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• Oxbow lakes are sinks to natural and an-
thropogenic organic C & N.

• Elevated fluxes of organics induce
methanogenesis &microbial reductive dis-
solution of As.

• Tracers (microbial and organic-biomarkers)
suggest sewage contamination of aquifers.

• Sandy point bars confined by clay plugs are
effective arsenic traps.

• Poro-perm anisotropy in alluvial deposits
rules the spatial distribution of As.
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The identification of arsenic-contamination hotspots in alluvial aquifers is a global-scale challenge. The collection and
inventory of arsenic concentration datasets in the shallow-aquifer domain of affected alluvial basins is a tedious and
slow process, given the magnitude of the problem. Recent research demonstrates that oxbow-lake biogeochemistry
in alluvial plains, mobilization of geogenic arsenic, and accumulation in geomorphologically well-defined areas are
interacting processes that determine arsenic-contamination locations. This awareness provides a tool to identify poten-
tial arsenic-hotspots based on geomorphological similarity, and thus contribute to a more robust and targeted arsenic
mitigation approach. In the present study, a conceptual predictive geospatial model is proposed for the accumulation
of dissolved arsenic as a function of interaction of oxbow-lake biogeochemistry and alluvial geomorphology. A com-
prehensive sampling campaign in and around two oxbow lakes in the Jamuna River Basin, West Bengal (India) pro-
vided water samples of the oxbow-lake water column for analysis of dissolved organic matter (DOM) and microbial
communities, and groundwater samples from tube wells in point bars and fluvial levees bordering the oxbow lakes
for analysis of the geospatial distribution of arsenic in the aquifer. Results show that abundant natural and anthropo-
genic (faecal-derived) recalcitrant organic matter like coprostanols and sterols in clay-plug sediment favoursmicrobial
(heterotrophs, enteric pathogens) metabolism and arsenic mobilization. Arsenic concentrations in the study area are
highest (averaging 505 μg/L) in point-bar aquifers geomorphologically enclosed by partially sediment-filled oxbow
lakes, and much lower (averaging 121 μg/L) in wells of levee sands beyond the oxbow-lake confinement. The differ-
ences reflect variations in groundwater recharge efficiency as result of the porosity and permeability anisotropy in the
alluvial geomorphological elements, where arsenic-rich groundwater is trapped in point-bars enclosed by oxbow-lake
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clays and, by contrast, levee ridges are not confined on all sides, resulting in a more efficient aquifer flushing and de-
crease of arsenic concentrations.
1. Introduction

Forty years have passed since the global threat of arsenic toxicity from
groundwater contamination was first realized (Das et al., 1994; Acharyya
et al., 2000; BGS and DPHE, 2001; Smedley and Kinniburgh, 2002;
Ahmed et al., 2004; Ravenscroft et al., 2009; Podgorski and Berg, 2020).
Ever since, research into the occurrence of toxic natural arsenic levels
above the recommended upper limit of 10 μg/L (World Health
Organization (WHO), 2011) in food, drinking and irrigation water from
groundwater sources has greatly advanced our knowledge of all aspects
of the arsenic issue, from its provenance to transport modes and deposition
in sedimentary basins, uptake by humans and its severe health impact for
many millions of people around the world (Guha Mazumder, 2003; Saha,
2003; Chikkanna et al., 2019; Kavil et al., 2020). The wide range of
natural‑arsenic studies deals with: (1) Identification of the provenance of
natural arsenic in orogenic mountain belts (Göd and Zemann, 1999;
Horton et al., 2001; Campbell et al., 2004; Mukherjee et al., 2014, 2019;
Tapia et al., 2019, among others), (2) The accumulation of geogenic arsenic
in Holocene floodbasins as solid-state arsenic iron-oxyhydroxides, arseno-
pyrites, biotite (Bhattacharya et al., 2006; Bundschuh et al., 2004; Berg
et al., 2007; Huang et al., 2011; Ramos et al., 2014; Kumar et al., 2021a;
among others), (3) The role of microbial metabolism processes in the mobi-
lization of arsenic from its solid state and subsequent accumulation in
alluvial-plain aquifers (Nickson et al., 1998, 2000; Acharyya et al., 2000;
Acharyya and Shah, 2007; Seddique et al., 2008; Lawson et al., 2013;
Sahu and Saha, 2015; Donselaar et al., 2017; Ghosh and Bhadury, 2018;
Ghosh et al., 2021), (4) The health risks of arsenic uptake by food, water
consumption and irrigation (Islam et al., 2000; Zhao et al., 2010; Rahman
et al., 2018; Roychowdhury et al., 2018; Kavil et al., 2020; Zhao and
Wang, 2020; Kumar et al., 2021b; Mondal et al., 2021), and (5) the devel-
opment of arsenic mitigation strategies based on the improved knowledge
of the arsenic contamination problem (Hoque et al., 2006: Howard et al.,
2006; Jakariya et al., 2007; Chakraborti et al., 2013; Hossain et al., 2015,
2017; Sathe and Mahanta, 2019).

Despite the enormous extent of aquifer contamination in Holocene allu-
vial basins around the world, and the unpredictably large geospatial vari-
ability in arsenic concentrations, recent research advances show that the
interaction of two factors is pivotal for arsenic-hotspot occurrence in the
shallow aquifer domain (Donselaar et al., 2017; Ghosh et al., 2021;
Kumar et al., 2021c; Raju, 2022; Singh et al., 2022): (a) the key role of mi-
crobial metabolism in the reductive dissolution process of As-bearing Fe(II)
oxy-hydroxides in anoxic oxbow lakes rich in labile organic matter, and
(b) the stratigraphical and geomorphological heterogeneity of the alluvial
landscape prone in arsenic toxicity. Studies with focus on the abundance
of arsenic concentration in the Holocene lithostratigraphy and the drop of
concentrations in underlying Pleistocene stratigraphy have yielded a
generalized perspective of stratigraphic control on arsenic distribution in
shallow aquifers of alluvial floodbasins (e.g., Bhattacharya et al., 2006;
Berg et al., 2007; Aziz et al., 2008; Guo et al., 2008; Van Geen et al.,
2008, 2013; Weinman et al., 2008; Hoque et al., 2009, 2014; McArthur
et al., 2011; Robinson et al., 2011; Postma et al., 2012, 2016; Sahu and
Saha, 2015; Stopelli et al., 2020; Wallis et al., 2020; Kazmierczak et al.,
2022). Mukherjee et al. (2010), Donselaar et al. (2017), Cao et al. (2018),
Trung et al. (2020), Das and Mondal (2021), Ghosh et al. (2021), and
Kumar et al. (2021a) have taken the concept of lithostratigraphic control
one step further by relating porosity and permeability anisotropy in
genetically-related, juxtaposed (1) clayey floodplain and oxbow-lake, and
(2) sandy point-bar and fluvial levee geomorphological units, to geospatial
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differences in aquifer flushing efficiency and, consequently, to the accumu-
lation of arsenic in poorly-flushed pockets (Michael and Voss, 2008).

The dynamic process of biologically refractive (humic-like) organic
molecules plays a major role in aquifers in aqueous complexation
(Sharma et al., 2010; Liu et al., 2011) and electron shuttling. The awareness
of the interacting processes of oxbow-lake biogeochemistry in alluvial
plains, mobilization of arsenic, and accumulation in geomorphologically
well-defined areas is of paramount importance for the identification of arse-
nic hotspots and, accordingly, for the implementation of mitigation strate-
gies. To date, the collection and inventory of arsenic-concentration data
from tube wells in the shallow-aquifer domain is a tedious and challenging
process, given the sheer magnitude of the problem.

The aim of the present study is to construct a conceptual predictive
geospatial model for the accumulation of dissolved arsenic as a function
of the interaction of oxbow-lake biogeochemistry and alluvial geomorphol-
ogy. For this, a comprehensive sampling campaign was carried out in and
around two oxbow lakes in the floodplain of the Jamuna River Basin in
Nadia District, West Bengal, India (23°0′18.89”N, 88°33′55.48″E;
Fig. 1A). Water samples were collected from the surface and near the bot-
tom of the oxbow-lake water column for analysis of dissolved organic mat-
ter (DOM) and microbial communities. In addition, groundwater samples
were collected from shallow and intermediate-depth tube wells in the
point bars and levees that border the oxbow lakes (Supplementary
Table 1) for analysis of the geospatial distribution of arsenic concentration
in the aquifer domain. The results of this study provide a tool for the fast
identification of potential arsenic hotspot areas, based on the predictive
‘blueprint’ model implementation in areas of geomorphological similarity,
and thus contribute to a more robust and targeted arsenic mitigation ap-
proach.

2. Materials and methods

2.1. Geomorphology

The study location is in a densely-populated area of the Jamuna River
Basin in Nadia District, West Bengal, India (average population density in
the study area 1093 per km2; Census-2020: https://geoiq.io/places/
Nadia/HXkLkDJGM0). Settlements are concentrated on topographically-
higher sandy point bars and fluvial levees to provide protection for the pop-
ulation against monsoonal floods. The oxbow lakes surrounding the ele-
vated point bars formed by neck cut-off of meander bends of the Jamuna
River in the Lower Ganges Delta of West Bengal. The river was an
eastward-flowing, highly-sinuous distributary of the Hooghly River, and
in the upper reaches of the Jamuna River Basin the river path has become
moribund over time, and detached from the parent river by silting-up as
consequence of upstream discharge reduction in the Hooghly River from
the 18th Century onward (Mallick, 2013; Sahana et al., 2020). The geomor-
phology of the Holocene alluvial landscape of the Jamuna River Basin is
characterized by flat, low-elevation topography (on average 4 m above
mean sea level) of extensive floodplain sandy clay and silt deposits
(Sahana et al., 2020). Multiple point-bar and levee sandy deposits stand
out as scattered hillocks and ridges up to 8 m above the clayey floodplain
landscape (Fig. 1B), as consequence of differential compaction (Sahu and
Saha, 2015; Donselaar et al., 2017). Oxbow lakes encompass crescent-
and teardrop-shaped point bars on the inner bend of the lake and are
fringed by fluvial levees on the outer bend. Ghosh et al. (2021) demon-
strated that after detachment from the active river by neck cut-off, oxbow
lakes in a similar geomorphological setting along the Ganges River in

https://geoiq.io/places/Nadia/HXkLkDJGM0
https://geoiq.io/places/Nadia/HXkLkDJGM0


Fig. 1. A) Google-Earth map of study areas OL-1 and OL-2 (image date 6 April 2020). Point bars fringed on all sides by partly-filled oxbow lakes. Jamuna River: largely
sediment-filled moribund river path. Curved lines in bottom half and right corner of the image: surface expression of scroll-bar geomorphology. Green patches in the
oxbow lake: dense vegetation cover of Eichhornia crassipes (water hyacinth). Dark colours to the right of area OL-1: burned after-harvest stubbles. Lines A-B to G-H: cross-
section locations of Fig. 1B. B) Cross sections across the study areas.
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Bihar are rapidly filled with fine-grained suspension-load sediment (so-
called clay plug) during monsoonal floods, with a minimum sedimentation
rate of 9.6 cm/yr. An estimate of the clay-plug thickness in the present
study can be made from bathymetry data of the nearby Hooghly River
and the still active part of the Jamuna River east of the study area:

Hclay ¼ Dmax � Drm (1)

in which the clay-plug thickness Hclay equals the maximum Hooghly River
depth Dmax minus the remnant depth Drm in the partly silted-up Jamuna
River. Ghosh et al. (2020) reported a Hooghly River depth of 7 m at
12 km west of the study area. The remnant depth of the Jamuna River on
the eastern edge of the study area (Fig. 1A) is 2 m (Mallick, 2013). From
these data a clay-plug thickness Hclay = 5 m can be assumed. The oxbow-
lakewater is colonized by perennial aquaticmacrophytes such as Eichhornia
crassipes (water hyacinth) and Hydrilla verticillata (water thyme) (Ghosh
and Biswas, 2015). On satellite imagery, the curved lines on the point
3

bars (Fig. 1A), accentuated by the layout of the agricultural plots, are the
surface expression of scroll-bar morphology that consists of alternating in-
clined layers of clay and sand with a dip toward the river channel
(Donselaar et al., 2017). Differential compaction of the two lithology
types is expressed by the serrate scroll-bar elevation profile in longitudinal
point-bar cross sections (Fig. 1B, profiles C-D and G-H). Upon sediment
compaction, the lithological heterogeneity leads to porosity and permeabil-
ity anisotropy within and between geomorphological units: (a) low-
permeable, non-porous clay and silt of the floodplain and (partial)
oxbow-lake fill, (b) highly-porous and permeable levee and point-bar
sands, and (c) low-permeable, thinly-bedded inclined clay drapes (lateral-
accretion surfaces) within the porous and permeable point-bar sands
(Donselaar et al., 2017). The clay layers are the expression of the sediment
transport and depositional processes in meandering-river bends during
flood stage (Miall, 2014). Geogenic arsenic in the sediments of the study
area occurs as arsenopyrite and bound in iron-(oxy)hydroxides (Ghosh,
2016; Ghosh et al., 2015b). Porosity and permeability anisotropy between
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the geomorphological units has a large impact on groundwater recharge ef-
ficiency (c.f., Lasseter et al., 1986) and leads to geospatial variations of ar-
senic concentrations in the aquifer domain (Van Geen et al., 2008; Nath
et al., 2010; Choudhury et al., 2018).

2.2. Sampling strategies

The two study locations (OL-1 and OL-2; Fig. 1A) have a teardrop-shaped
point-bar geomorphology with surface areas of 1.1 km2 and 2 km2, respec-
tively, completely surrounded by 130 m to 250-m-wide oxbow lakes with
an elevated ridge of levee sands on the outer bank. The lakes are largely
sediment-filled, converted to agricultural plots, and open sewers drain the re-
maining surface water functions as open sewers. Groundwater for consump-
tion and irrigation is directly extracted from the porous and permeable point-
bar and levee sands via shallow (15–30 m) to intermediate-depth (up to
60 m) tube wells. A total of 109 (52+ 57) georeferenced groundwater sam-
ples (ORP between 125 and 150mV), were collected from existing tubewells
in study sites OL-1 and OL-2, respectively (Fig. 1A; Supplementary Table 1)
for analysis of the geospatial distribution of arsenic concentration. Tube
wells where accessed courtesy of the local owners in the villages, and the
sample distribution reflects the village density, with a total of 39 samples
in the point-bar areas, and 70 samples on the levees at the outer rim of the
oxbow lake/clay plug. Tube-well depths were normalized for the topograph-
ical elevation of thewell locations (extracted fromGoogle Earth) to elevation
above sea level (a.s.l.). The physicochemical parameters (temperature and
pH) were measured in situ.

Additionally, to understand the effect of surface derived organic carbon
chemistry in inducing microbial growth and metabolism along the water
column to the groundwater, bulk water samples were collected from lake
water surface (S), lake bottom (B), and groundwater (GW) of OL-1 and
OL-2. These sampleswere used in studying DOCproperties (3.3) andmicro-
bial metagenomics (3.4).

2.3. Inorganic chemistry analyses

The water samples were collected in triplicate from all locations and fil-
tered through 0.45 μm after acidification. These samples were diluted up to
100 X before quantification in an Inductively Coupled Mass Spectrometer
(ICP-MS- Thermo Scientific X-Series II) following Ghosh et al. (2021).

2.4. Organic chemistry analyses

2.4.1. Characterization of low molecular weight (LMW) molecules

2.4.1.1. DOC analyses. The un-acidified raw water samples were collected
and stored at 4 °C and used for DIC, DOC (Shimadzu TOC-V CSH analyser),
stable carbon isotopes 12C, along with UV254 (Agilent Cary Eclipse) and
Specific ultraviolet absorbance (SUVA) analyses were made. The
specific UV absorbance (SUVA254; L/mg·m) was calculated as a ratio of
UV254 (L/m): DOC (mg/L). The spectrophotometric calibration was
done using potassium hydrogen biphthalate (KHP) spiked with NaNO3

(0–100 mg/L) and FeCl3·6H2O (0–3.5 mg/L) added to determine nitrate
and ferric iron affecting the absorbance if any.

The samples stored for stable carbon isotopes 12C and 13Cwere detected
on an Isotope Ratio Mass Spectrometer (IRMS) coupled to Gasbench II
(Finnigan MAT Delta Plus XL, Germany) with a CTC PAL-80 autosampler
and the ratio

δ13C ¼
13C=12C

� �
sample

13C=12C
� �

reference

8><
>:

9>=
>;

� 100 ð2Þ

(δ13CDIC) of DIC was determined following Assayag et al. (2006) [per
mil (‰); Eq. (2)]with respect to the reference standard Vienna Pee DeeBel-
emnite (V-PDB):
4

2.4.2. Characterization of high molecular weight (HMW)-DOM

2.4.2.1. Alkane and sterol hydrocarbons. The characterization of n-alkanes
was done by collecting theOConENVITMC-18 SPEDSK (C-18 bonded silica;
Sigma–Aldrich) discs from the water samples collected (detailed in Ghosh
et al., 2021). The lipid fractions were extracted using dichloromethane
(DCM) and methanol mixture (9:1 v/v) using ultra-sonication (Wu et al.,
2014) and quantified (GC–MS parameters) as per Ghosh et al. (2015b).

2.5. Microbiological analyses

2.5.1. Metagenomics
For the microbial community profiling, the water samples were collected

from12different locations of the bottomof the lakes and 12 different ground-
water sampling points around both lakes. The biomass was recovered by fil-
tering 2 L of thewater sample through 0.22 μm filter (milipore). All thefilters
were stored at−80 °C andwere later used for environmental DNA extraction
using the DNeasy UltraClean microbial kit (Qiagen). Afterward, the DNA
samples were sent for metagenomics analysis at AgriGenome Labs Pvt. Ltd.,
India. The amplification of the V3-V4 region of 16S rRNA genes were per-
formed using the universal primers 341F (5′- CCT ACG CGA GGC AGC AG
−3′) and 517r (5′- ATT ACC GCG GCT GG−3′) (Muyzer et al., 1993). Poly-
merase chain reactions (PCR) were performed with Phusion® High-Fidelity
PCR Master Mix (New England Biolabs). The same volume of 1× loading
buffer was mixed (containing SYBR green) with PCR products and electro-
phoresis on 2 % agarose gel electrophoresis was performed for detection.
Samples with a bright prominent band strip between size 400–450 bp were
chosen for further experiments. The PCR products were mixed in equal ratios
and purified with the Qiagen Gel Extraction Kit (Qiagen, Germany). The
Illumina HiSeq paired-end raw reads were generated with NEBNext®
UltraTM DNA Library Prep Kit and quantified via Qubit.

The Illumina HiSeq paired-end raw reads were checked for quality
(Base quality, base composition, GC content) using the FastQC tool
(Andrews, 2010). The QIIME (Version: 1.9.1) pipeline (Caporaso et al.,
2010) was used for the selection of 16S RNA, clustering, and Operational
Taxonomic Unit (OTU) picking. The chimeric sequences were removed
from the libraries using the de-novo chimera removal method UCHIME im-
plemented in the tool VSEARCH. Pre-processed reads from all sampleswere
pooled and clustered into OTUs, based on their sequence similarity using
the Uclust program (similarity cutoff = 0.97). A representative sequence
was identified for each OTU and aligned against the SILVA core set of se-
quences using the PyNAST program (Caporaso et al., 2010). The represen-
tative sequences of the OTUs were also used to predict KEGG orthodoxy
(KO) abundances using PICRUSt2 (Douglas et al., 2020) and microbial
pathways were inferred. The 24 metagenomic library datasets from were
clustered, based on the arithmetic mean of weighted Unifrac distance
using Unweighted Pair Group Method (UPGMA). The clustered OTUs
were distributed into four sampling conditions (OL-1 bottom, OL-2 bottom,
OL-1 groundwater and OL-2 groundwater). The raw sequencing data have
been submitted to the NCBI Sequence Read Archive; accession number
PRJNA603427 (https://www.ncbi.nlm.nih.gov/sra/PRJNA603427).

2.5.2. MPN test for coliform detection
To detect the sewage inputs from the local villages into the lake waters,

the coliform load in the water samples was detected using the classic Most
probable Number (MPN) test (Oblinger and Koburger, 1975), using Mac-
Conkey broth with the dye Bromo cresol purple (5′, 5″-dibromo-o-cresol
sulfophthalein, Hi Media) with Duhram's tube inserts to detect gas bubbles.

2.5.3. Microcosm lability test (MLT)
Eleven arsenic oxidizing bacterial strains were isolated from the oxbow

lake water samples and were identified by 16S rRNA gene sequencing
[GenBank accession no. MW383510 to MW383925]. A Neighbour Joining
tree (Fig. 2A) was prepared using MEGA version 10.0 (X) (Stecher et al.,
2020), following the sequencing and bioinformatic methods detailed in
Chikkanna et al. (2018, 2021).

https://www.ncbi.nlm.nih.gov/sra/PRJNA603427


Fig. 2.TheMicrocosm Lability Test (MLT): A) AnNJTree to understand the taxonomy if the isolated bacterial genera participated in theMLT. The blue coloured strain names
are the one isolated from OL-1 and the red coloured are strains from OL-2. B) the graphs indicate the utilization of faster utilization of the available DOC represented by
SUVA254 in both the lakes.
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A homogenous mixture of the isolated microbial strains at the log phase
of growth was used as inoculum (1% v/v) to test their metabolic efficiency
to degrade the DOC. The organic molecules were collected using ENVI™ C-
18 DSK (C-18 bonded silica; Sigma–Aldrich) from water samples collected
from the lake surface, lake bottom and groundwater borehole of OL-1 and
OL-2. The microcosms were established providing minimal salt based
media pH 7.2 inoculated with the above inoculum (1% v/v) and incubated
for 10 weeks and the lability of DOC were tested based on the change in
SUVA254 quantification (Fig. 2B).
Fig. 3. A) The % abundance of sterol source Faecal vs Non-Faecal. B. Relative contributi
sterol abundance. B) The ratio of Coprostanol / (Coprostanol + Cholestanol) as a functi
represents faecal contamination identified by both ratios.

5

3. Results

3.1. Organic chemical proxies

The DOC values of lake bottom water ranged from 1294 to 2138 mg/L,
and were lower in the groundwater samples. The average δ13C value of the
water samples was −23 ‰ and average δ15N was 4.13 ‰.

The total n-alkane abundance in the lake bottom samples varied from
529 to 8962 ng/L. All the samples showed a bimodal distribution where
on of (∑ Coprostanol+24-Ethylcoprostanol + Epicoprostanol + Sitostanol) vs total
on of the Coprostanol/ Cholesterol ratio (Reichwaldt et al., 2017). The shaded area
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both the low molecular weight (LMW) (C13 to C21) and high molecular
weight (HMW) (C23 to C35) n-alkanes were equally dominant. However,
in the groundwater samples the predominance of HMW n-alkanes was ob-
served. The specific sterol markers were used to understand the hypothesis
of this study and are described below.

A predominant abundance of odd alkane hydrocarbons was observed in
all the lake bottom samples. To predict the sources of these hydrocarbons,
various ratios were used. The modified Carbon Preference Indexes (CPI) for
aquatic samples predicted by Ghosh et al. (2015a) as CPITOT (nC13 to nC35;
Eq. (3)), CPILMW (nC13 to nC21; Eq. (4)) and CPIHMW (nC23 to nC35; Eq. (5))
[Eqs. (2), (3), (4)]. The CPITOT (ranged from 6.37 to 7.92) and CPIHMW

(ranged from 3.13 to 24.09) were higher in the bottom water from all the
sites, whereas CPILMW (ranged from 3.72 to 5.24) was high in surface water.

CPITOT ¼ Σ C13 to C33ð Þodd þ Σ C15 to C35ð Þodd
2Σ C14 to C34ð Þeven

ð3Þ

CPILMW ¼ Σ C13 to C19ð Þodd þ Σ C15 to C21ð Þodd
2Σ C14 to C20ð Þeven

ð4Þ

CPIHMW ¼ Σ C23 to C33ð Þodd þ Σ C25 to C35ð Þodd
2Σ C24 to C34ð Þeven

ð5Þ

The sewage biomarkers such as Coprostanol, 24-Ethylcoprostanol,
Epicoprostanol, and Sitostanol were detected at relatively higher abundance
Fig. 4. Distribution and percentage abundance of predominant OTUs representing mic
region of 16S rRNA. A) The columns represents the water samples collected from the b
collected from the groundwater boreholes around the oxbow lakes.
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(25 to 45 %) in the lake water samples (which reduces but persists in the
groundwaters as well, tracing the sewage flow into the aquifers (Fig. 3).

The groundwater samples from both OL-1 and OL-2 had signatures that
are processed inmaturation, whereas the in lakewater samples only 92.2%
of the facultative, and only 11 % of the maturation samples were identified
as containing faecal contamination (Fig. 3A).

The ratio Coprostanol / (Coprostanol + Cholestanol) is used as a func-
tion of the ratio Coprostanol / Cholesterol (Reichwaldt et al., 2017), to fur-
ther understand the distribution of the sewage biomarkers in the samples.
The correlation of these two sterol ratios (Fig. 3B) was used to differentiate
between human sterols and the sterols from other biogenic sources:

ΣCoprostanol/(ΣCoprostanol + ΣCholestanol) vs (ΣCoprostanol/
ΣCholesterol).

The shaded area (Fig. 3B) represents faecal contamination identified by
both of the ratios, support the inferences of this work. The abundance is
highest in the surfacewater of the lakes, which are reduced bymicrobial ox-
idation in the lake bottom however, these markers still remain trackable in
the groundwater samples (Fig. 3).

3.2. Microbial metabolism analyses

Themetagenomic analysis of the lake bottomwater indicated a predom-
inance of OTUs represented by methylotrophes (Methylophillaceae), along
with iron oxidizing- arsenate reducing bacterial classes like Gallionellaceae,
Pseudomonadaceae, Sphingomonadaceae and Nocardiodes (Fig. 4). The
robial classes. Each column represents six metagenomic library data of the V3-V4
ottom of the two lakes OL-1 and OL-2. B) The column represents the water samples
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methane metabolism is also indicated by the PICRUSt analysis (Fig. 5). The
absence of sulphate reducing groups despite of faecal contamination could
trigger the enhanced reductive dissolution of arsenopyrite and As-bound
with Fe(oxy)hydroxides. Interestingly 5–8 % of the OTU abundance
consisted of enteric-microflora like Enterobacteriaceae (Fig. 4) in both lake
water indicating high amount of sewage disposal in the lakes.

In the groundwaters, the OTUs represented by arsenate reducers such as
Pseudomonas, Shewanella, along with the iron and arsenite oxidizers such as
Acinetobacter, Burkholderiawere detected and 0.8 to 4 % of the OTUs repre-
senting faecal derived microbial groups such as the class Enterobacteriaceae.
The abundance of the coliform is further confirmed by the MPN test. Inter-
estingly, various iron-oxidizing groups that can co-metabolize arsenic were
detected (Ghosh et al., 2018). The Nitrate dependent Fe-oxidizers (NDFOs)
such as Rhodobacteriaceae, other Fe-oxidizers like Nocardiodaceae and dis-
similatory iron reducers such asMoraxellaceae were found to be dominant
in the groundwater.

To understand if the faecal derived OTUs are functional in the represen-
tative samples, the MPN test was performed, which indicated a high coli-
form abundance in the surface and groundwater samples. The surface/
lake bottom water (11 to 17× 102 coliforms/mL) had a higher count rela-
tive to a small reduction in the groundwaters (4 to 9× 102 coliforms/mL),
which could be due to the dilution effect.

The Microcosm Lability Test (MLT) indicates a depletion in SUVA254

values from the surface to the bottom of the lake and further in the ground-
water in both sampling stations (Fig. 2). This suggests that the total aro-
matic content of the DOC is bioavailable, reactive and quickly consumed
by the groundwater microbial flora. The hydropedological properties of
the aquifer sediments allow the vertical movement (through leaching and
Fig. 5.Microbial PICRUSt-predicted KEGG functions relevant to metabolism in the
metagenomic library datasets. The heatmap denotes the direction of association
between each microbial PICRUSt-predicted KEGG function and arsenic
metabolism based on the scale given on the right. The significant associations are
highlighted with ‘*’.

7

percolation) of the organic molecules and microbial communities along
the water column.

3.3. Geospatial distribution of arsenic

The geospatial distribution of arsenic concentrations in groundwater
shows a clear relation with the alluvial geomorphology (Figs. 6–7). The
oxbow lake and its partial clay-plug fill marks a boundary between arsenic
concentrations with highest concentrations, averaging 505 μg/L (Fig. 7A)
in the confined space of point bars surrounded on all sides by an oxbow-
lake/clay plug, and areas beyond the oxbow-lake confinementwith concen-
trations that average 121 μg/L, i.e., a factor 4.1 lower than those in the
point-bar aquifer. The concentration distribution shows a random pattern
with depth of the tube wells (Fig. 7B).

4. Discussion

4.1. Interactions of oxbow-lake biogeochemistry and alluvial geomorphology

Our study shows that anoxic oxbow lakes and clay plugs, rich in labile
organic matter, act as an efficient factory for the mobilization of arsenic
by microbially-mediated reductive dissolution. The oxbow lakes are sinks
to natural organic carbon that accumulates in the form of HMW-DOC
(Ghosh et al., 2021; Cao et al., 2022), and also for the anthropogenic or-
ganic matter as depicted in this case. The relatively high abundance of
those HMW-DOC indicated by high CPIHMW but low CPITOT also suggest
the microbial digestion and utilization (Ghosh et al., 2015a). Additionally
the faecal-derived tracers (Coprostanol and Coprostenols) suggest enrich-
ment of the surface and groundwater with C and N sources (Kriaa et al.,
2019). Such large pool of rich C-sources provides perfect incubation
Fig. 6. Geospatial distribution of groundwater arsenic concentrations in tube wells
of areas OL-1 (A) and OL-2 (B). Lines A-B to G-H: cross-section locations of Fig. 1B.



Fig. 7. (A) Groundwater arsenic concentrations in levees outside the oxbow-lake confinement, and in the point-bars encompassed by oxbow lakes. (B) Cross-plots of arsenic
concentrations vs. tube-well depth. Well depths normalized to height above sea level (a.s.l.).
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condition for facultative methanogens (Glodowska et al., 2020). During the
transportation of this DOM pool into the aquifers a fractionation occurs
with a function of molecular weight and recalcitrance, as depicted in the
chromatographic model by Ghosh et al. (2021). Such accumulation of
HMW-DOM can also cause increasedmobilization of arsenic in anoxic aqui-
fer systems (Wu et al., 2019; Glodowska et al., 2020).

Microbial mobilization takes place in the aqueous phase (i.e., in the
remnant oxbow lakewater), and in the sediment of the clay plug. Dissolved
arsenic in the oxbow lake migrates by water percolation into the adjacent
porous and permeable point-bar and levee sands. Uponmicrobial mobiliza-
tion in the clay-plug sediment, (pathways indicated in Fig. 8), the dissolved
arsenic migrates along the porosity-permeability gradient and accumulates
Fig. 8. Conceptual geospatial model of the relation between geomorphological po
groundwater flow. Arsenic-pin locations are those of Fig. 6A.
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in juxtaposed porous and permeable point-bar and levee sands by the pro-
cesses of gravitational, compaction-driven diffusion in the clay plug, and
transport-driven advection past the permeability boundaries at the inter-
face of clay-plug to point-bar, and clay-plug to levee (Kumar et al., 2021a).

In an unconfined isotropic subsurface, the accumulated arsenic concen-
trationswould be diluted by the regional groundwater flux from theGanges
Delta to the Bay of Bengal (Basu et al., 2001; Harvey, 2002; Mukherjee
et al., 2007; Sikdar and Chakraborty, 2017). In the Holocene alluvial
landscape, porosity and permeability anisotropy within and between the
alluvial geomorphological elements conditions the recharge efficiency
(Fig. 8). The clay-plug sediment of the partially-filled oxbow lake surround-
ing the point-bar deposits on all sides acts as aquitard and creates a
rosity-permeability anisotropy, arsenic-concentration differences, and regional
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geomorphological entrapment of groundwater in the point-bar sands
(Fig. 8, Graphical Abstract).

In the present study no additional cored wells were drilled. As the pro-
cess of sediment transport and accumulation on the inner bank of a mean-
der bend in any meandering-river is controlled by the helicoidal flow in
thewater columnof the river (Friend et al., 1996), it can readily be assumed
that the point-bar geomorphology and internal sedimentary architecture
are similar to that described from cores further upstream, along the Ganges
River in Bihar, India (Donselaar et al., 2017; Kumar et al., 2021a), and con-
formwith the ‘classic’ point-bar sedimentary architecture, characterized by
a coarse-grained clean-sand base, internal point-bar heterogeneity, such as
the upward-fining grain-size trend and the occurrence of intermittent thin,
inclined clayey lateral-accretion surfaces in point-bar sands (Donselaar and
Overeem, 2008; Donselaar et al., 2017). The inherent porosity and perme-
ability anisotropy in the point-bar geomorphological element limits
groundwater recharge by the regional groundwater flux. Consequently, ar-
senic contamination in the enclosed point-bar aquifer is not diluted and re-
mains high. By contrast, fluvial levees are elongate, ribbon-shaped sandy
geomorphological units (wedge-shaped in cross-section) that fringe the
oxbow lake over its entire length, (c.f. Branß et al., 2022), lack internal per-
meability contrast and are not confined on all sides by impermeable clay,
resulting in a much more efficient aquifer flushing and decrease of arsenic
concentrations.

4.2. Predictive geospatial modelling

The depth of the geomorphological groundwater entrapment in recent al-
luvial deposits equals the thickness of the individual point-bar – oxbow-lake
geomorphological-element couple, and scales with the depth of the river
from which they originate. Maximum depth data of the Jamuna River in
the study area are not readily available because of the moribund state of
the river (Mallick, 2013; Sahana et al., 2020), and bathymetric data of the
Hooghly River, of which the Jamuna River was a distributary, serve as
proxy. Measured river depth in a stretch 12 km west of the study area
(Ghosh et al., 2020) is 7 m, which would be an indication of the entrapment
depth. From this an estimate can be made of the arsenic mass contained in a
single, enclosed point-bar – oxbow-lake geomorphological-element couple as:

MAs ¼ BSV � N=G � Φ ð6Þ

whereMAs is the potential arsenicmass, BSV the bulk sediment volume of the
point-bar geomorphological unit confined by a clay plug, N/G the net-to-
gross of the point-bar unit, and Φ the porosity. The potential arsenic mass
of the point-bars in the present study is 0.62 * 106 to 1.13 * 106 kg (Supple-
mentary Table 2).

The uppermost, recent alluvial sediment is part of the Holocene Ganges
alluvial-valleyfill with amaximum thickness of 90m (Goodbred and Kuehl,
2000a, 2000b). Hence, the arsenic hotspots in local point-bar – oxbow-lake
aquifer confinements will not be limited to the uppermost, recent alluvial
deposits, and will extend down throughout the Holocene depositional suc-
cession of the Ganges valley fill. Goodbred and Kuehl (2000b) interpreted
the succession as stacked fluvial and floodplain deposits, and it is proposed
here that the fluvial channel sands therein are point-bar geomorphological
elements, as these have the best preservation potential in the meandering-
river environment (Donselaar and Overeem, 2008; Parquer et al., 2020).
The assumption that the arsenic contamination extends down in the depo-
sitional succession is confirmed by the cross-plot of groundwater arsenic
against well depth (Fig. 7B) that shows no decreasing trend of concentra-
tion with depth. From this it is interpreted that arsenic can freely percolate
throughout the entire 60 m well-penetration depth in the subsurface in the
study area in the absence of horizontal aquitards. The interpretation is sus-
tained by arsenic concentration values of previous studies in Nadia District
(West Bengal), where Bhattacharya et al. (2001) reported arsenic concen-
trations of 10–350 μg/L in tube wells of 80 m to more than 150 m deep;
and high arsenic concentrations (to 475 μg/L) are found in 20 m to 30-m-
deep tube wells west of the Hooghly River (Mukherjee et al., 2010).
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In summary, this study allows for the construction of a predictive
geospatial model, in which the point-bar – oxbow-lake geomorphological-
element couple is identified as arsenic hotspot, and the partly clay-filled
oxbow lake plays a dual role as factory for the microbial reductive dis-
solution of arsenic in an anoxic environment rich in labile organic mat-
ter, and as aquitard that effectively shields the aquifer recharge in
porous point-bar sand on the condition that the oxbow lake forms a
closed loop around the point bar. High population density on the
point-bar higher grounds combined with sub-optimal sanitation condi-
tions further aggravate the arsenic problem. It is proposed here to
build predictive geospatial models by integrating remotely-sensed sat-
ellite imagery and digital elevation data of the Holocene alluvial-plain
geomorphology in combination with GIS-based population databases
and machine learning techniques (Connolly et al., 2021). The models
can be applied on a global scale for the identification of large swats of
arsenic hotspots in arsenic-affected Holocene alluvial plains in a compa-
rable climate and geomorphological setting.

5. Conclusions

In the present study it is demonstrated that oxbow lakes and corre-
sponding clay plugs of the Holocene alluvial landscape in the Lower Ganges
Delta comprise an anoxic environment, rich in labile organic matter (natu-
ral and anthropogenic) that acts as efficient factory for the mobilization of
arsenic by microbially-mediated reductive dissolution. More specifically,
the abundant occurrence of natural and anthropogenic (faecal-derived) or-
ganic matter in clay-plug sediment favours microbial digestion and utiliza-
tion, and arsenic mobilization.

The dissolved arsenic migrates to and accumulates in adjacent porous
and permeable point-bar and levee sands. Large As-concentration differ-
ences (505 μg/L on average in point bars vs. 121 μg/L in the levees) are at-
tributed to the clay-plug aquitard, which creates groundwater entrapment
in the encompassed point-bar sands. In this geomorphologically-confined
space, arsenic-laden groundwater is shielded from dilution by the regional
groundwater flux from the Ganges Delta to the Bay of Bengal. By con-
trast, fluvial levees beyond the oxbow lake are not confined on all
sides by a clay-plug, resulting in a much more efficient aquifer flushing
and decrease of arsenic concentrations. On the basis of the point-bar size
in the study area, and the average groundwater arsenic content, the po-
tential total arsenic load per point bar is in the order of 0.62 * 106 to
1.13 * 106 kg. Arsenic can freely percolate throughout the entire 60 m
well-penetration depth in the subsurface in the study area in the absence
of horizontal aquitards.

The occurrence of well-defined arsenic hotspots by synergy of biogeo-
chemical processes and alluvial geomorphology opens up opportunities
for creating predictive GIS-based geospatial models for the global-scale
identification of large swats of arsenic hotspots in arsenic-affected Holo-
cene alluvial plains.
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