major element geochemical indices are
CIA (Nesbitt and Young, 1982), CIW (Harnois, 1988), and CIA-K (after
(Nesbitt and Young, 1982; Maynard, 1992) are used to calculate the
overall condition of weathering processes. Estimation of carbon isotope
values and concentration of Total Organic Crabon (TOC) in the sedi-
ments and paleosol are important to understand paleovegetation and
past climatic conditions (Chen et al., 2011; Hussain et al., 2019; Yang
et al., 2021; Varela et al., 2021). Total organic carbon (TOC) is a
fundamental parameter for describing the abundance of organic content
in soil or sediments (Meyers and Lallier-Vergès, 1999). Recently, several
geochemical climofunctions for paleosols i.e., Mean Annual Precipita-
tion (MAP) in mm and Mean Annual Temperature (MAT) in ◦C have
been successfully applied in several continental parts of the world to
reconstruct paleoenvironment and paleoclimate (Maynard, 1992; Shel-
don et al., 2002; Sheldon and Retallack, 2004; Schatz et al., 2015; Gong
et al., 2023; Aquino et al., 2024). Field recognition of paleosols and their
geochemical characteristics is the most powerful tool for reconstructing
paleoenvironment and climate when it is applied together with their
depositional facies and geomorphic studies (Sheldon and Tabor, 2009;
Retallack, 2016; N J Tabor et al., 2017). In addition, geoarchaeological
findings buried in fluvial sequences can be excellent tools for paleo-
environmental interpretation (Ripley, 1998; Carey et al., 2017; Goiran
et al., 2022). The Paleo-settlement history of a region is closely related to
the availability of water, transportation, flora, fauna, andsuitable terrain
for agriculture and river dynamics. All of these suitable conditions for
establishing a settlement on a paleo-landscape are also closely con-
nected to favorable climatic conditions.

The present study has been carried out on two sedimentary succes-
sions in an area of East-central Barind Tract, Joypurhat District, NW
Bangladesh. The Barind tract is one of the most important Quaternary
geomorphic units of the Bengal Basin. The study area experienced
numerous erosional (deeply incised valley) and depositional processes
(alluvial, floodplain, terrace, natural levee, bars) during the Late Holo-
cene time and therefore Recent floodplain developed over the Barind
clay residuum (Khan, 1991; Mukherjee et al., 2009; Neidhardt et al.,
2013; Alam and Khan, 2022). Both the remnant of Barind deposits and
the recent floodplain comprise a number of paleosols and numerous
geoarchaeological evidence (Monsur and Paepe, 1992; Alam et al.,
2008; Kumar et al., 2020). Quaternary paleosols in Barind Tract have
been studied earlier from various perceptions based on field character-
ization (Alam, 1993; Monsur, 1995; Rashid and Islam, 2018), stable
Carbon and Oxygen isotopic signatures of soil CaCO3 (Alam, 1993; Alam
et al., 1997) and rock magnetic-paleoclimatic signatures (Alam, 1993;
Monsur and Paepe, 1992; Alam and Paepe, 1996, Alam et al., 1997).
However, very little is known about the major element geochemical
relations of the paleosols in the study area in terms of various weath-
ering indices and climofunctions. Therefore, field observation and
geochemical compositions have been used to decipher the

paleoenvironment and paleoclimate of Pleistocene-Holocene paleosol.
Geoarchaeological evidences found in the sedimentary sequences have
also been studied to understand the growth and dynamics of paleoset-
tlements linked to different climatic episodes.

2. Geological settings

The study area lies within the east-central Barind Tract, Joypurhat
District, NW Bangladesh (Fig. 1). The Barind Tract is one of the major
physiographic units of the Bengal Basin and represented as tectonically
uplifted Pleistocene outcrop (Morgan and McIntire, 1959; Khandoker,
1987; Khan and Rahman, 1992; Monsur and Paepe, 1992; Alam et al.,
1997; Kuehl et al., 2005; Rudra, 2018; Grimaud et al., 2020). The
east-central portion of the Barind Tract is floodplain area and the de-
posits is directly overlie the tectonic element called
Gaibanda-Nawabgonj Intracratonic High, which is a linear feature
trending NE-SW (Khandoker, 1987; Khan and Rahman, 1992; Alam
et al., 1997; Rashid et al., 2015). This linear feature has remained as a
positive landmass since the Gondowana period and is bounded by a
major basement fault. Reactivations of these basement faults have taken
place from time to time, especially since the deposition of Early Pleis-
tocene sediments of the Barind Tract (Khandoker, 1987). The sedi-
mentary sequences of the Quaternary deposits of the area consist of
Pleistocene brown, yellowish red to reddish yellow clay, silty clay to fine
sand which is overlain by mostly gray color clayey silt and sands of
Holocene age (Achyuthan and Thirunavukarasu, 2009; Nandy and Nath,
2021). The Holocene sediments were deposited by the Tista River and its
distributary channel. The Quaternary deposits of the area contain
several paleosol horizons. Bangladesh Meteorological Department
(BMD) measured the study area receives a mean annual precipitation of
1700 mm and a mean annual temperature of about 26 ◦C.

3. Methodology

3.1. Field recognition of paleosols and sampling

Two excavated stratigraphic sections (Fig. 2) in the Joypurhat area of
East-central Barind Tract, NW Bangladesh were selected for field
recognition of paleosols and sample collection. These two sections DD
and KS named after Durgadaha and Kujishahar localities lie within 25◦4′
40″ N and 25◦5′00″ N latitude and 88◦ 55′ 9″and 88◦59′5″ E longitude
respectively. The elevation (AMSL) and the total thickness of the DD
section are 25 m and 5.3 m respectively. On the other hand, a 6 m thick
KS section is situated at an elevation of 23 m (AMSL). Field description
of paleosols includes different pedogenic and biogenic features such as
root traces, animal burrows, soil structures, slickensides, harmonization,
color, mottling, Fe-Mn concretion, etc. were studied carefully followed
after Birkeland (1984). Munsell Color Chart (Munsell, 1975) was used to
determine the different colors of the sediments. Paleosols were classified
based on field observations and US taxonomic system (Soil Survey Staff,
1999; Baillie, 2001). A total of 32 samples were collected from different
recognized paleosols horizons of DD (n = 20) and KS (n = 12) sections
and sealed into labeled plastic bags.

3.2. Laboratory procedure

A total 32 selected samples from different paleosol horizons and
sedimentary units (Fig. 2) have been selected for XRF analysis. Each
sample were crushed for 20 min in a Planetary Ball Mill (PM-200,
Retsch, Germany) to make powder form in well-mixing conditions.
Powdered samples were then pulverized in a pulverizer machine. Then
finely ground powder (<100 μm) were put in a porcelain crucible and
dried at 100 ◦C in an oven for 24 h to remove moisture. Dried powder
samples were mixed with binder (steric acid with sample at a ratio of
1:10) and pulverized for 2 min. The mixture was spooned into an
aluminum cap (30 mm) and sandwiched between two tungsten carbide
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pellets using a manual hydraulic press with 10–15 tons/sq. in. for 2 min.
Then the pressure released slowly and the pellets were t ready for X-ray
Fluorescence (XRF) analysis. Major oxides and trace elements were
determined at IMMM, BCSIR, Joypurhat by X-ray Fluorescence (XRF)
Spectrometer method following the standard procedure as described by
Rigaku Corporation using Rigaku ZSX Primus XRF machine equipped
with an end window 4. kW Rh-anode X-ray tube. Analytical

uncertainties for XRF major elements are <2% and trace elements are
<10% (Rousseau, 2001; Saha et al., 2023) The loss on ignitions (LoI)
were determined by igniting the samples at 950 ◦C temperature.

Fig. 1. Location map and position of field sections of the study area.
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3.3. Analytical procedure

3.3.1. Chemical proxies
Several geochemical indices have been calculated by the molecular

proportion of major and trace elements to infer geochemical charac-
teristics during the weathering and pedogenesis of paleosols. The indices
Clayeyness (Al2O3/SiO2), Salinization (Na2O + K2O)/Al2O3), Base loss
(Al2O3/Na2O + K2O + CaO + MgO), Calcification (CaO + MgO/Al2O3)
have been calculated after Nesbitt and Young (1982 1984) and Sawyer
(1986) to understand the relative strength of weathering and pedogenic
conditions of the studied soil paleosol sequences. The molecular ratios of
Ti/Al were calculated to determine source rock composition (Kurtz
et al., 2000; Li, 2000; Stiles and Stensvold, 2008; Sheldon and Tabor,
2009; Chen et al., 2013; Rubinić et al., 2014; Liivamägi et al., 2021).

The trace element ratio of Ba/Sr and Sr/Rb were calculated to un-
derstand leaching and evaporation conditions during weathering and
soil forming processes (Sheldon, 2006a; Retallack, 2001b; Roy et al.,
2009; Amorosi et al., 2021; Profe et al., 2018). the Zr/Al ratio was
determined to understand the aeolian input in the sediments (Pye and
Krinsley, 1986; Haug et al., 2003; Roy et al., 2006, 2009, 2010; El-As-
mar, 2023) as zircon concentrated in silt fractions. Total organic carbon
(TOC %) have been determined from loss on ignition (LoI) using the
method of Nelson and Sommers (1983) to know the paleo-vegetation
cover of paleo-landscape.

The chemical Index of Alteration (CIA) is a widely used geochemical
index to infer weathering intensity, source rock composition and pa-
leoclimatic condition that calculates the extent of transformation of
feldspar to clay minerals (Nesbitt and Young, 1982 1984; McLennan

Fig. 2. Field classification of different soil/paleosols and sediment units in two sedimentary succession, i.e., (a) Durgadaha (DD) section where paleosols (i.e., DMS,
DGS-1 to DGS-4, DGS-5, and DGS-6) are alternated with the silty sand horizon (i.e., DS-1 to DS-4), and (b) Kujishahar (KS) Section, where paleosol are classified as
KMS, KGS-1, KGS-2, KGS-3 and KGS-4. Among the paleosols, DGS-5, DGS-6, KGS-2, KGS-3 and KGS-4 are belong to the red unit/older alluvium (OA) unit whereas the
rest are within the gray unit/newer alluvium (NA) unit.
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et al., 1993; Fedo et al., 1995; Rieu et al., 2007; Roy et al., 2009; Yan
et al., 2010; Perri, 2020; Mei et al., 2021; Wang et al., 2022). The CIA is
calculated as;

CIA = [(Al2O3)/(Al2O3+CaO*+K2O + Na2O) × 100]

where oxides are in molar proportion and CaO* is the CaO contained
in silicate minerals only (Nesbitt and Young, 1982) following the pro-
posed method by McLennan et al. (1993).

The weathering conditions have been evaluated excluding K2O
known as Chemical Index of Weathering (CIW) also called CIA-K due to
inconsistent behavior of K during pedogenesis (Harnois, 1988; Maynard,
1992). It is expressed as:

CIA-K = [(Al2O3 / Al2O3 + CaO + Na2O) × 100]

Sheldon et al. (2002) suggested a relation of the degree of chemical
weathering with Mean Annual Precipitation (MAP) and Mean Annual
Temperature (MAT) using major element geochemistry. Here MAP from
K2O free CIA is calculated as follows:

MAP (mm) = [14.265 × (CIA-K) - 37.632]

where, R2 = 0.72 with standard error of ±181 mm/yr.
Further MAT is determined by the following formula:

MAT (◦C) = − 18.5S + 17.3.

where, S = salinization calculated by molecular ratio of (K2O +

Na2O/Al2O3) and R2 = 0.37 with standard error of ±4.4 ◦C.
In addition, more precise MAT estimation for Inceptisol paleosol only

and applied to Quaternary paleosols from Hawaii (Sheldon, 2006c) is as
follows:

MAT (◦C/yr.) = 46.9C + 4.0

where C= Clayeyness is calculated by a molecular ratio of Al/Si and

R2 = 0.96 with a stranded error of ±0.6 ◦C. Moreover, Nordt and Driese
(2010) established more reliable climofunction for MAP estimation as,

MAP (mm/yr.) = 22.69(CALMAG) – 435.8,

Whereas, CALMAG (calcium-magnesium index) = 100 × [Al2O3/
(Al2O3 + CaO + MgO)] and oxides are in units of moles. The standard
error for this relationship is ±108 mm.

4. Results and discussion

4.1. Paleosol profile

Paleosols and silty sand horizons have been recognized in two
sedimentary succession designated as DD and KS section in two different
localities (Fig. 2). Based on sedimentary and pedogenic characteristics,
each of the study sections is divided into twomajor divisions as gray unit
or newer alluvium unit (NA) and red unit or older alluvium unit (OA). In
the DD section, the soil, paleosols (i.e., DMS, DGS-1 to DGS-4, DGS-5,
and DGS-6) are alternated with the silty sand horizon (i.e., DS-1 to DS-4)
as shown in Fig. 2a. Among the paleosols, DGS-5 and DGS-6 belong to
the red unit/older alluvium (OA) unit whereas the rest are within the
gray unit/newer alluvium (NA) unit. Paleosol DGS-5 has special
importance due to its archaeological as well as paleo-settlement signa-
tures (Fig. 4). Modern soils and paleosols from the KS section is desig-
nated as KMS and KGS-1 to KGS-4 respectively (Fig. 2b) Where KGS-2 to
KGS-4 are paleosols of red unit/older alluvium (OA) unit.

4.2. Classification of soil/paleosols

Using the terminology of US soil taxonomic systems (Soil Survey
Staff, 1999; Baillie, 2001) and field characteristics features, the studied
soil/paleosol have been classified as very weak (Entisol), weak (Incep-
tisol), moderate (Aridisols), strong (Ultisol) and very strongly developed

Fig. 3. Correlation between two studied sections (DD and KS Section) and their stratigraphic position established by comparing the stratigraphy after (Alam, 1993;
Alam and Paepe, 1996; Alam et al., 1997).
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paleosol (Oxisols) (Table 1).

4.3. Paleosol chronology

The geologic age of the present studied paleosol sequences have been
determined by correlation with paleomagnetic dated pedo-stratigraphy
of the Barind Tract area (Alam, 1993; Alam and Paepe, 1996; Alam et al.,
1997). Based on the lithostratigraphic position and signs of paleosol
development, the studied red unit/older alluvium (OA) unit paleosols
sequences are correlated to the Mohadebpur Formation which belongs
to the Early Pleistocene age (Fig. 3). On the other hand the gray uni-
t/newer alluvium (NA) unit paleosols and sediment sequences are
correlated with Godagari Formation of Late Holocene age. Tentatively,
dated artifacts recognized in the paleo-settlement horizon (Fig. 4) or the
bottom of the gray unit stated that the age of Holocene deposits is about
~1300yr. BP – the time of the onset of cultural development of Soma-
pura Mahavihara/Paharpur Buddhist Bihar. The artifacts studied,
including earthen potteries (cups and dishes), were taken to the labo-
ratory of the Department of Archaeology, Jahangirnagar University,

Savar, Dhaka, Bangladesh where extensive collections of dated artifacts
from various locations and periods, were used to compare our artifacts
to determine the age of the artifacts (potteries) in rather relative method
and tentatively dated approximately 1300 to 1200 years BP. It is to be
noted that the artifacts (earthenware potteries, Fig. 4) found at the
paleo-settlement horizons of the sedimentary succession are exactly
similar those commonly found in SomapuraMahavihara (meaning ‘large
monastery’) also known as Paharpur Buddhist Bihar archaeological site
located at Noagoan district in northwestern part of Bangladesh. Char-
coal samples from the artifacts containing horizon of the Somapara
Mahavihara archaeological site has been well dated by C14 dating and
found that Pala Dynasty predominantly occupied and ruled from about
770–810 CE (Alam et al., 2009). The thick sedimentary alluvial deposits
analyzed in our study, which overlie past human settlements and are in
close proximity SW to Somapura Mahavihara/Paharpur Buddhist Bihar.
From the similarity view points of the potteries we can determine the
age of paleo-settlement in rather relative method. Therefore, according
to this assessment, the age of these artifacts ranges from approximately
1300 to 1200 years BP, corresponding to the mid-medieval period or the

Fig. 4. Different geoarchaeological signatures found in and around DD section; (a) ancient man made drainage channel in southern wall of the excavation, 100 m
east of DD section, in filled by secondary deposits; (b) pit at 10 m south of DD section, filled with ancient domestic waste, fragments of artifacts etc.; (c-d) potteries
those were found at the lower part (paleo-settlement horizon/DGS-5) of DD section.
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early Pala Dynasty. Further, this age has been confirmed by the study of
climo-sequences correlating after the Asian monsoon strength of the last
1700 years (Morrill et al., 2003, Fig. 10).

4.4. Major element ratios

Different ratios calculated using major elements and have been
plotted along with depth are shown in Fig. 5. From the figure, it is
revealed that the average clayeyness (Al2O3/SiO2) is relatively higher at
B horizons of most of the paleosols and particularly the ratio is very high
(0.23) in gray unit modern soil. Calculated salinization (Na2O + K2O)/
Al2O3) are inverse characteristics relative to the clayeyness due to the
removal of salts from B horizons. The estimated average salinization is
minimal (0.25) in well-developed red unit silty clay paleosols and
maximum (0.51) in red unit sandy clay paleosols. It is 0.36 in both gray
unit modern soil and paleosols. Base losses (Al2O3/Na2O + K2O + CaO
+ MgO) are increased in highly weathered red unit silty clay paleosols
but depleted in gray unit silty sand sediments. This ratio is compara-
tively high in Bt/Bw horizon among all the paleosols. Themean base loss
of red unit silty clay and sandy clay paleosol is 2.29 and 1.5 respectively,
while it is 1.4 and 1.08 for gray unit modern soil and paleosols and silty
sand sediments respectively. Mean calcification (CaO + MgO/Al2O3) is
low (0.22) in red unit silty clay paleosols and higher (0.50) in gray unit
silty sand sediments. This value is found to be moderate in gray unit
modern soil and paleosols and also in red unit sandy paleosols. Mean
calcification variations along the vertical profile (Fig. 5) also signify that
the Ca and Mg were removed from Bt/Bw horizon of red unit silty clay
paleosols and gray unit modern soil. However, these elements are
accumulated in Bt horizon of red unit sandy clay paleosols. Major
element composition can be used to evaluate the nature of the source
rock composition. The discriminant functions (F1-F2) of Roser and
Korsch (1988) separate four major provenance: mafic (P1), intermediate
(P2), felsic (P3) and quartzose recycled (P4), based on the abundances of
seven elements. On the discriminant function diagram the DD and KS
sediments nearly all fall within the quartzose sedimentary (P4) field
(Fig. 7). The data extend from the boundary with P3 (felsic) to P4
(quartzose sedimentary) field. Few samples are plotted on the boundary
of P3-P4 field due to the lower concentration CaO and Na2O. The overall
position and trend of the sediments in the F1-F2 diagram suggest that
almost all the samples (soil, paleosols and silty sand) were derived from
similar felsic-quartzose recycled types of source composition.

Chemical Index of Alteration (CIA) and Chemical Index of Weath-
ering (CIW) show strong correlations within both modern soils and
paleosols in both sections (Figs. 5 and 6). Sediments experienced
extensive weathering shows high value of CIA (80–100), moderate
(70–80) and minimal weathering (50–70) (Nesbitt and Young, 1982).
Relative strength of CIA and CIW indexes signifies that red unit silty clay
paleosols are products of extreme weathering during pedogenesis.
Among the red units, particularly the Bt and Bw horizons of paleosol

Table 1
Classification of soil/paleosols studied at Durgadaha (DD) and Kujisahar (KS)
section.

Soil type Profile Taxonomy
(US soil
taxonomy,
1999)

Color Diagnostic field
characters and
geochemical
properties

Very weakly
developed
paleosol

KMS
and
KGS-1

Entisol Gray to light
Gray (10 YR
6/1–7/1)

Silty clay to clayey
textures, absence of
diagnostic horizon,
few mottling and
root traces present,
absence of Fe-Mn
concretion, lower
concentration of
TOC%, very low
chemical weathering
and pedogenesis.

Weakly
developed
paleosol

DMS
DGS1,
DGS-2,
DGS-3,
and
DGS-4

Inceptisol Light gray to
brownish
gray (10 YR
8/1–7/1)

Silty clayey to clayey
textures, poorly
developed
horizonization, few
mottles and Fe-Mn
concretion rootlets
and animal barrows
are present, with
moderate TOC% and
low chemical
weathering and
pedogenesis.

Moderately
developed
paleosol

KGS-4,
and
DGS-6

Aridisol Light
yellowish
brown to
brownish
yellow (10
YR 6/4–6/6)

Clayey sand to silty
sandy texture, well-
defined
horizonization,
moderate to highly
oxidized, root traces
and animal barrows
are common, few
carbonate spots are
recognizable, Fe/Mn
concretion absent,
low TOC%, chemical
weathering
(moderate CIA) and
moderate to high
pedogenesis

Strongly
developed
paleosol

KGS-2 Ultisol Very pale
Brown to
brownish
yellow (10
YR 6/3–6/8)

Silty clay to clayey
texture, moderately
defined
horizonization, root
traces and animal
barrows are
abundant in whole
profile, clayey
coating and Fe-Mn
concretion are
common, devoid of
carbonate nodule,
relatively moderate
to higher TOC%,
strong chemical
weathering and
pedogenesis and
base loss ratio is >2.

Very strongly
developed
paleosol

KGS-3
and
DGS-5

Oxisol Light reddish
brown to
dark
reddish
brown (2.5
YR 6/4-3/4)

clayey to silty clayey
texture, plenty of
root traces and
barrows, well-
defined Bt and Bw/
BC horizon,
abundant root traces
and animal barrows,
clay coating along
prismatic to
columnar ped
structures,
carbonaceous

Table 1 (continued )

Soil type Profile Taxonomy
(US soil
taxonomy,
1999)

Color Diagnostic field
characters and
geochemical
properties

coating,
accumulation of
sesquioxide (Fe/Mn
concretion),
pseudogleyed and
devoid of carbonate
nodules, relatively
higher TOC%,
extreme chemical
weathering (higher
CIA) and
pedogenesis.
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KGS-3 show relatively highest value of CIA and also higher CIW
respectively. Significant results were obtained also from red unit sandy
paleosols. The observed values of both CIA and CIW from the poorly
altered parent horizon (C) and Bt horizon indicates deviations (Fig. 5)
representing moderate to strong weathering conditions due to the
presence of unaltered labile element such as Na2O (1.42 and 1.49 wt%).
In the paleosol DGS-5, this index shows a similar pattern of the lower-
most of paleosol KGS-3 which represents Bw horizon. Average CIA and
CIW values are 70.7 and 88.2 in gray unit modern soil and paleosols
respectively (Table 2). Deviation of both indexes from A and Bw horizon
is 5 units in DMS modern soil which signifies moderate to weak
weathering during pedogenesis. Weak weathering during pedogenesis is
observed in gray unit paleosols. In these paleosols, CIA and CIW are 70.
and 86.8 for paleosol DGS-1, 71.5, and 89.9 for DGS-2 and in paleosol
DGS-4 those indexes are 67.8 and 84.2 respectively. Among these
paleosols, weathering, and pedogenesis are minimal in DGS-4. The
average CIA and CIW are 61.6 and 77.0 attained from gray unit silty

sand horizons (DS-1 to DS-4) indicates low weathering at their sources.

4.5. Trace element ratios

Ba/Sr ratios are valuable tracer for understanding the leaching
condition in soil and paleosols. Ba/Sr ratios have been calculated and
plotted against depth to understand leaching conditions (Fig. 5). From
this figure, lower value of Ba/Sr ratio is observed at the top of all
paleosol profiles and an increasing trend towards the bottom. Among all
paleosols, KGS-3 is heavily leached and the ratio is 4.96 at the top (AB
horizon) and it is 7.74 and 5.12 at the lowermost portion of Bt and BC
horizon respectively. Paleosol KGS-2 represents also a moderate to high
Ba/Sr ratio, i.e., 5.91 and 6.96 at the topmost AB and lowermost Bt
horizon respectively. Minimal leaching (avg. 2.37) is found in red unit
sandy paleosols. In these paleosols, the ratio Ba/Sr is 2.24 and 2.49 at
the Bt and C horizons of paleosol DGS-6 respectively. Higher value at the
C horizon of this paleosol can be due to leaching out from the upper

Fig. 5. TOC and molecular ratios of weathering and pedogenic indices variations with respect to various soils/paleosols with different horizons (i.e., AB, Bw, Bt, BC
and C horizons) and sediment units of (a) DD section and (b) KS section. Bt: An argillic horizon where clay accumulation is evident. AB: A transitional horizon
between A and B horizons, displaying characteristics of both. C: The parent material horizon, relatively unaltered by soil formation processes. Bw: A weakly
developed B horizon, indicating initial stages of soil development.

Md.S. Alam et al.
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sandy Bt horizon. Paleosol KGS-4 also represents similar ratios. Mod-
erate to low leaching (2.65–4.92) is observed in DMS modern soils.
Other gray unit paleosols (DGS-1, DGS-2, and DGS-4) also signify
moderate to low (avg. 4.26) leaching intensity. Among these paleosols, a
difference in the ratio between Bw and BC horizon is high in DGS-2
paleosols indicating relatively more leached paleosol.

Sr/Rb ratios are important for understanding the leaching condition
in soil and paleosols. The ratio Sr/Rb is relatively lower at the top of the

profile and increasing toward parent (C) horizons. The highest ratio
observed in the upper part (Bt horizon) of paleosol DGS-6 and KGS-4
(Fig. 5) i.e. presence of higher amount of Sr and less leaching, rela-
tively low weathering indicates arid condition.

The ratio is 1.14 and 1.37 at the upper part of these paleosols,
whereas, it is 0.56 and 0.61 at the parent horizons respectively. The ratio
is relatively low due to less concentration of Sr, in all other paleosols and
modern soils that varies from (top to bottom) 0.37–0.40 in paleosol KGS-
3, 0.37-0.21 in KGS-2, 0.32-0.27 in KGS-1, 0.34-0.33 in DGS-1,
0.34–0.35 in DGS-2, 0.4 in DGS-4, 0.32-0.26 in KMS, 0.47-0.32 in
DMSmodern soil and 0.5–0.7 in silty sand sediment horizon (DS-1 to DS-
4) respectively (Fig. 5). These results especially represents that the ratio
is almost followed the similar trend from the top (Bw horizon) to bottom
((BC horizon) of paleosols DGS-1 and DGS-2. This result represents
relatively low concentration of Sr, high leaching and high CIA thus in-
dicates humid climatic conditions condition.

Certain elemental ratio such as Zr/Al has been successfully used as a
proxy for the source of Aeolian input (Rodrigo-Gámiz et al., 2015).
Significant results were also obtained from the ratio of Zr/Al. In the red
unit sandy paleosol (DGS-6 and KGS-4), the ratio varies from 21.63-4.27
(from top to bottom) with an average value of 10.38 (Fig. 5). Higher
ratio of Zr/Al as well as high concentration of Zr at the top of the profile
relative to parent horizon strongly suggests aeolian input during

Fig. 6. Deviation of weathering (ΔW) (Sheldon and Tabor, 2009) indices CIA, CIW and CIA-K represent the comparative intensity of weathering among various soil,
paleosols and silty sandy sediments horizons in two sections.

Fig. 7. Major element provenance discriminant plot for soil, paleosols and
sediments of DD and KS section (Roser and Korsch, 1988). P1-mafic igneous;
P1-mafic igneous; P2-intermediate igneous; P3-acid igneous and P4-quartzose
detritus recycled sedimentary Stars: BA, AN, DA, RD, RH – average basalt,
andesite, dacite, rhyodacite and rhyolite, as plotted by Roser and
Korsch (1988).

Fig. 8. Comparison of average TOC (%) concentration among the different soil/
paleosols and sediment units.
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Fig. 9. Schematic diagram showing reconstruction of paleo-settlement (right) over the Pleistocene red unit paleosol DGS-5 and consecutive deposition and
development of paleosols and modern soils at the top within five short term climatic cycles in Late Holocene (last ~1300yr.) time.

Fig. 10. (a) Abrupt changes in monsoon strength observed in the Asian monsoon region for historical time periods (Morrill et al., 2003), where positive and negative
anomaly represents strengthening of monsoon (warm) and weakened monsoon (cool) episodes respectively; (b) Anomaly of MAT changes through five climatic cycles
during ~1300 years. BP (archaeological dating) of the study area. No conclusion can be drawn about climatic cycle-II due to lack of data. The black shaded positive
anomaly at cycle-III represents medieval warm period (MWP) that can be correlated to the anomaly of monsoon strength indicated ~1300AD of figure-a and IV can
be correlated to LIA events.
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Table 2
Oxides of major and trace elements with LOI in wt% and CIA, CIW and CIA-K along different horizons of soil and paleosol profiles and sediment units in two studied sections.

Soil/Paleosol Sample No. Horizon SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Ba Sr Rb Zr LOI Total CIA CIW CIA-K

DMS DD1 AB 57.66 0.83 19.64 7.39 0.09 2.42 1.30 1.07 4.96 0.14 476 115 240 281 3.95 99.63 69.44 85.72 82.64
DD2 Bw 53.78 0.86 21.54 7.97 0.09 2.55 1.01 0.92 5.42 0.11 614 114 269 262 5.31 99.78 71.65 89.01 86.53
DD3 BC 61.62 0.70 17.81 6.32 0.07 2.06 1.22 1.19 4.68 0.14 741 96 291 198 3.68 99.69 67.95 84.22 81.00

DS1 DD4 – 60.65 0.76 18.18 6.60 0.08 2.49 1.40 1.29 4.72 0.14 557 112 246 177 3.06 99.52 70.03 86.81 84.04
DGS1 DD5 Bw 55.86 0.90 20.18 7.61 0.08 2.58 1.15 1.06 5.15 0.13 725 97 281 201 4.91 99.80 67.18 83.81 81.48

DD6 BC 56.77 0.87 19.20 7.45 0.07 2.32 1.45 1.10 5.34 0.11 732 95 277 202 4.32 99.00 71.56 89.95 87.07
DS2 DD7 – 64.27 0.77 16.59 5.96 0.08 2.03 1.71 1.37 4.40 0.22 673 131 219 341 2.11 99.70 66.84 84.58 82.17

DD8 – 60.58 0.81 17.46 7.32 0.09 2.28 1.51 1.26 4.90 0.18 603 120 258 259 3.04 99.63 67.88 84.27 80.82
DGS2 DD9 Bw 51.69 0.95 22.75 8.59 0.10 2.90 1.11 0.82 6.01 0.14 619 107 307 221 4.48 99.77 66.04 82.21 79.49

DD10 BC 53.53 0.88 21.00 7.88 0.08 2.98 1.33 1.30 6.09 0.12 653 104 289 218 4.30 99.49 67.09 82.66 79.59
DS3 DD11 – 62.94 0.75 16.63 6.27 0.10 2.13 1.70 1.38 4.72 0.18 615 135 247 332 2.58 99.60 65.35 80.43 75.58
DS4 DD12 – 66.39 0.65 15.12 5.73 0.08 1.73 1.75 1.46 4.21 0.17 528 133 203 387 1.98 99.46 65.84 82.28 78.33
DGS4 DD13 Bw 56.47 0.88 19.53 7.48 0.08 3.03 1.43 1.24 5.17 0.16 692 109 266 242 4.03 99.73 64.01 79.68 75.63

DD14 BC 58.67 0.85 17.91 7.11 0.07 3.10 1.61 1.32 5.21 0.13 699 107 263 241 3.93 99.91 62.47 76.95 73.03
DGS5 DD15 BC 59.85 0.72 16.20 5.81 0.13 1.45 1.00 0.94 3.96 0.21 719 93 216 469 9.20 99.62 71.76 88.58 82.75

DD16 BC 66.15 0.64 15.48 5.07 0.26 1.42 0.85 1.03 4.06 0.20 821 90 226 389 4.20 99.55 70.70 88.43 82.73
DGS6 DD17 Bt 70.18 0.55 13.80 4.99 0.08 1.11 1.20 1.26 3.78 0.16 545 155 133 534 2.14 99.48 65.19 80.80 76.38

DD18 Bt 71.16 0.47 13.89 4.30 0.11 1.18 1.17 1.29 3.96 0.12 692 165 131 250 1.79 99.62 64.05 79.85 76.56
DD19 BC 77.80 0.24 11.01 2.90 0.07 0.52 0.97 1.21 3.60 0.06 425 119 188 111 1.19 99.63 60.17 76.43 74.59
DD20 BC 77.33 0.27 10.42 3.41 0.07 0.56 1.13 1.53 3.12 0.06 430 110 192 80 1.31 99.35 57.98 71.37 69.56

KMS KS1 AB 52.68 0.91 22.00 8.09 0.10 2.63 0.97 0.88 5.75 0.14 997 104 320 169 5.48 99.86 72.00 90.43 87.29
KS2 Bw 52.23 0.97 22.33 8.09 0.08 2.50 0.92 0.82 5.87 0.13 757 93 347 161 5.59 99.74 72.26 90.96 88.12

KGS1 KS3 AB 52.96 0.96 22.37 8.10 0.08 2.43 1.04 0.85 5.90 0.13 829 106 326 142 4.78 99.82 71.59 89.99 87.22
KS4 Bw 52.65 0.94 21.61 8.35 0.10 2.27 0.86 0.80 5.48 0.13 686 92 333 133 6.51 99.86 72.90 91.12 88.27

KGS2 KS5 AB 54.81 0.93 18.87 8.43 0.28 1.22 0.59 0.42 3.22 0.04 699 76 200 273 10.64 99.68 79.21 92.77 91.45
KS6 Bt 56.35 0.90 20.57 7.70 0.08 0.98 0.25 0.18 3.57 0.12 521 48 221 304 8.87 99.75 81.65 96.42 96.42

KGS3 KS7 AB 58.35 0.91 17.48 7.49 0.06 0.93 0.64 0.32 3.03 0.03 578 74 196 331 10.27 99.72 79.89 93.95 91.11
KS8 Bt 57.62 0.84 19.74 7.26 0.09 1.10 0.25 0.27 3.36 0.07 563 49 194 304 8.73 99.53 82.78 97.68 95.64
KS9 Bt 57.55 0.89 20.29 7.15 0.20 1.01 0.24 0.24 3.44 0.05 732 60 202 302 8.45 99.72 82.73 97.53 96.08
KS10 BC 65.34 0.68 16.00 5.32 0.15 1.47 0.86 0.89 4.11 0.21 759 95 230 336 4.36 99.60 72.06 90.08 84.11

KGS4 KS11 Bt 69.21 0.56 14.65 4.46 0.07 1.50 1.15 1.42 3.93 0.13 527 167 119 430 2.33 99.61 64.99 80.11 76.81
KS12 BC 79.07 0.15 10.11 2.51 0.04 0.49 0.80 1.49 3.50 0.04 424 108 174 78 1.23 99.53 57.67 73.57 72.16

M
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pedogenesis. This ratio is relatively moderate (avg.9.82) in paleosol
KGS-3 and low (avg.8.47) at Bt horizon due to the enrichment of Al2O3.
The average ratio of Zr/Al is 8.16 in paleosol KGS-2 indicates more or
less uniform concentration of Zr/Al. The average ratioof Zr/Al in KGS-1
and KMS is 3.82 which indicates minimal among all soil, paleosol, and
silty sandy sediment horizons due to the enrichment of clayey deposits.
Average ratios 7.15 and 10.14 are obtained from DMS and silty sandy
sediment horizons respectively. In the DMS, the Zr/Al vale shows low
(5.15) at a more weathered Bw horizon relative to the AB and BC
horizon.

4.6. Abundance of total organic carbon (TOC)

Total organic carbon (TOC) has been plotted against different pale-
osols, modern soils, and sediment horizons (Figs. 5 and 8). These figures
show variations of TOC (%) values in paleosols and sediment units. A
higher proportion of TOC is observed in well-developed paleosols than
in the parent sediments (C horizon). Abundances of TOC% (avg.) is
maximum (>5%) in red unit silty clay paleosols (DGS-5, KGS-2, and
KGS-3) and minimum in red unit sandy clay paleosols (DGS-6 and KGS-
4). However, TOC content in gray unit paleosols and silty sand horizon is
(~3%) and (1.5%) respectively.

The higher TOC% in the silty clay layer compared to the modern soil
layer. The concentration of TOC% signify that higher pedogenic horizon
(Bt horizon) or well developed paleosol horizons provides higher TOC
percentage than the weakly developed paleosol (Less developed AB/Bw
horizon). Therefore the modern soil contain moderate to low total
organic carbon (TOC). The causes of low concentration of TOC in sandy
parental horizon is due to their unaltered state with no or little pedo-
genic activities, although they show some organic carbon content which
were concentrated by bacterial activities during the time of their
deposition.

4.7. Applicability of climo-functions

Climo-functions are used to estimate the mean annual temperature
(MAT) and mean annual precipitation (MAP) using geochemical
composition from the Bt and Bw horizons of paleosols (Sheldon et al.,
2002; Sheldon, 2006a; Retallack, 2004; Stinchcomb et al., 2016; Gillot
et al., 2022). For the estimation of MAP after Sheldon et al. (2002), the
present geochemical studies of various paleosols and modern soils are
considered to be suitable for understanding climo-functions. CIA-K
index for different horizons of various soil/paleosols are presented in
Table 2. The topography and morphologic positions of these paleosols
are also fitted to the standard criteria after Sheldon et al. (2002).

4.8. Paleo-environment and climate

Paleo-environment and paleo-climate of the study area have been
reconstructed based on the interpretation of lithology, paleosols, geo-
archaeological evidence and geochemical indices with climo-functions.
From chronological correlation and archaeological dating, the Quater-
nary deposits of the study area are considered to be of Early Pleistocene
and Late Holocene age. The Holocene age of the deposits can be
considered 1300 years BP as evident from the artifact interpretation as
well as paleo-settlement history. The thickness of Holocene age sedi-
ments in the study area is 350 cm. High sedimentation rates in the study
area by a dense network of rivers originating from the Himalayan
mountain range. These rivers transport significant amounts of sediment
from the Himalaya, making it feasible for a 350 cm thick sediments
deposition within 1300 years. Beside these, development of South Asian
Monsoon (SAM) intensified the erosion in the Himalayan region which
carried enormous amount of sediments to the Bengal basin. According to
the recent work by Haque and Hoyangi (2021) estimated the average
sedimentation rate of the Bengal basin is approximately 1.96–2.89
mm/yr. According to the sedimentation rate (highest~2.89), the

deposited thickness of the sediments would have been 375.7 cm/1300
year in the study area. Even though considering the compaction of the
sediments and break of sedimentation would justify the deposition of the
350 cm sediment thickness by 1300 years in the study area.

The Early Pleistocene deposits are older and are discussed as a red
unit or older alluvium unit (OA) and Holocene deposits are discussed as
gray units or newer alluvium units (NA).

4.8.1. Early Pleistocene environment and climate
The global climate in the Pleistocene epoch was influenced by

several glacial (dry and cold) and interglacial (warm and humid) events
(Goñi, 2022; Hughes et al., 2006; Hughes and Gibbard, 2018;
Sánchez-Bandera et al., 2023). These climatic changes have been evi-
denced by worldwide continental and deep sea environment signatures
(Alam, 1993; Groot, 1991; Froese et al., 2000; Heine and Völkel, 2010;
Rohling et al., 2021). In the present study climatic fluctuations during
Early Pleistocene have been recognized from geochemistry and field
characteristics of three different paleosols.

The sediments of moderately developed aridisol-like paleosol (DGS-6
and KGS-4) of sandy texture with cross-bedding structures (Fig. 2) at the
lowermost portion suggest channel deposition. These coarser sandy
deposits are the results of high hydrodynamic regimes of deglaciated
water originated frommelted glacier of Himalayan region under hot and
humid events of interglacial periods. Further, the climate was dramati-
cally shifted to drier phases after the deposition of these sandy deposits.
Weathering and pedogenesis acted on such paleosols under cold and arid
to sub-humid climates where MAP: 1000 ± 181 mm/year and MAT: 9 ±

4.4 ◦C/year (using formula after Sheldon et al., 2002; Kogler and
Hembree, 2019; Ghasera and Rashid, 2024) with medium to high
oxidizing environment.

These paleosols (i.e. DGS-6 and KGS-4) represent higher calcification
and salinization at Bt horizon and comparatively lower clayeyness and
base loss and also medium to low CIA, CIW values than other red unit
paleosols support the cold and arid to sub-humid climate (Fig. 5a and b).
Moderate leaching associated with scarcity of water inhibited depletion
of Sr from the sediments. Also, the concentration of Zr with a higher
ratio of Zr/Al indicates aeolian input. Low TOC content, yellow to
brownish yellow color and nonexistence of Fe-Mn concretions also
recommend the aforesaid climate. Alam and Paepe (1996) also reported
similar aridisol-like paleosol was developed in the Barind area, NW
Bangladesh under a semi-arid to arid climate in the Early Pleistocene
age. Clay mineral analysis of red clay deposits from the Central Carpa-
thian Basin (Hungary) reported that the lower part of the early Pleis-
tocene climate was cold and arid to semi-arid characteristics
(Almogi-Labin, 2011). Heine and Völkel (2010) also analyzed soil clay
minerals in Namibia (Africa) and documented that the climate that
prevailed during the early period of the lower Pleistocene was arid to
semi-arid.

Sedimentological properties of strongly developed red unit silty clay
paleosols (KGS-3, DGS-5) ensure that these are fluvial deposits. Rela-
tively moderate to poorly weathered clayey silt-rich Bw horizons suggest
that the sediments of these paleosols were originally deposited as clayey
silt to silty sand under moderate to high hydrodynamic energy. Overall
pedo-sedimentological and geochemical analyses stated that the present
clay-rich red products are the results of extreme weathering and pedo-
genic interactions under oxidizing environments. Paleosol developed in
these sitly sand deposits under relatively hot and humid climatic con-
ditions in Early Pleistocene time (Table 3). However, temperature and
precipitation were much lower relative to the present conditions of the
area. The calculated MAP that prevailed during the development of
these paleosols is 1461 ± 181 mm/year (Sheldon et al., 2002) and 1527
± 108 mm/yr (Nordt and Driese, 2010) and MAT is 14 ± 4.4 ◦C/yr
(Sheldon et al., 2002). Moreover, these paleosols show moderate
clayeyness, lowest salinization, lower Sr/Rb ratio and lower calcifica-
tion along with the highest base loss and leaching relative to other red
unit paleosols indicates sub-humid climatic condition. Other properties
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like reddish brown to dark reddish brown color, abundances of root
traces, moderate concentration of Fe-Mn concretions and nonappear-
ance of calcium carbonate nodules in these paleosols support the esti-
mated MAP and MAT. It is significant that estimated paleo-temperature
and precipitation were gradually increased from the immediate earlier
conditions. However, degree of paleosol development and relatively
higher TOC concentration indicate the existence of this climatic phase
for a long period.

Alam and Paepe (1996) recognized strongly developed paleosol
GS21 above the aridisol (GS25) in the Barind area which was developed
under a hot and humid climate in the Early Pleistocene. The paleosol
GS21 may correlate to the studied strongly developed paleosol which
also indicate the consistency of estimated MAP and MAT as well as
climate systems.

Depositional, pedogenic, and biogenic features indicate minor cli-
matic differences between the paleosols KGS-3 and KGS-2. The climate
was steady for a long time during the formation of the paleosol KGS-3.
Afterward, the MAT and MAP were progressively increased and the
climate became relatively more hot and humid. Therefore, the deposi-
tional basin has been over flooded than earlier conditions. Paleosol KGS-
2 is considered cumulative in nature formed progressively with the
increment of a few millimeters or a centimeter of sediment per year by
numerous floods on the surface of paleosols KGS-3. The clayeyness is
highest among red unit paleosols which also signifies a predominant of
fine grain texture. Relative abundance of TOC is consistent with humid
and hot climate than the previous one. However, it is difficult to apply
climofunctions to a cumulative nature of palaeosols to estimate the
paleo-MAP and MAT. Although the estimated MAP and MAT from cli-
mofunction are observed as MAP: 1478 ± 181 mm/year (Sheldon et al.,
2002) and 1550 ± 108 mm/year (Nordt and Driese, 2010) and MAT: 14
± 4.4 ◦C/year (Sheldon et al., 2002). From the above observation, it is
quite evident that during the early Pleistocene time, two climatic phases
are noticeable i.e., a dry cool and sub-humid climate followed by the
relatively hot humid climate in the Joypurhat District of the
north-western part of Bangladesh.

4.8.2. Late Holocene (Last ~1300 yr) environment and climate
After the end of the Last Glacial Maximum, approximately around

11.7 k years BP, the climatic trend shifted towards wetter phases.

Subsequently, several fluctuations occurred in the Holocene climatic
history, from around 10 k years BP to the present (Alam et al., 1997;
Chauhan and Sharma, 2000; Wang et al., 2005, 2008; Alam et al., 2009;
Kotlia and Joshi, 2013). These climatic fluctuations play a crucial role in
the formation of various landforms and river valleys. The past human
settlements were built on these valleys or riversides that ensure water
availability during drier periods or droughts. However, they built set-
tlements on relatively elevated landmass when the climatic phase was
warm and more humid to protect themselves from devastating floods. In
extreme humid climatic events, these past settlements on valleys expe-
rienced several devastating floods and were wrapped by sedimentations.
These signatures were also recognized in the present study area espe-
cially in DD section (Fig. 4). Alternating deposits of modern soil (DMS)
with four silty clay to clay paleosols (DGS-1 to DGS-4) and four silty sand
horizons (DS-1 to DS-4) within the gray unit/newer alluvium (NA) unit
in DD section suggest effects of several consecutive low and high flood
episodes as well as alternation of five short term climatic cycles.

4.8.2.1. Climatic cycle I. Before ~1300 years, the area was experienced
by large erosional processes and created several valleys/terrace like
morphological features. In episode 1, at the time of ~1300 yr. BP,
peoples made their settlements on the eroded surface of early Pleisto-
cene deposits or low land that represents the paleosol surface DGS-5
(Fig. 9). At that time the river water level was most probably lowered
as the settlement area was not flooded. However, lower level of river
water signifies a lower sea level and/or drier climate as well as lower
rate of precipitation. Over the paleo-settlement surface, artificial or
man-made drainage channels for water transportation from nearby river
channels suggest demand for excess water for agricultural and domestic
uses that support the area was not inundated by floods as well as sta-
bilized in dry and arid climatic episodes. Signatures of dryness or aridity
are also obtained from geochemical evidences. It is important to note
that paleosol DGS-5 is correlated with Bw horizon of the same paleosol
KGS-3. Comparison of paleosol DGS-5 and KGS-3 provides relatively
higher amounts of Zr and higher Sr/Rb in Bw horizon of DGS-5, which
significantly represents that paleo-settlement surface received aeolian
dust in extremely dry conditions.

During the period of paleo-settlement, climate was dry and later the
aridity reached its maximum level. Therefore, highest dryness (set of

Table 3
Estimated MAT and MAP with paleoclimatic assessment of different climatic cycles of the studied soil, paleosols and sediment units.

Paleosol/
Sediment Units

Types of
Paleosol

Mean Annual Temperature
(MAT ◦C/yr.)

Mean Annual Precipitation
(MAP mm/yr.)

Relative Assessment of
Paleoclimate

Climatic
Cycle

Geologic Age

DMS Inceptisol 26.1 ± 0.6 – Hot and humid V Late Holocene (Last
~1300 years BP)

DS-1 – – – More humid. IV
DGS-1 Inceptisol 24 ± 0.6 – Cold, semi-arid to sub-

humid.

DS-2 – – – More humid. III
DGS-2 Inceptisol 28.3 ± 0.6 – Very hot, humid to sub-

humid.

DS-3 – – – More humid II
DGS-3 Inceptisol – – Semi-arid to sub-humid

DS-4 – – – More humid. I
DGS-4 Inceptisol 23.1 ± 0.6 – Cold, semi-arid to sub-

humid.
Paleo-settlement period – Cold, dry and arid.

KGS-2 Ultisol 14 ± 4.4 1478 ± 181a

1550 ± 108b
Cold, humid to Sub-
humid.

I Early Pleistocene

KGS-3 Oxisol 14 ± 4.4 1461 ± 181a

1527 ± 108b
Cold, humid to Sub-
humid.

DGS-6 and KGS-4 Aridisol 9 ± 4.4 1000 ± 181 Cold, semi-arid to sub-
humid

a Formula after Sheldon et al. (2002).
b Formula after Nordt & Driese (2010).
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droughts) and scarcity of water might be the key factors for the aban-
donment or demise of these settlements. The in-situ position of settle-
ment signatures (i.e. artifacts, pits, manmade channels) and
geochemical data of DGS-5 strongly suggest maximum dryness
(drought) was the prime cause of abandonment of past settlements than
other favorable causes (i.e. flood, earthquake, etc.).

A study of phytolith analysis of archaeological soils from the
neighboring Somapura Mahavihara site in the Paharpur area is also
supportive of the dryer climatic condition (Alam et al., 2009). This study
confirmed that cool and dry conditions persisted around Paharpur and
the surrounding regions throughout the period from 730 CE–850. Pollen
analysis of sediments from the Deorital area, Inner Lesser Garhwal
Himalaya also suggested the climatic deterioration between ca. 2.0 and
1.4 ka BP (Chauhan and Sharma, 2000). Rühland et al. (2006) suggested
that the drier climatic conditions prevailed in the Pinder valley around
1.6 ka BP. Pollen data obtained from the Spiti region also specify
cool/dry conditions between ~ 2.0 and 1.0 ka BP (Mazari et al., 1995).
Geochemical records of a 3.55 m long lake sediment core from the
Badanital Lake (Garhwal Himalaya, India) also reveal drier and
semi-arid to arid climate with reduced rainfall existed at around 1.8 Ka
− 920 yr BP (Kotlia and Joshi, 2013).

After the abandonment of past human settlements in the study area,
climatic aridity was gradually shifted to relatively wetter/humid events
and it is more likely the area was again inundated by numerous low-
energy floods that reflected in the depositional sequences. Therefore,
the settlement horizon was covered by fine grain sediment and pedo-
genic processes operated to form the weakly developed Inceptisol like
paleosol DGS-4 (Figs. 2 and 9). Geochemical climofunction stated that
the paleosol DGS-4 was developed under 23.1 ± 0.6 ◦C/yr. MAT (using
formula after Sheldon, 2006c) (Fig. 9 and Table 3), which is logically
warmer than previous cold and arid climates. However, it was 2–3 ◦C
cooler than the present MAT systems. The relative magnitude of chem-
ical weathering (CIA, and CIW) and other geochemical proxies suggests
this paleosol was subjected to a shorter period of weathering.

The progressive amplification of hot and humid climatic conditions
was continued before the deposition of silty sand horizon DS-4. This
horizon is the result of several high-energy floods under amplified
humid climatic events. Very low chemical weathering, inadequate
pedogenic features and distinct depositional structures (i.e., ripple
stratification, Fig. 9) designate the depositional period of DS-4 as well as
amplified humid climatic events was relatively short. In addition, the
erosional surface between the paleosol DGS-4 and sediment unit DS-4
indicates the period of non-deposition and subsequently the abrupt cli-
matic change from drier to humid phases.

4.8.2.2. Climatic cycle II. After the completion of the climatic cycle I,
the climate turns to semi-arid to sub-humid conditions. At the beginning
of this cycle, sedimentation took place under low-energy floods with the
formation of very weakly developed paleosol DGS-3 (Figs. 2 and 9) as
revealed from the sediment and pedogenic characteristics. Very low
thickness with little pedogenic signatures of this paleosol indicates the
extent of the climatic event prevailed for a very short period. At the end
of semi-arid to sub-humid events, climate again shifted to humid con-
ditions which is consistent with the ripple laminated sandy deposits of
DS-3 that deposited under high energy conditions. It seems to be the
development period of paleosol DGS-3 and silty sand horizon of DS-3,
represents the duration of climatic cycle II is significantly shorter than
other climatic cycles as discussed in this section.

4.8.2.3. Climatic cycles III. At the beginning of the cycle III, low energy
sedimentation along with pedogenic processes operated to form the
weakly developed Inceptisol-like paleosol DGS-2 (Figs. 2 and 9). Based
on relatively higher values of geochemical proxies (CIA, CIW, and CIA-
K) and abundances of pedogenic-biogenic features, DGS-2 is considered
as relatively more weathered and also denotes the longer development

period in comparison to other paleosols found in gray unit/NA unit.
Applying geochemical climofunction (Sheldon, 2006c), the estimated
MAT is found as 28.3 ± 0.6 ◦C (Fig. 9 and Table 3) which is 2 ◦C higher
than the present MAT of the area. However, non-deposition or very slow
rate of sedimentation (based on paleosol thickness) and relatively low
TOC% concentration are possibly the results of hydrological drought as
well as low precipitation. It is important to note that historical climatic
records indicate that both the Indian region and our study area experi-
enced extreme temperatures with reduced precipitation during several
historical periods. For instance, South Asia has faced episodes of extreme
heat alongside significant drought conditions. This discrepancy between
high temperatures and low precipitation reflects such historical climatic
extremes. The upper part of the cycle is characterized by ripple lami-
nated thick silty sand unit (DS-2) with negligible post-depositional
alteration that represents sedimentation processes under relatively hot
and humid climate. Therefore, it indicates that climatic cycle III started
with comparatively hot and arid to sub-humid and finally completed
with abrupt shifting towards extremely warm and humid climatic
conditions.

A similar climatic phase is also recognized in adjoining areas and
many other parts of the globe especially in the Indian regions and this
period may correspond to the Medieval Warming Period (MWP). Phy-
tolith analysis of archaeological soils in Somapura Mahavihara, Pahar-
pur, very close to our study area pointed out that warmer climates
persisted from around 850 CE–915 (Alam et al., 2009). Rühland et al.
(2006) carried out a palynological study of a peat bog in the Higher
Central Himalaya and indicated a wetter period of around 700 years BP
and another similar study of the Naychhudwari bog (Himachal Pradesh)
has discovered a warm/moist phase from 1300yr to 750 yr BP (Chauhan,
2006). The Juniper chronologies from western high Asia (Karakoram,
Tien Shan) also point to a warm period from 1000 yrs. BP to 750 yr. BP
(Esper et al., 2007). An extended period of warmth has also been re-
ported BP and 550 yr BP is further confirmed by stable carbon isotope
analysis on the sub-Alpine Juniper from eastern Tibet (Zimmermann
et al., 1997; Helle et al., 2002). A radiocarbon-dated in the Sargasso Sea
(North Atlantic) shows that the sea surface temperature during the
Medieval Warm Period (MWP) was approximately 1 ◦C warmer than
today. From the evolution of global temperature at MWP, it is realized
that the estimated very hot temperature (MAT: 28.3 ± 0.6 ◦C) is more
consistent with the Medieval Warming Period (~ 920-440 yr BP).

4.8.2.4. Climatic cycle IV. At the end of the Medieval Warm Period
(MWP), climate was again shifted toward cool and drier conditions
called the Little Ice Age (LIA) when the global average temperature was
probably about 0.5 ◦C cooler than that started at the beginning of the
20th century (Warrick and Ahmed, 1996). The LIA began somewhere
between the 13th and 16th centuries and finished in the mid-19th
century AD. It is documented from 1600 CE–1950 in the western Hi-
malayan tree ring records (Yadav and Singh, 2002) and from 1605
CE–1770 in Nepal (Cook et al., 2003). The effects of this climatic event
are best documented in Europe though there is evidence that it was a
global phenomenon (Grove, 1988). The historical records on the fre-
quency of droughts, dust storms, and floods in China also show that the
climate was highly uneven during the LIA (Zhang and Crowley, 1989).

The signature of LIA can also be recognized in climatic cycle IV of the
present study. The very hot temperature and humid events of climatic
cycle III gradually shifted to relatively cooler and arid since climatic
cycle IV started. Geochemical data of the present study indicate that the
development processes of weakly developed Inceptisol-like paleosol of
DGS-1 of this cycle were influenced by LIA global climatic events. The
estimated MAT for paleosol DGS-1 is 24 ± 0.6 ◦C (Sheldon, 2006c)
(Fig. 9 and Table 3) which is an average 2 ◦C cooler than the present
MAT conditions. The other geochemical indices also suggest a relatively
cooler climate during the development of paleosol DGS-1. The
geochemical data support a relatively cooler and sub-humid to humid
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climate during the development of this paleosol, consistent with the low
energy sedimentation and limited pedogenic features observed. These
conditions are typical of weakly developed paleosols under low tem-
perature and low precipitation regimes, unlike the more robust profiles
in warmer, wetter climates throughout the development periods of
paleosol DGS-1.

This climatic cycle also terminated with a gradual shift from cooler,
arid to warmer, humid climatic events. Therefore, increased rainfall
might have been rise to high-energy floods, and finally ripple laminated
silty sand unit DS-1 that was deposited on the surface of paleosol DGS-1.
Low chemical weathering and insignificant pedogenic signature in this
unit also represent rapid as well as shorter periods of deposition.

4.8.2.5. Climatic cycle V. At the beginning of climatic cycle V, higher
precipitation rates of cycle IV gradually declined. Therefore, deposi-
tional floodplains experienced low-energy floods which received finer
sediments. These finer sediments converted to Inceptisol like modern
soil DMS (Figs. 2 and 9) due to pedogenic activities. The moderately
defined Bw horizon and surface position of this soil indicate that these
are the most recent deposits and formed under present-day climatic
conditions. Applying the geochemical climofunctions (Sheldon, 2006c),
the estimated MAT is found to be 26.1 ± 0.60C (Fig. 9 and Table 3)
which is more consistent with today’s hot and humid climatic
conditions.

The extreme events of aridity and humid conditions are most prob-
ably the results of ENSO (El Niño: Southern Oscillations) effects. The
geographical features and location of Bangladesh indicate that this area
is particularly susceptible to the effects of ENSO during the late Holo-
cene. During El Niño events the sea-level pressure gradients in the
southeastern Pacific weaken, accompanied by a decrease in the strength
of trade winds, resulting in reductions to rainfall in Bangladesh during El
Niño years while La Niña years are associated with increased rainfall and
floods (Ahmed, 1993; Choudhury, 1994; Shaman and Tziperman, 2005;
Belliard et al., 2021). Choudhury (1994) has pointed out, that extensive
famines in Bangladesh in the historical period are strongly correlated
with El Niño events (e.g. 1770, 1943, 1974, and 1982 famines), typically
as a result of reduced rainfall causing crops to fail, with the situation
exacerbated by severe flooding associated with the transition into La
Niña years. Such events cause massive reductions in agricultural pro-
ductivity and production, leading to widespread poverty, migration, and
social unrest. The buried past settlements in the area were most probably
demised due to the effects of the El Niño phenomenon with the highest
aridity.

Finally, the past climatic reconstruction is a very difficult process
because so many parameters are needed to ensure precise estimations.
Although the present study represents very well correlations between
paleosol development and climatic interactions. The present study
revealed that there were several climatic fluctuations (episodes with
events) occurred in the study area during the Quaternary periods which
are consistent with climatic fluctuations recognized in the neighboring
regions and several parts of the world.

4.9. Limitations for this study

The present study has some limitations. We acknowledge the
importance of obtaining more precise age control of the sediments
succession in the study. Despite these limitations, the study has provided
valuable insights into the Quaternary environment and climate change
reconstruction. The findings offer significant contributions to our un-
derstanding of the Quaternary environment and climatic conditions of
NW Bangladesh.

5. Conclusions

Quantitative estimation of the Quaternary continental paleoclimatic

(MAP and MAT) record is rare in Bangladesh. In this paper, we study
different paleosols at two vertical lithological sections i.e., Durgadaha
(DD) and Kujishahar (KS) sections in east-central Barind, NW
Bangladesh to reconstruct the paleoclimate (MAP and MAT) and pale-
oenvironment of the area. The Quaternary deposits of the studied area
have been broadly classified into two categories i) Gray unit/Newer
Alluvium (NA) unit at the upper part and ii) Red unit/Older Alluvium
(OA) unit at the bottom. Both units contain many paleosols. The red unit
paleosols are considered as of Early Pleistocene and the Gray unit of Late
Holocene with a maximum age of ~1300yr. BP (Archaeological dating).
Both field observation, major and trace element geochemical evidence
indicates the red unit paleosols are moderate to intensely weathered and
pedogenically altered and marked as moderate to strongly developed (i.
e., equivalent to Oxisols, Ultisol, and Aridisol). However, gray unit
paleosols were developed in recent alluvial deposits, marked as mod-
erate to weakly developed (Inceptisol and Entisol). Field observation
and geochemical characteristics represent two significant long-term
climatic episodes in the Early Pleistocene and five short-term climatic
cycles during the late Holocene since 1300yr BP. Estimated paleo MAP
(i.e., 1000 ± 181 mm) and MAT (i.e., 9◦ ± 4.4 ◦C) significantly repre-
sent that the lower part of Early Pleistocene (DGS-6/KGS-4) was arid to
semi-arid. The middle part of the Early Pleistocene (DGS-5/KGS-3) was
semiarid to sub-humid as reflected by the estimated MAP and MAT. Five
short-term climatic cycles are very significantly observed in the late
Holocene during the last 1300 years. Those cycles are remarkable from
each other and every single cycle started with a relatively drier (set of
droughts) event and ended with a more humid (set of floods) event. At
about 1300yr. BP (i.e., archaeological period), climatic cycle-I was
started (DGS-4) with relatively cool, arid/dry (MAT: 23.1◦ ± 0.6 ◦C)
climate that largely affected the demise of paleo-settlement and later
one this climate turned towards humid event (DS-4) with high energy
floods. Similarly, climatic cycle-II started and ended with relatively dry
and humid (DGS-3 and DS-3) conditions respectively. Climatic cycle-III
is more significant due to its very hot (MAT: 28.3◦ ± 0.6 ◦C) climatic
condition which seems to be more consistent with the Medieval Warm
Period (MWP) of global climatic events. This cycle also began with hot
and dry (DGS-2) conditions and completed with extreme humid (DS-2)
phases. Climatic cycle-IV is also similar in nature (DGS-1 and DS-1) but
significant for relatively cooler/drier conditions (MAT: 24◦ ± 0.6 ◦C)
and can be compared with Little Ice Age (LIA) events of global climates.
Climatic cycle-V is still ongoing (DMS) and the estimated MAT is 26.1 ±

0.6 ◦C which is found to be more consistent with the present MAT trend
of the area.
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Glacial/interglacial climate variability in southern Spain during the late Early
Pleistocene and climate backdrop for early Homo in Europe. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 625, 111688 https://doi.org/10.1016/j.
palaeo.2023.111688.

Sawyer, E.W., 1986. The influence of source rock type, chemical weathering and sorting
on the geochemistry of clasticsediments from the Quetico Metasedimentary Belt,
Superior Province, Canada. Chem. Geol. 55, 77–95. https://doi.org/10.1016/0009-
2541(86)90129-4.

Schatz, A.-K., Scholten, T., Kühn, P., 2015. Paleoclimate and weathering of the Tokaj
(Hungary) loess–paleosol sequence. Palaeogeogr. Palaeoclimatol. Palaeoecol. 426,
170–182. https://doi.org/10.1016/j.palaeo.2015.03.016.

Shaman, J., Tziperman, E., 2005. The effect of ENSO on Tibetan Plateau snow depth: a
stationary wave teleconnection mechanism and implications for the South Asian
monsoons. J. Clim. 18 (12), 2067–2079.

Sheldon, N.D., 2003. Pedogenesis and geochemical alteration of the picture gorge
subgroup, columbia river basalt. Oregon. Geological Society of America Bulletin 115
(11), 1377–1387. https://doi.org/10.1130/B25223.1.

Sheldon, N.D., 2006a. Abrupt chemical weathering increase across the Permian–Triassic
boundary. Palaeogeogr. Palaeoclimatol. Palaeoecol. 231 (3–4), 315–321. https://
doi.org/10.1016/j.palaeo.2005.09.001.

Sheldon, N.D., 2006b. Precambrian paleosols and atmospheric CO2 levels. Precambrian
Res. 147 (1–2), 148–155.

Sheldon, N.D., 2006c. Quaternary glacial-interglacial climate cycles in Hawaii. J. Geol.
114 (3), 367–376.

Sheldon, N.D., Retallack, G.J., 2004. Regional paleoprecipitation records from the late
eocene and oligocene of north America. J. Geol. 112 (4), 487–494.

Sheldon, N.D., Tabor, N.J., 2009. Quantitative paleoenvironmental and paleoclimatic
reconstruction using paleosols. Earth Sci. Rev. 95 (1–2), 1–52. https://doi.org/
10.1016/j.earscirev.2009.03.004.

Sheldon, N.D., Retallack, G.J., Tanaka, S., 2002. Geochemical climofunctions from North
American soils and application to paleosols across the Eocene-Oligocene boundary in
Oregon. J. Geol. 110 (6), 687–696.

Srivastava, A.K., Bansod, M.N., Singh, A., Sharma, N., 2019. Geochemistry of paleosols
and calcretes from Quaternary sediments of Purna alluvial basin, central India: an
emphasis on paleoclimate. Rhizosphere 11, 100162. https://doi.org/10.1016/j.
rhisph.2019.100162.

Stiles, C.A., Stensvold, K.A., 2008. Loess contribution to soils forming on dolostone in the
Driftless Area of Wisconsin. Soil Sci. Soc. Am. J. 72 (3), 650–659. https://doi.org/
10.2136/sssaj2007.0112.

Stinchcomb, G.E., Nordt, L.C., Driese, S.G., Lukens, W.E., Williamson, F.C., Tubbs, J.D.,
2016. A data-driven spline model designed to predict paleoclimate using paleosol
geochemistry. Am. J. Sci. 316 (8), 746–777.

Tabor, Neil J., Myers, T.S., 2015. Paleosols as indicators of paleoenvironment and
paleoclimate. Annu. Rev. Earth Planet Sci. 43, 333–361. https://doi.org/10.1146/
annurev-earth-060614-105355.

Tabor, N.J., Myers, T.S., Michel, L.A., 2017. Sedimentologist’s guide for recognition,
description, and classification of paleosols. Terrestrial Depositional Systems.
Elsevier, pp. 165–208. https://doi.org/10.1016/B978-0-12-803243-5.00004-2.

Varela, A.N., Raigemborn, M.S., Santamarina, P.E., Lizzoli, S., Adatte, T., Heimhofer, U.,
2021. Carbon isotopic signature and organic matter composition of cenomanian
high-latitude paleosols of Southern Patagonia. Geosciences, 11(9) 378. https://doi.
org/10.3390/geosciences11090378.

Wang, Y., Cheng, H., Edwards, R.L., He, Y., Kong, X., An, Z., Wu, J., Kelly, M.J.,
Dykoski, C.A., Li, X., 2005. The Holocene Asian monsoon: links to solar changes and
North Atlantic climate. Science 308 (5723), 854–857. https://doi.org/10.1126/
science.1106296.

Wang, Y., Cheng, H., Edwards, R.L., Kong, X., Shao, X., Chen, S., Wu, J., Jiang, X.,
Wang, X., An, Z., 2008. Millennial-and orbital-scale changes in the East Asian
monsoon over the past 224,000 years. Nature 451 (7182), 1090–1093. https://doi.
org/10.1038/nature06692.

Wang, W., Gan, Z., Zhang, X., Li, S., Xu, Y., 2022. Temporal variation in the chemical
index of alteration in Early Cretaceous black shale as a proxy for paleoclimate.
J. Geol. 130 (5), 393–411.

Wang, T.-H., Wang, Q.-B., Han, C.-L., Cui, D., Sauer, D., 2023. Development and
application of new transfer functions between climate and soil weathering indices
for paleoclimatic reconstructions from Chinese loess-paleosol sections. Catena 224,
106974. https://doi.org/10.1016/j.catena.2023.106974.

Warrick, R.A., Ahmed, Q.K., 1996. The Implications of Climate and Sea-Level Change for
Bangladesh. Kluwer Academic Publications, The Netherlands.

Wright, V.P., 1992. Paleopedology: stratigraphic relationships and empirical models.
Dev. Earth Surf. Process 2, 475–499. https://doi.org/10.1016/B978-0-444-89198-
3.50023-4. Elsevier.

Yadav, R.R., Singh, J., 2002. Tree-ring-based spring temperature patterns over the past
four centuries in western Himalaya. Quaternary Research 57 (3), 299–305. https://
doi.org/10.1006/qres.2002.2337.

Yan, D., Chen, D., Wang, Q., Wang, J., 2010. Large-scale climatic fluctuations in the
latest Ordovician on the Yangtze block, south China. Geology 38 (7), 599–602.
https://doi.org/10.1130/G30961.1.

Yang, S., Liu, L., Chen, H., Tang, G., Luo, Y., Liu, N., Li, D., 2021. Variability and
environmental significance of organic carbon isotopes in Ganzi loess since the last
interglacial on the eastern Tibetan Plateau. Catena 196, 104866. https://doi.org/
10.1016/j.catena.2020.104866.

Zhang, J., Crowley, T.J., 1989. Historical climate records in China and reconstruction of
past climates. J. Clim. 833–849.
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