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ARTICLE INFO ABSTRACT
Editor: José Virgilio Cruz The distribution and composition of dissolved organic matter (DOM) affects numerous (bio)geochemical pro-
cesses in environmental matrices including groundwater. This study reports the spatial and seasonal controls on
Keywords: o the distribution of groundwater DOM under the rapidly developing city of Patna, Bihar (India). Major DOM
Groundwater contamination constituents were determined from river and groundwater samples taken in both pre- and post-monsoon seasons
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in 2019, using excitation-emission matrix (EEM) fluorescence spectroscopy. We compared aqueous fluorescent
DOM (fDOM) composition to satellite-derived land use data across the field area, testing the hypothesis that the
composition of groundwater DOM, and particularly the components associated with surface-derived ingress, may
be controlled, in part, by land use. In the pre-monsoon season, the prominence of tryptophan-like components
likely generated from recent biological activity overwhelmed the humic-like and tyrosine-like fluorescence
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signals. Evidence from fluorescence data suggest groundwater in the post-monsoon season is composed of pre-
dominantly i) plant-derived matter and ii) anthropogenically influenced DOM (e.g. tryptophan-like components).
Organic tracers, as well as Eh and Cl”, suggest monsoonal events mobilise surface-derived material from the
unsaturated zone, causing dissolved organic carbon (DOC) of more microbial nature to infiltrate to >100 m
depth. A correlation between higher protein:humic-like fluorescence and lower vegetation index (NDVI),
determined from satellite-based land use data, in the post-monsoon season, indicates the ingression of
wastewater-derived OM in groundwater under the urban area. Attenuated protein:humic-like fluorescence in
groundwater close to the river points towards the mixing of groundwater and river water. This ingress of surface-
derived OM is plausibly exacerbated by intensive groundwater pumping under these areas. Our approach to link
the composition of aqueous organics with land use could easily be adapted for similar hydrogeochemical settings
to determine the factors controlling groundwater DOM composition in various contexts.

1. Introduction

The distribution and chemical composition of dissolved organic
matter (DOM) affects many reaction pathways which are significant to
human health (Coble et al., 2014; Guo et al., 2019; Postma et al., 2007).
The composition of groundwater DOM has implications for other water
quality parameters influenced by the microbial utilisation of DOM as a
substrate, including dissolved oxygen (Borsuk et al., 2001; Song et al.,
2000), nutrients (Burford and Bremner, 1975; Hofmann and Griebler,
2018; Siemens et al., 2003) and trace metal(loid)s such as ferrous iron
(Abdelrady et al., 2020; Mladenov et al., 2010) and arsenic (Aftabtalab
et al., 2022; Erban et al., 2013; Guo et al., 2019; Kulkarni et al., 2017,
2018; Neumann et al., 2014; Postma et al., 2007; Richards et al., 2019).
In addition, groundwater organics reflecting sewage-derived ingress
have potential implications on microbial aspects of water quality,
particularly in drinking water supplies (Bain et al., 2014; Bivins et al.,
2020). The processes affecting the distribution of such constituents in
groundwater is particularly relevant in the context of rapidly developing
cities in South and Southeast Asia (Lawrence et al., 2000; Richards et al.,
2021), who increasingly rely on groundwater potentially influenced by
both surface contamination and monsoon weather patterns (Farooq
et al., 2010; Milledge et al., 2018; Yang et al., 2020). Quantifying the
temporal and spatial heterogeneity in DOM composition therefore pro-
vides insight into the vulnerability of groundwater resources and the
potential implications to human and ecosystem health. The characteri-
sation of DOM composition can furthermore provide crucial information
about its source and subsequent reaction history.

DOM may be characterised using mass spectrometry and chro-
matographic techniques (Matilainen et al., 2011), though resolving the
detailed components can be difficult and expensive (Leenheer and
Croué, 2003). Alternatively, a proportion of organic matter is known to
fluoresce upon irradiation with UV light, and fluorescent dissolved
organic matter (fDOM) measurements provide a powerful, fast and
relatively cheap method of characterising DOM in waterbodies (Baker,
2002; Coble et al., 2014; Kowalczuk et al., 2010). Excitation-emission
matrices (EEMs) consist of a three-dimensional matrices of fluores-
cence intensities at defined ranges of excitation/emission wavelengths.
Information from EEMs can be used to identify characteristic groupings
of organics, and to indicate the source, relative “freshness”, lability and
relative processing extent of DOM (McKnight et al., 2001; Parlanti et al.,
2000). Due to the relative inexpensiveness of fluorescence measure-
ments, this technique can enable higher resolution (spatially and/or
temporally) sampling and interpretation (Stedmon and Markager, 2005)
compared to some other more resource-intensive methods of organics
characterisation (e.g. nuclear magnetic resonance or liquid
chromatography-mass spectrometry; Dittmar and Paeng, 2009; Hert-
korn et al., 2013; Matilainen et al., 2011).

Fluorescence can be utilised to distinguish between different frac-
tions of DOM through various EEM post-processing methods. Specific
excitation/emission wavelength pairs and ratios between reference re-
gions of the EEM are used to make a number of inferences on the nature
of the DOM (Guo et al., 2019; Kulkarni et al., 2017; Murphy et al., 2013;
Richards et al., 2019). “Peak-picking” of pre-defined wavelengths

provides a useful proxy for the quantification of humic and fulvic acids,
as well as fluorescent amino acids, particularly tryptophan and tyrosine
(Coble et al., 2014). The selection of reference wavelength values to
represent particular components of DOM presents the problem of
superimposed signals from multiple fluorophores of similar fluorescence
signatures (Murphy et al., 2013); trilinear methods of signal deconvo-
lution, such as parallel factor analysis (PARAFAC), help to address this
potential source of error (Coble et al., 2014; Murphy et al., 2013).

Fluorescence techniques are able to distinguish between DOM of
terrestrial and microbial nature - terrestrially derived DOM originates
from dispersed sedimentary organic carbon (SOC), subsurface peat de-
posits or other recent lignaceous plant detritus (Bianchi, 2011; Hedges,
1992), whilst microbially-derived DOM refers to leachate and products
of extracellular release from microbes (McKnight et al., 2001). Previous
research of DOM fluorescence have inferred hydrological connections
between groundwater DOM nature and recharge and inferred connec-
tivity into groundwater and river system (Lapworth et al., 2009; Shen
et al., 2014). This linkage may be particularly evident in monsoon (or
seasonal rain) affected regions of the world; Sorensen et al. (2021)
showed strong precipitation controls on tryptophan-like fluorescence
and microbial activity in an aquifer in East Africa. Similarly, Yang et al.
(2020) observed an abundance of humic-like, terrestrially derived DOM
in groundwaters after periods of heavy rainfall in the Jianghan Plain,
whilst more microbially derived DOM was found during the dry season.
Since groundwater may be replenished by dilute rainwater or surface
water (which may be comparatively rich in organics, nutrients and/or
other solutes), DOM of humic-like, terrestrial nature in groundwater in
some areas is thought to be increased through precipitation-driven
recharge, including in association with paddy cultivation and irriga-
tion of crops (Chen et al., 2018; Yang et al., 2020). Changes in tem-
perature likely influence microbial activity and net primary productivity
in aquifers and subsequently may affect the temporal variation in DOM
composition (McDonough et al., 2020). Hofmann et al. (2020) demon-
strated that the historical flux of bioavailable DOM influences the
available stock of microbial biomass in an aquifer.

In some geochemical settings, a large proportion of the bioavailable
DOM flux may originate from surface-derived sources (Guo et al., 2019).
Surface-derived DOM under urban areas often originates from industrial
effluent (Rodriguez-Vidal et al., 2022), sewage leakage (Held et al.,
2006) and bodies of surface water (Wallis et al., 2020). Understanding
the factors underpinning the composition of surface-derived organics
under urban areas, including the infiltration of effluent and river-
groundwater interactions, may be achieved through fDOM characteri-
sation (Rodriguez-Vidal et al., 2022). Amino-like fluorescence can serve
as a tracer and relic of anthropogenic waste and has previously been
used as a proxy of DOM reactivity in groundwater (Baker et al., 2003;
Lapworth et al., 2008; Mladenov et al., 2010; Reynolds, 2003). The ratio
of amino-like to recalcitrant DOM components can be quantified to
further discriminate uncontaminated from slurry/wastewater-
contaminated water. Indeed, Baker (2002) shows that farm waste in-
creases the tryptophan-like to fulvic-like fluorescence ratio in streams.
This ratio is also used as a proxy of DOM bioavailability in other
groundwater quality studies (Kulkarni et al., 2017; Richards et al.,
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2019). The relationship between amino-like:recalcitrant fluorescent
DOM and urban land use is something yet to be investigated, particu-
larly in the context of a rapidly developing city, such as Patna, the
capital of the State of Bihar, India, where ingress of surface-derived
organics may be impacted, in part, by increasing populations and
incomplete wastewater infrastructure (Ahmad et al., 2019; Lu et al.,
2022; Richards et al., 2021).

Land use is of interest in this context because it may indicate the
source of the organic loading to groundwaters (Harjung et al., 2023;
Salman et al., 2018; Singh et al., 2020; Williams et al., 2010). The use of
satellite remote sensing has been established as a robust method of
identifying land cover where land use information is not readily avail-
able (Roberts et al., 2003). Indeed, a multitude of operational sensors of
varying characteristics provide effective tools for characterising land use
and land cover at regional scales (Boyle et al., 2014). The Landsat-8
Operational Land Imager (L8/OLI) sensor captures accurate and
timely information; it is considered a flagship method of medium-
resolution (10-30 m) remote sensing and has been used in >3000
peer-reviewed pieces of literature (Chaves et al., 2020; USGS, 2019).
Conventional vegetation indices are widely applied to the multispectral
L8/0LI bands as a proxy for land use (Chaves et al., 2020; Zaitunah
et al., 2018). Though, to the authors’ knowledge, relationships between
groundwater fDOM composition and surface land cover, in terms of
satellite-derived vegetation indices, have not yet been established or
investigated.

This study aims to decipher the spatial and seasonal controls on DOM
distribution in groundwater under Patna, India, a rapidly developing
city on the banks of one of the world’s most iconic rivers, through bulk
DOM quantification and excitation-emission matrix spectroscopy tech-
niques. Previous studies on groundwater bulk DOM concentration in the
Indo-Gangetic Plain have reported values of <2 mg/L (Kulkarni et al.,
2019; Mohanta and Goel, 2014; Richards et al., 2022b), though few
studies have characterised DOM composition (Kulkarni et al., 2019). We
quantify the relative amounts of protein-like and humic-like DOM in
local surface and groundwaters, using fluorescence indices and
modelled PARAFAC components. In addition, we compare the seasonal
composition of fDOM in groundwater in a 3D spatial sampling frame
designed to investigate the potential influence of groundwater-surface
water interaction near the Ganges (Ganga) River as well as urban in-
fluences on groundwater fDOM composition. By investigating the re-
lationships between satellite image-derived vegetation indices to the
composition of fDOM in groundwater, this study illustrates a unique
approach which could be similarly applied in other settings to better
understand the spatial and seasonal dynamics of groundwater processes
particularly in the context of rapidly developing cities.

2. Materials and methods
2.1. Site description

The study site covers a 900 km? area around the rapidly developing
city of Patna (Bihar, India), which has one of the fastest growing pop-
ulations of any city in the world — increasing 76 % between 1991 and
2011 (Government of India, 2011). Growth of the Patna metropolis over
recent decades has lacked commensurate expansions to infrastructure
(Alakshendra, 2019) and access to sanitation facilities in north-eastern
India is far below the national average (IIPS, 2022). In addition to
this, Bihar is heavily dependent on the abstraction of groundwater for
drinking supplies, making such resources inherently important to
characterise and understand (Ramanathan et al., 2009; Singh et al.,
2014).

The aquifer system beneath Patna consists of a low hydraulic con-
ductivity, discontinuous clay unit to 220 m depth, which is interbedded
from 30 to 220 m depth with medium-coarse, unconsolidated sand
layers of transmissivity between 5500 and 9200 m? day ! (Saha et al.,
2014). The estimated groundwater abstraction rate from the sand-
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dominated aquifer is 212 Mm? year’1 (Saha et al., 2014). Sample sites
in this study are orientated along the inferred regional net groundwater
flowpath direction and of increasing distance from the Ganges River (i.e.
SW to NE; Fig. 1; Lu et al. (2022)). More context on the field area and
sampling design can be found in Richards et al. (2022b). Based on
Resourcesat -1 LISS III satellite data, the predominant land uses of the
Patna district (3202 km?) consists of agricultural land (76 %), built up
area (9 %), fallow land (7 %), waterbodies (3-7 %), forest (<1 %) and
wasteland (<1 %) (NWIC, 2017).

2.2. Groundwater and surface water sampling

Groundwater samples (from 5 to 120 m depth) were collected in
Patna and the surrounding area from private and government hand-
pumps (Richards et al., 2022b). All wells used for groundwater samples
were in frequent use and were pumped for ~90 s before taking samples,
to purge standing water from the standpipes. Patna pre- and post-
monsoon groundwater sampling took place during 2019 (June-July
and December, respectively). Where possible, identical wells (~70 % of
sites) were sampled between pre- and post-monsoon season. Due to
changes in well functionality and/or accessibility in a limited number of
cases (~30 % of sites), the sampling team were required to find a suit-
able alternative (i.e. a handpump of similar depth in as close of prox-
imity as possible) in the post-monsoon season re-sampling (Fig. 1). The
groundwater sampling methods utilised have previously been described
by Richards et al. (2022b).

Surface water samples were collected in November-December 2019
from the Ganges adjacent to Patna, from the middle of the channel and
south and north riverbanks (n = 17). A managed aquifer recharge
reservoir (n = 1) was also sampled. Surface water sampling details have
previously been published by Richards et al. (2022a).

Samples for fDOM analysis were filtered in the field (0.45 pm cel-
lulose and polypropylene syringe filters) into 20 mL amber glass bottles,
filled to the top and sealed using Parafilm. Samples for DOC and ion
chromatography (IC, for analysis of chloride) analysis were filtered
(0.45 pm) and stored separately in 60 mL glass bottles. All bottles used
for subsamples for EEM, DOC and IC analysis had been pre-cleaned prior
to use by acid washing (10 % nitric acid for a minimum of ~8 h),
thorough rinsing with MilliQ®-grade deionized water, followed by
furnacing at 400 °C. All samples were stored at 4 °C until analysis,
except where it was not possible, including during transit from Patna to
Manchester, to prevent potential changes in organic matter composition
as much as feasible (Richards et al., 2019).

2.3. Excitation-emission matrix (EEM), dissolved organic carbon (DOC)
and ion chromatography (IC) analytical details

Fluorescence measurements were taken using a Varian Cary Eclipse
fluorescence spectrophotometer at the British Geological Survey
(Wallingford, UK). The excitation (Ex.) and emission (Em.) scanning
ranges were between 250 and 400 nm (5-nm bandwidth) and 250 to 500
nm (2-nm bandwidth), respectively, using methods previously described
in Richards et al. (2019). The voltage of the photomultiplier detector
was set at 725 V and analysis was undertaken in quartz cuvettes with a 1-
cm path length. Fluorescence is reported following blank subtraction
and reported in Raman Units (RU), after normalisation to the Raman
peak value of ultrapure water blanks at Ex. 350 nm, Em. 397 nm
(Murphy, 2011). Ultraviolet absorbance at 254 nm (Absys4) was
measured using a Varian UV-vis spectrophotometer with a 1-cm cell
path length. Specific UV absorbance at 254 nm (SUVAys4) was calcu-
lated by dividing Absys, by [DOC] and is reported in units of m ™' mg ™' L
(Lakowicz, 2006). Reagent-grade Ultrapure water (ASTM Type 1) was
used for blanks and to clean the quartz cuvettes between samples. A
number of samples (~5 %) were run as repeat measurements.

Quantification of reference wavelength areas of EEMs provides
useful indices for OM source and nature, without the need for complex
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Fig. 1. Location of pre- and post-monsoon groundwater sampling sites in Patna sampled for organic characterisation. Colour within circles indicates the mean NDVI
of surrounding land use (700 m buffer) from Landsat-8 satellite data (USGS, 2019). A higher NDVI is suggestive of more vegetation cover within the buffer zone,
compared to low NDVI, which suggests the buffer area contains more barren and/or urbanised land (Akbar et al., 2019).

modelling procedures. After absorbance correction of the data, using a
method from Lakowicz (1994), the following regions of interest were
quantified by peak picking: i) humic-like fluorescence (HA-like), ii)
fulvic-like fluorescence (FA-like), iii) tyrosine-like (Tyr-like), iv)
tryptophan-like (Tryp-like), as well as fluorescent indices i) the p:a ratio,
or ‘freshness index’, which has been used in previous studies to indicate
the ratio between compounds of recent biological origin (p components)
and more recalcitrant organic compounds (x components) (Kulkarni
et al., 2017; Parlanti et al., 2000) and ii) the fluorescence index (FI),
which indicates the microbial to terrestrial constituents of DOM, oper-
ationally defined as a positive ratio between an emission wavelength of
450 and that at 500 nm, obtained with an excitation of 370 nm
(McKnight et al., 2001).

Bulk DOC, as non-purgeable organic carbon (NPOC), was measured
at the Manchester Analytical Geochemical Unit (MAGU) laboratories at
The University of Manchester using a Shimadzu® Total Organic Carbon
Analyser (TOC-VCPN) coupled with an ASI-V autosampler, fitted with
24-mL glass vials. The detection of organic compounds was achieved
through the 680 °C combustion catalytic oxidation method. Several
samples (~5 % of the dataset) were run as repeat measurements.
Chloride was measured using IC in the MAGU laboratories using
methods previously described in Richards et al. (2022b).

2.4. Parallel factor analysis (PARAFAC) analysis

A PARAFAC model of the EEM data was used to deconvolute the EEM
data array into several underlying units — the overall aim was to explain
every sample EEM within the dataset in terms of a set of modelled

components. Using a PARAFAC model utilises a greater proportion of
data available within the EEMs, compared to picking wavelength re-
gions (Lakowicz, 2006). The PARAFAC model was built in the staRdom
R package (Pucher et al., 2019) and served to characterise pre- and post-
monsoon groundwater and river water composition of the Patna district.
A “full’ dataset of 139 groundwater and 56 surface water samples from
Bihar and Uttar Pradesh was used to overcome convergence issues
(Murphy et al., 2013). Additional surface sites included in the modelling
were from the Ganges (between Varanasi and Begusarai; n = 25), the
Gandak (n = 3) and Ghaghara (n = 9) tributaries.

The model was developed using blank subtracted, absorbance and
spectral corrected data, which was fitted to a non-negatively constrained
(i.e. negative wavelengths set to zero) model, as specified by Stedmon
and Bro (2008). An emission wavelength >460 nm was influenced by
the first-order Rayleigh line and thus this spectral region was removed
from the processing. Outliers were examined and removed in an itera-
tive manner, such that individual samples had minimal leverage on the
PARAFAC model — in total, 5 outliers were removed from the extended
dataset.

After the creation of the PARAFAC model, samples were charac-
terised in terms of i) PARAFAC components C1-C4; ii) total PARAFAC
fluorescence (TPF; the sum of C1-C4), a parameter used to quantify total
fluorescence of the samples in terms of the PARAFAC components and
iii) the ratio of protein to humic- and fulvic-like PARAFAC components
(C4 + C3)/(C2 + C1) to represent microbial to recalcitrant DOM (Prasad
et al., 2023; Wells et al., 2022) — a similar index has previously been
used as an indicator of DOM bioavailability (Baker, 2002; Kulkarni et al.,
2017).
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2.5. Land use characterisation based on normalised difference vegetation
index (NDVI)

To quantify contributing factors to groundwater fDOM signature,
land use was characterised around each site, using satellite data. Clas-
sifying land use using normalised difference vegetation index (NDVI) is a
widely recognised technique for identifying land usage to a high reso-
lution (Akbar et al., 2019; Tittebrand et al., 2009; Vermote et al., 2016;
Zaitunah et al., 2018). NDVI consists of a continuous parameter, which
means comparison to other environmental variables can easily be
assessed. Surface reflectance L8/0OLI data of 30 m x 30 m resolution was
obtained from the United States Geological Society (USGS, 2019). NDVI
is calculated as the difference between near infrared (NIR) and red
(RED) reflectance, divided by their sum (Eq. 1, Anabitarte et al., 2020):

NIR — RED
NDVI =

=T 1
NIR + RED M

Temporal variations in NDVI due to climatic factors are well docu-
mented (Nischitha et al., 2014; Revadekar et al., 2012). To select a
LandSat scan representative of recent land use around sampling sites,
the variation in NDVI, from the start of the data record (2013) until the
last groundwater sampling date, was quantified. QGIS 3.16 (QGIS
Development Team, 2020) was used to calculate mean NDVI in 36
cloud-free LandSat-8 scans for the 900-km? study area; the scan of
highest mean NDVI score (Oct 2018) was used to reflect land use in this
study, on the premise that more distinct vegetation can determine a
more accurate representation of land use from satellite data (also noting
that current land use activities may not affect groundwater composition
until many years after (Lawson et al., 2016)). To accurately capture the
surrounding terrestrial environment around each site, surface water
(NDVI <0.02) was excluded from the final NDVI parameter.

For the selection of an appropriate buffer size, from which to
calculate a NDVI score to compare to groundwater DOM bioavailability,
mean NDVI scores for a range of buffer radii (50-800 m) were calcu-
lated. It was important that the buffer accounted for the grid size of the
land use data, as well as the groundwater zone of influence around the
sites. The bulffer size (700 m) was therefore selected based on the highest
correlation coefficient between (C4 + C3)/(C2 + C1) and mean NDVI. As
sites <1 km from the river Ganges may be comprised of >10 % river
water in this setting (Lu et al., 2022), these were excluded from the
correlation analysis.

2.6. Statistical tests

All statistics used in this study were conducted using SPSS Statistics
26 and Microsoft Excel 2020. Regression statistics were reported using a
Pearson correlation in the format “r(degrees of freedom) = r value; p = p
value”. Mann-Whitney-Wilcoxon rank-sum tests, for comparing the
mean of non-parametric populations, were reported as “U = Mann-
Whitney U, p = p value”, where U is the difference between the two
rank totals. All statistics tests are reported at 95 % confidence and
Bonferroni correction, %, was applied as a more conservative test in the
instances of several statistical tests being performed simultaneously,
where o = 0.05 and n = the number of tests performed.

3. Results

3.1. Excitation-emission matrix-parallel factor analysis (EEM-
PARAFAC)

3.1.1. PARAFAC components

The sources of organic carbon in river and groundwater around
Patna were characterised using excitation-emission matrix (EEM) fluo-
rescence techniques. Statistical deconvolution of the extended fluores-
cence dataset from Bihar and Uttar Pradesh samples, using PARAFAC
modelling, revealed that four components adequately represented the
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fDOM composition of surface and groundwater samples. Validation of
the four-component model was achieved through split-half analysis;
data was split into four quarters and recombined in six different ways to
verify that these returned similar results (Murphy et al., 2013). The
model was considered stable since all Tucker’s congruency coefficients
(TCCs) were close to one (Wiinsch et al., 2019). When more than four
components were used, the results of the sub-samples varied signifi-
cantly between themselves, revealing that the model was not robust
beyond four components. Split-half analysis could only validate a
PARAFAC model using the extended dataset; it was not possible to
validate a model using sub-datasets (i.e. groundwater/surface water;
Harjung et al., 2023; Murphy et al., 2013; Wiinsch et al., 2019). Analysis
of residual samples revealed that the model was adequate in repre-
senting the DOM fractions; the fluorescence in these samples was non-
systematic and likely a product of spectrophotometer noise.

The four components were i) Component 1 (C1) - terrestrial humic-
like fluorescence; ii) Component 2 (C2) — microbial humic-like fluores-
cence; iii) Component 3 (C3) - tryptophan-like fluorescence and iv)
Component 4 (C4) - tyrosine-like fluorescence (Fig. 2). Detailed peak
excitation/emission characterisation is described in Table S1. Classifi-
cation rationale of components has been based on comparisons to the
OpenFluor database and previous fDOM studies (Table S1). Components
in this study are broadly similar to those identified previously in West
Bengal (Kulkarni et al., 2017). The broad occurrence of the PARAFAC
components, by relative contribution to PARAFAC fluorescence, is
summarised in Table 1.

3.1.2. PARAFAC/peak-picking comparison and DOM measurement data
quality

To compare two different methods of fluorescence data post-
processing, bivariate correlations and data quality of PARAFAC and
peak-picked methods were tested. Humic-like PARAFAC components C1
and C2 showed a strong correlation with peak-picked HA-like fluores-
cence (r(98) = 0.99, p < 0.05, both) (Fig. Sla & b). Amino-like com-
ponents C3 and C4 also showed a strong correlation with peak-picked
tryptophan- and tyrosine-like fluorescence (r(98) = 0.98 & 0.95, p <
0.05, respectively) (Fig. Slc & d). The strong association between the
two methods of fDOM characterisation is also documented in other
studies (Richards et al., 2019).

Repeat fluorescence measurements were taken for surface and
groundwater samples used in this study. The mean peak-picked fluo-
rescence error/95 % C.I. for groundwater sample repeats (t = 5) was
17.5 % (£22.4) and 2.9 % (+2.3) for surface samples (t = 3) (for HApean,
FAmean> TTYPmean> TYTmean, HIX, FI and p:a; full dataset). The mean
repeat error/95 % C.I. for the full PARAFAC dataset was 5.1 % (£6.7) for
groundwater samples (t = 8) and 1.1 % (+3.7) for surface water samples
(t = 2), for components C1-C4. Though both methods yielded similar
results, the comprehensiveness associated with PARAFAC modelling,
compared to peak-picking of fluorescence, mean PARAFAC data will
hereafter be used for fDOM characterisation in this study. For
completeness, the reported DOC (NPOC) measurement error/95 % C.I.
for the full dataset (t = 5) was 4.4 % (+3.6).

3.2. Geospatial and seasonal variability in dissolved organic carbon
(DOC) and fluorescent dissolved organic matter (fDOM)

3.2.1. Fluorescence characterisation: seasonal differences in groundwater
depth profiles

DOM was characterised in (inferred) vertical and lateral flowpath
directions to understand the geospatial and seasonal variation in organic
composition under Patna. Bulk DOC in groundwater (5-120 m,; typically
<2 mg/L) was consistent to groundwater in West Bengal (Kulkarni et al.,
2019; Mohanta and Goel, 2014). A spike in groundwater DOC, as well as
fluorescent DOM at ~15 m depth (Fig. 3a—c) in both seasons is consis-
tent with previous studies on groundwater fluorescence characterisation
(Mladenov et al., 2010; Richards et al., 2019). All PARAFAC components
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Table 1

Relative component contributions to total PARAFAC fluorescence (TPF) in
groundwater and surface water around Patna. The 95% confidence intervals are
reported in brackets.

PARAFAC Pre-monsoon Post-monsoon

t dwat %
componen groundwater (%) Groundwater Surface water

(%) (%)

Cl1 10.6 (+£3.8) 30.1 (£3.4) 37.1 (£2.3)
Cc2 10.9 (+3.5) 28.0 (+£3.0) 33.4 (£1.9)
C3 69.8 (£8.2) 9.2 (£2.1) 9.7 (£2.0)
C4 8.7 (£1.7) 32.7 (£5.5) 19.8 (+£2.2)

displayed modest negative (to p < 0.05 significance, though p > 0.05
after Bonferroni correction) with increasing depth in both measured
seasons, except for C3 in the pre-monsoon period, which did not show a
relationship with depth to the 0.05 level.

Fluorescence indices were utilised to further comprehend the source
and nature of OM. As a proxy for DOM bioavailability, the (C4 + C3)/
(C2 + C1) ratio displayed spikes in the pre-monsoon period but was not
significantly correlated with depth (r(35) = 0.26, p < 0.05) (Fig. 3e),
though in post-monsoon the bioavailability ratio showed a weak nega-
tive correlation with increasing depth (r(40) = 0.42, p < 0.05, though p
> 0.05 after Bonferroni correction). The f:o ratio displayed a weak
positive relationship with increasing depth in the pre-monsoon period (r
(37) = 0.37, p < 0.05, though p > 0.05 after Bonferroni correction)
(Fig. 3f), which suggests there was more DOM of recent biological origin
at depth than for shallow soil horizons, whilst there was no statistical
relationship with depth in the post-monsoon season (r(42) = —0.12, p >
0.05). The beta:alpha ratio was seen to closely track C3 fluorescence and
to a lesser extent C4 (Fig. S2a & b).

3.2.2. Fluorescence characterisation in the lateral flowpath direction
Other than from vertical exchange, the predominant groundwater
net flow direction is thought to be from SW to NE (Lu et al., 2022;
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1.00 Fig. 2. Modelled excitation-emission matrix-PARAFAC
(EEM-PARAFAC) components C1-C4, derived from pre-
and post-monsoonal surface and groundwater samples in
the Bihar and Uttar Pradesh region. C1 = terrestrial humic-
like; C2 = microbial humic-like; C3 = tryptophan-like and
C4 = tyrosine-like fluorescence (justification based on

0.75 comparisons to similar components found in other fluo-
rescence studies). Component fluorescence maxima have
been scaled to 1 and the colour denotes the relative fluo-
rescence. Fluorescence components were used to quantify
the source and nature of DOM in the study area.

j 0.50

b 0.25

0.00

Mukherjee et al., 2018). Groundwater DOM composition as a function of
increasing SW-NE distance from the Ganges was therefore explored.
None of the DOM parameters (DOC, C1-C4, [C4 + C3]/[C2 + C1], FI,
B:a, HIX and SUVAgs4) were found to correlate with increasing distance
from the Ganges (to p < 0.05; Fig. 4a—f). It was notable that C1 (of
shallow-to-mid depth) and DOC peaked close to the Ganges, particularly
after the onset of the monsoon (Fig. 4b). In both seasons, there were also
elevated concentrations of DOC at 10 km and at >20 km (after scat-
terplot smoothing; Fig. 4a), though the latter observation is largely
influenced by the PS-NAD-160 sample site, which was potentially hy-
drologically connected to nearby organic-rich surface bodies of water.
The FI was elevated in samples 4-16 km from the Ganges, particularly in
the post-monsoon season (Fig. 4e).

3.3. Comparison of surface water and groundwater

Organic properties of groundwater and surface water from the post-
monsoon season were compared by a Mann Whitney U test to distinguish
differences in DOC and fDOM between the two groups (Table S2). All
identified PARAFAC components (C1-C4) were higher in the surface
samples, compared to groundwater samples (U = 72, 74, 63, and 55,
respectively, p < 0.05, all). These differences in fDOM composition are
consistent with Holocene sediments and overlying surface water in West
Bengal (Kulkarni et al., 2017). DOC was not significantly different (U =
98, p > 0.05) between post-monsoon groundwater (0.2-4.6 mg/L) and
surface water (1.5-2.2 mg/L) in this study, though DOC sample size was
small in the surface sites (n = 5). The (C4 + C3)/(C2 + C1) ratio and
McKnight was lower in the surface water, compared to groundwater (U
=221, 155, p < 0.05, respectively), whilst the SUVA3s4 ratio was higher
in the surface water (U = 29, p < 0.05). The p:a ratio was not signifi-
cantly different between the two populations (U = 343, p > 0.05), whilst
HIX was significantly lower in surface water than in groundwater (U =
233, p < 0.05). A comparison between groundwater and surface water
characteristics is given in Table S2.

These results show that the dissolved organic composition of post-
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monsoon surface water is, to a great degree, distinct from post-monsoon
groundwater under Patna. Although the characteristics of measured
surface water was found to be fairly consistent from sample to sample,
compared to groundwater, there can be substantial changes to the
composition of surface waters on various (e.g. daily or seasonal) time-
scales (Richards et al., 2022a; Stedmon and Markager, 2005), and it is
important to note that the number of surface water samples was rela-
tively limited in this investigation.

3.4. Overadll seasonal and spatial distribution of dissolved organic matter
(DOM) and parallel factor analysis (PARAFAC) components’ prominence

Systematic seasonal changes in DOC and fDOM were investigated. C3
was the only PARAFAC component in groundwater that was signifi-
cantly different between seasons, decreasing substantially from pre- to
post-monsoon (U = 33, p < 0.05). In the pre-monsoon season, C3 typi-
cally contributed >60 % to TPF (mean = 70 + 8 %, n = 36) and was
particularly prevalent at >30 m in depth. This seasonal variation in
protein-like fluorescence is consistent with Stedmon and Markager
(2005).

The large increase in C3 fluorescence from post- to pre-monsoon also
resembles other fDOM indices. The (C4 + C3)/(C2 + C1) ratio and HIX
display positive and negative relationships to the C3 component in the
pre-monsoon season (r(37) = 0.88 & —0.26, p < 0.05), respectively,
because the tryptophan-like component contributed to a large propor-
tion of TPF before the onset of monsoon. The (C4 4 C3)/(C2 + C1) and
B:o were also higher, whilst HIX was lower, before the onset of the
monsoon (U = 159, 43 and 315, respectively, p < 0.05, all; Table S2),
than under post-monsoon conditions.

Though the relative abundances of PARAFAC components generally
varied a lot between seasons, for sites <30 m in depth in the pre-
monsoon season, the predominant components were C1 and C2, which
resembles an fDOM ratio similar to most post-monsoon season samples.
High TPF, C1 and C2 hotspots were apparent adjacent to the river at
<30 m depth in the post-monsoon (Fig. 5). DOC was higher in the post-
monsoon than the pre-monsoon (U = 465, p < 0.05), in particular at
>50 m depth (Fig. 3a). An increase in FI from pre-monsoon to post-
monsoon (U = 444, p < 0.05), particularly at >15 m depth (Fig 3d),
indicates a shift from allochthonous (has been transported away from its
source) to autochthonous (produced in-situ within the body of water/
sediment) fDOM between seasons, respectively — an observation which

is inconsistent with that documented in the monsoon influenced Jian-
ghan Plain (Yang et al., 2020). In comparison to other PARAFAC com-
ponents, the fluorescence signal of C4 was low throughout both seasons,
though C4 comprised the major fluorescence component in several sites
in the post-monsoon season, as a proportion of TPF (Fig. 5; Table 1).

It was difficult to disentangle the effects of potential surface-
groundwater mixing and proximity to the urban center given their co-
variability in the context of Patna located very close to a major river.
In sites that were identical between pre- and post-monsoon season (n =
31), PARAFAC C4 increased in sites closest to the river, whilst it
decreased in sites further away from the river (Fig. 6¢). Decreases in (C4
+ C3)/(C2 + C1), p:a and TPF between pre- and post-monsoon season
were more apparent further from the river, than for proximal sites
(Fig. 6a, b & d). A comparison in fDOM characteristics between identical
boreholes (Fig. 6), as opposed to comparing the two seasonal data
subsets (Section 2.2), also confirms that seasonal controls were more
significant to DOM composition than, for example, systematic changes
with distance from the River Ganges and the urban center, noting that
sub-surface heterogeneity also may impact spatial observations. (CGWB,
2015; Harjung et al., 2023). In order to further untangle the concurrence
of the river and urban area within the sampling domain, the protein:
humic-like fDOM of groundwater and surface water was compared to
land use patterns and the DOM composition of the river.

3.5. Groundwater and surface water DOM comparison and relationship
to normalised difference vegetation index (NDVI)

A mean normalised difference vegetation index (NDVI) was calcu-
lated around each sample site (700 m buffer) to assess the impact of land
use on groundwater DOM composition. The land use characterisation
was compared to PARAFAC components C1, C3 and (C4 + C3)/(C2 +
C1) of groundwater under Patna (Fig. 7b, d & f). The occurrence of C1
and C3 PARAFAC components did not relate to the land use proxy. For
all sample sites, NDVI was not significantly correlated to the (C4 + C3)/
(C2 + C1) ratio (p > 0.05), though modelling by Lu et al. (2022) sug-
gested that sample sites <1 km from the river Ganges could potentially
be comprised of >10 % river water as dependent on pumping rates and
well location. For sample sites >1 km away from the river, NDVI
expressed a negative correlation with (C4 4+ C3)/(C2 + C1) (p < 0.05)
(Fig. 7f), which suggests that urban land use may be associated with a
higher protein signature in groundwater, compared to background
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Fig. 4. Spatial trends in DOM composition for pre- and post-monsoon
groundwater under Patna, Bihar for a) DOC; modelled PARAFAC components
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index (FI); and f) p:a ratio. Envelope trend lines show confidence limits (95 %)
for the locally estimated scatterplot smoothing (LOESS) trendline in the ggplot2
package for R.

levels of DOM.

A spike in fDOM in some samples may be associated with the pre-
dominantly urban land use around these sites, or the proximity of the
river to these sites; there is a similarity between the surface water and
near-bank fDOM composition (Fig. 7a-d). There was also similarity in
(C4 + C3)/(C2 + C1) ratio between river samples and sites in the most
urbanised part of Patna (Fig. 7e & f).

4. Discussion

4.1. Dynamics of dissolved organic matter (DOM) composition under
Patna

Large variations in DOM fluorescence properties are observed both
spatially and temporally across the Patna study area. A small change in
DOC between seasons (relative to changes in fDOM signature), accom-
panied by large changes in fDOM signature, suggest that the DOM
composition is more seasonally influenced than DOM abundance. Higher
McKnight/FI in the post-monsoon (~1.9) than pre-monsoon (~1.2) may
suggest a shift from more terrestrial (i.e. lignaceous, plant-derived
DOM) to more microbially sourced DOM (i.e. extracellular release
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from microorganisms) after the monsoon rain (McKnight et al., 2001).
The addition of monsoonal influxes of water likely contains a mixture of
precipitation, contaminated surface water and plant matter (Chen et al.,
2018; Ghosh et al., 2022; Yang et al., 2020), which provides precursor
material for microbial activity. Fluorescence in the pre-monsoon season,
dominated by the C3 component of recent biological origin (Fig. 5a), is
likely the product of the bacterial biodegradation, which succeeds inputs
of organic material into the aquifer. Microbial activity may be promoted
most significantly where surface sources of DOM are added to low
fertility soil horizons (i.e. at depth; Chen et al., 2018), noting that here, a
recurring seasonal supply of labile DOM (Fig. 3a) may contribute to a
large initial stock of microbial biomass (Hofmann et al., 2020). The
observed C3 fluorescence is plausibly quenched during high precipita-
tion events. In the monsoon period, there is also evidence for both lateral
and vertical inflows of organics into the aquifer under Patna. A
contradiction between FI and PARAFAC C3 provokes further investiga-
tion on the interpretation of fluorescence parameters as indicators of
microbial activity.

4.2. Comparison of river and groundwater and evidence for river
ingression of organics

Comparison of river and groundwater fluorescence characteristics
was suggestive of surface-groundwater mixing. Post-monsoon river
water was characterised by a similar concentration of bulk DOC, yet
much higher fDOM, than groundwater. An attenuated protein:humic
ratio in post-monsoonal near-bank sites that is distinctive of river water
suggests that this is a result of lateral inflows (i.e. from the river) of
DOM. This theory is supported by spikes in humic-dominated TPF next
to the Ganges in the post-monsoon season (Fig. 5b). Further work to
sample at a higher temporal and spatial resolution would be beneficial to
further untangle this matter.

Elevated chloride is often associated with leachates of anthropogenic
source (Abd El-Salam and Abu-Zuid, 2015; Lyngkilde and Christensen,
1992; McArthur et al., 2012). Given the much lower Cl™ in river water
compared to groundwater (post-monsoon; Table S2), it is likely that
industrial or domestic effluent from the city was responsible for high C1~
in some of the near-bank samples, whilst dilution from river water was
responsible for low Cl™ in others (Fig. 8). In fact, modelling by Lu et al.
(2022) and Wallis et al. (2020) suggest monsoonal reversals in hydraulic
head in this setting could result in the ingression of river water in the
order of hundreds of meters. Heterogeneous permeability and pumping
of the underlying aquifer could plausibly create groundwater zones with
contrasting vulnerability to river water ingression. The mixing of
polluted groundwater at the river-groundwater interface has potential to
impact harmful chemical and microbial processes, such as the mobi-
lisation of metals (Wallis et al., 2020).

4.3. Vertical infiltration of dissolved organic matter

Evidence for vertical infiltration of surface-derived organics under
the city was more pronounced than evidence of lateral inflow. Spatially
ubiquitous increase in microbially derived DOC from pre- to post-
monsoon points to the flushing of surface-derived organics to >100 m
depth (Lapworth et al., 2018). High protein-like fluorescence in both
seasons, relative to matured terrestrial components, suggests that much
of the infiltration is impacted by slurry or wastewater (Baker, 2002;
Rodriguez-Vidal et al., 2022). This conclusion is consistent with higher
SUVAys4 at shallower than deeper depths, thus lower molecular weight,
less aromatic DOM is likely more prevalent at deeper depth, relative to
recalcitrant DOC (Castan et al., 2020).

An increase in Eh from pre-monsoon to post-monsoon samples points
to a general increase in more oxygenated groundwater over this time
period (data published in Richards et al., 2022b), likely confirming that
monsoonal precipitation influences the composition of local ground-
water and subsequent leachate throughout the vertical profile.
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Fig. 5. Relative importance of PARAFAC C1-C4 fluorescence of groundwater DOM under Patna in the pre-monsoon (left) and post-monsoon (right) season, based on
excitation-emission matrix (EEM) techniques. Fluorescence was measured in groundwaters of 6-120 m depth; C1-C4 are the modelled parallel factor analysis
(PARAFAC) components (C1 = terrestrial humic-like; C2 = microbial humic-like; C3 = tryptophan-like and C4 = tyrosine-like fluorescence). The size of the pie chart
indicates the total PARAFAC fluorescence (TPF; sum of PARAFAC components C1-C4). The colour of the boundary of each pie chart is an indicator of the depth of the

associated sample.
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rescence; C1 + C2 + C3 + C4; RU). The red dashed line represents ‘0’ (i.e. no change between pre- and post-monsoon season).

Consistent with the mean residence time of groundwater below Patna
reported to be generally ~40-70 years (likely reflecting a mixture of
waters of different age) (Richards et al., 2022b), rapid ingress of oxic
recharge to depth, as suggested by Richards et al. (2022b), during the

monsoon season is plausible and supported by distinct seasonal differ-
ences in C3, (C4 + C3)/(C2 + C1), FL, f:a and chloride (Table S2).

Similar increase in Cl~ over this time period may suggest precipitation
events during the monsoon season facilitate the leaching of
agrochemical-derived solutes to depth, particularly in agricultural set-
tings (McArthur et al., 2012; Richards et al., 2022b). Likewise, Ghosh
et al. (2022) noted that greater runoff contributed to higher sediment
yield in runoff in the Ganges River catchment.
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Fig. 7. Correlation between post-monsoon PARAFAC
components and land use buffer zones and river water
fluorescence signal indicate hydrological linkage be-
tween land use and groundwater composition, as well
as river-groundwater interactions. Plots show river
and groundwater distributions and a comparison be-
tween mean normalised difference vegetation index
(NDVI; 700 m buffer) for a) & b) C1 (humic-like
fluorescence); ¢) & d) C3 (tryptophan-like fluores-
cence); and e) & f) (C4 + C3)/(C2 + C1) (protein to
humic-like fluorescence ratio). Solid lines relate to
trendlines fitted to all points (grey line) and excluding
sample points < 1 km from the river (significant
correlation; red line), as the organic composition of
the proximal water may be influenced by river water
ingression (Lu et al., 2022); a 95 % C.I. for the latter is
indicated by the grey shaded area.
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Samples with high tryptophan and high chloride plausibly reflect
areas that are most contaminated with surface components (McArthur
et al., 2012). Though, monsoonal infiltration of plant residues and nu-
trients from rural areas likely provides precursor material for extensive
in-situ processing and subsequent tryptophan production in the pre-
monsoon season (Fig. 8; Chen et al., 2018). In the post-monsoon sea-
son, the distribution of protein-rich groundwater was concentrated in
urban areas; further spatial analysis indicated that groundwater or-
ganics composition was directly related to land use.

4.4. Dissolved organic matter (DOM) relationship to land use

There was no direct relationship between the land use characteri-
sation and PARAFAC C1 nor C3 (Fig. 7b & d, respectively). Though, the
relationship between NDVI and the protein:humic ratio (Fig. 7f), for
post-monsoon samples at >1 km distance from the Ganges may help to
untangle two confounding variables, i) the infiltration of proteinaceous,
labile DOM in groundwater under urban areas (Rodriguez-Vidal et al.,
2022) and ii) the attenuation of protein-like fluorescence in the hypo-
rheic zone, plausibly where labile DOM is adsorbed at the surface-
groundwater interface (Lapworth et al., 2009), though low protein:
humic in near-bank sites is not found in the pre-monsoon season.
Ingression of humic-rich river water is therefore more likely to impede
the relationship between land use and protein:humic fDOM. Crucially,
the spike in protein:humic DOM below Patna City (Fig. 7f) is consistent
with groundwater EOC concentrations, of which maximum values were
observed within 5-10 km of the river (Richards et al., 2021).

Whilst a predominant control on the distribution of protein:humic-
like fluorescence in Patna’s post-monsoon groundwater is considered
to be the infiltration of sewage derived organic components derived
from surface sources, the control of tryptophan-like fluorescence
changes in the pre-monsoon season. Here, the in-situ processing of
monsoon-recharged plant residue and nutrients likely leads to ubiqui-
tous production of protein-like exudates in the groundwater (Stedmon
and Markager, 2005), as evident by spikes in tryptophan-like fluores-
cence regardless of depth (Fig. 3c¢) and crucially, not accompanied by
increases in Cl~ concentration (Fig. 8), which would otherwise point
towards a dilution/concentration effect. These results are consistent
with other studies which utilise tryptophan-like fluorescence as an in-
dicator of microbial contamination (Baker, 2002; Ward et al., 2021),
demonstrating that fDOM can be an informative predictor variable in
considering groundwater vulnerability more widely.

Intensive groundwater pumping likely exacerbates the relationship
between urban land use and elevated C3 and C4 fluorescence; the
extraction of groundwater through private and municipal pumping
under highly populated areas could exacerbate drawdown of immature
protein and surface-derived organics to depth (e.g. Lapworth et al.,
2018). Amongst other factors, high pumping rates of groundwater in
Patna may help to explain why the seasonal variation in DOM was so
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pronounced, compared to other studies of low DOM aquifers (Hofmann
et al., 2020; Lu et al., 2022). Further characterisation of groundwater
DOM subjected to intensive pumping regimes would help to understand
the processes that underpin groundwater quality under rapidly devel-
oping and groundwater-reliant areas.

5. Conclusion

Groundwater and surface waters were characterised around the
rapidly developing city of Patna, Bihar to understand the spatial and
temporal dynamics of DOM. A novel technique of characterising land
use was used to explain, in part, the observed groundwater composition.

Seasonal changes were observed in the abundance of fDOM, though
the compositional changes were more distinct, particularly tryptophan-
like fluorescence. In the dry season the high tryptophan-like signature is
likely the product of some degree of sewage-derived ingress, though
predominantly in-situ processing of monsoonal material; the pre-
monsoon fluorescence signature is then quenched by compositionally
different material after heavy rainfall and onset of monsoon. Combining
evidence from organic tracers, as well as redox potential (Eh) and
chloride, suggests that monsoonal likely recharges groundwater with
relatively high i) plant residues and ii) anthropogenic surface contami-
nation, including agrochemicals and wastewater and iii) river-derived
contamination, in near-bank sites. Elevated protein:humic ratios of
DOM in the post-monsoon season, particularly underneath urban areas,
indicate ingression of proteinaceous surface organics into groundwater.
The authors note that this relationship is likely related to the composi-
tion of surface-derived DOM in urban areas and extensive groundwater
pumping. High DOC of humic-like nature and attenuated protein:humic
fDOM in near-bank samples could also suggest mixing of river water and
groundwater close to the river.

Our approach to analyse the relationship of the composition of
aqueous organics with land use in the vicinity of sampling sites
demonstrate promising potential for future adaptation to other locations
with similar hydrogeochemical settings to determine the factors con-
trolling groundwater DOM composition in various contexts. The results
in this study improve our mechanistic understanding of the potential
processes controlling the distribution and seasonal dynamics of DOM
around Patna, as an example of a rapidly developing city.
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