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Organic matter in the environment is involved in many biogeochemical processes, including the mobi-
lization of geogenic trace elements, such as arsenic, into groundwater. In this paper we present the use of
fluorescence spectroscopy to characterize the dissolved organic matter (DOM) pool in heavily arsenic-
affected groundwaters in Kandal Province, Cambodia. The fluorescence DOM (fDOM) characteristics
between contrasting field areas of differing dominant lithologies were compared and linked to other
hydrogeochemical parameters, including arsenic and dissolved methane as well as selected sedimentary
characteristics. Absorbance-corrected fluorescence indices were used to characterize depth profiles and
compare field areas. Groundwater fDOM was generally dominated by terrestrial humic and fulvic-like
components, with relatively small contributions from microbially-derived, tryptophan-like compo-
nents. Groundwater fDOM from sand-dominated sequences typically contained lower tryptophan-like,
lower fulvic-like and lower humic-like components, was less bioavailable, and had higher humifica-
tion index than clay-dominated sequences. Methane concentrations were strongly correlated with fDOM
bioavailability as well as with tryptophan-like components, suggesting that groundwater methane in
these arsenic-prone aquifers is likely of biogenic origin. A comparison of fDOM tracers with sedimentary
OM tracers is consistent with the hypothesis that external, surface-derived contributions to the aqueous
DOM pool are an important control on groundwater hydrogeochemistry.

� 2019, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The structure, composition and abundance of organic matter
(OM) in the environment affects many key biogeochemical process,
including geogenic arsenic mobilisation in groundwater, a critical
public health issue affecting millions of people who are chronically
exposed, particularly in South and Southeast Asia (Smedley and
Kinniburgh, 2002; Charlet and Polya, 2006; Ravenscroft et al.,
Richards).
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2009; World Health Organization, 2011). Environmentally ubiqui-
tous OM is derived from the decay of plant, animal and microbial-
sourced organic matter and is highly variable in structure,
composition and bioavailability (Hudson et al., 2007). Dissolved
organic matter (DOM), operationally defined as the fraction of OM
which is < 0.45 mm, is known to have a range of important func-
tions in the aquatic environment as both a source of energy for
micro-organisms and in its role in the transport of metals and
organic contaminants (McKnight et al., 1992; Benedetti et al., 1996).
DOM includes compounds such as chemically well-defined carbo-
hydrates and proteins and less well chemically defined humic
substances which include fulvic and humic acids when operation-
ally defined based on their solubility (Thurman, 1985). Several
studies show that humic substances are a complex mixture of
mainly microbially- and plant-derived biopolymers, with their
various breakdown products, and cannot be classed as a distinct
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chemical structure (Kelleher and Simpson, 2006; Lehmann et al.,
2008; Kleber and Johnson, 2010; Lehmann and Kleber, 2015). As a
result DOM is often a complex mixture of many different com-
pounds and as such is difficult and costly to characterise (Leenheer
and Croué, 2003). It is important to distinguish that only certain
components of DOMmay be labile, or bioavailable, which is defined
as the proportion of DOM which is accessible for degradation (Zou
et al., 2005), approximately on the timescale of hours to weeks
(Davis and Benner, 2007), during microbial processes including
microbially-facilitated element cycling. This relative degree of DOM
bioavailability thus becomes an important parameter in charac-
terising an overall DOM pool.

Because a significant proportion of OM intrinsically fluoresces
(Bech et al., 1993; Hudson et al., 2007), fluorescence spectroscopic
techniques have been widely used to characterize the source and
composition of DOM inmarinewaters, freshwaters and wastewater
(Coble, 1996; Reynolds and Ahmad, 1997; Baker, 2001; McKnight
et al., 2001; Baker and Curry, 2004; Cannavo et al., 2004; Sierra
et al., 2005; Holbrook et al., 2006; Hudson et al., 2007). Recent
studies have highlighted the use of fluorescence properties to
discriminate between different sources of DOM (McKnight et al.,
2001; Wilson and Xenopoulos, 2009; Naden et al., 2010; Old
et al., 2012) and as a natural tracer to understand groundwater
flow processes (Katsuyama and Ohte, 2002; Mariot et al., 2007;
Lapworth et al., 2009). Absorption characteristics such as spectral
slope can indicate characteristics such as molecular weight (Helms
et al., 2008), and fluorescence indices of DOM structure can provide
other information on key characteristics of DOM, including the
degree of humification, differentiating microbial and terrestrial
sources and the degree of structural conjugation and aromaticity
(Zsolnay et al., 1999; McKnight et al., 2001).

Excitation/emission matrix (EEM) spectroscopy allows for an
overall view of the three-dimensional fluorescence landscape of a
particular sample by producing fluorescence spectra at a range of
excitation wavelengths. This technique has been applied exten-
sively to characterize dissolved organic matter in natural water for
various purposes, including tracing waste water sources and/or
leachate (Baker, 2001, 2002; Baker and Curry, 2004; Saadi et al.,
2006; Hudson et al., 2007; Huo et al., 2008; Wu et al., 2011,
2012a; Wang et al., 2013; Rhymes et al., 2015), quantification and
characterization of marine and/or terrigenic DOM (Mopper and
Schultz, 1993; Matthews et al., 1996; Del Castillo et al., 1999;
Parlanti et al., 2000; McKnight et al., 2001; Chen et al., 2002,
2003a; Her et al., 2003; Stedmon et al., 2003; Cory and McKnight,
2005; Sierra et al., 2005; Hudson et al., 2007; Murphy et al.,
2008; Kowalczuk et al., 2010; Singh et al., 2010a, b; Wu et al.,
2012b; Wang et al., 2013; Rhymes et al., 2015; Tye and Lapworth,
2016), tracing groundwater flow and mixing processes (Lapworth
et al., 2008, 2009; Rhymes et al., 2015; Tye and Lapworth, 2016),
understanding the origin of groundwater methane (Darling and
Gooddy, 2006) and characterizing arsenic-affected groundwater
(Mladenov et al., 2010, 2015; Kulkarni et al., 2017, 2018a; Vega et al.,
2017; Schittich et al., 2018), treated water (Zhang et al., 2008;Wang
et al., 2013) and fogwater (Birdwell and Valsaraj, 2010).

EEM is now a routine method, ideal for characterizing fluores-
cence DOM (fDOM) in natural waters, and has the significant
benefit of being rapid (<w3 min), requires low sample volumes
(<w2 mL) and is non-destructive (Lapworth et al., 2008). EEM al-
lows fDOM components, such as fulvic-like, humic-like and
protein-like (tryptophan-like and tyrosine-like) substances, to be
identified, which assists with characterizing the fDOM and dis-
tinguishing between fDOM sources (Rhymes et al., 2015). For
example, the breakdown of plant material is associated with
humic-like and fulvic-like substances (Stedmon et al., 2003),
whereas readily biodegradable material, such as sewage and farm
waste, is associated with high tryptophan-like substances (Baker,
2001, 2002; Naden et al., 2010). High tryptophan-like to fulvic/
humic-like ratios, combined with high protein-like fluorescence
is characteristic of agricultural diffuse pollution sources (e.g. animal
waste) (Baker, 2002; Lapworth et al., 2008). These differing fDOM
characteristics allow likely DOM sources to be discriminated within
and/or between water bodies (e.g. Lapworth et al., 2009).

Multivariate techniques are commonly used to evaluate and
characterize the complex mixtures of fDOM fractions and will be
used to analyse EEM data from groundwater samples. One tech-
nique for doing this is Parallel Factor Analysis (PARAFAC) (Bro,
1997), which has been widely used for environmental studies
(Cory and McKnight, 2005; Hall et al., 2005; Huang et al., 2015).
This method essentially decomposes the combined fluorescence
signal into individual, distinct modelled components (Bro, 1997;
Stedmon et al., 2003; Cory and McKnight, 2005; Lapworth and
Kinniburgh, 2009; Kowalczuk et al., 2010; Singh et al., 2010b; Wu
et al., 2011; Murphy et al., 2013). PARAFAC models the three-way
(excitation, emission, intensity) EEM data using fitting routines to
minimise the sum of squares of the residuals (Stedmon and Bro,
2008). The analysis of spectral data is based on the application of
Beer-Lambert’s law, and there are a number of underlying as-
sumptions that are made including minimal inner filter effects,
minimal changes in the local environment (e.g. temperature), and
minimal intra-molecular processes. While PARAFAC is often
applied to fluorescence data to quantify the overlapping fluores-
cence components of the EEM (Stedmon et al., 2003; Stedmon and
Bro, 2008), the improved utility of this method over carefully
chosen subsets of EEM measurements using peak picking tech-
niques is still debated (Murphy et al., 2011).

In the context of arsenic, characterizing DOM is particularly
important for understanding the potential role of bioavailable DOM
in arsenic mobilization via reductive dissolution of arsenic-bearing
iron minerals (Islam et al., 2004). Bioavailable DOM has been
postulated to provide electron donors which fuel this microbially-
driven reductive dissolution process (Bhattacharya et al., 1997;
Islam et al., 2004; Charlet and Polya, 2006; Postma et al., 2007;
van Dongen et al., 2008; Rowland et al., 2009). However, the spe-
cific nature of DOM implicated in arsenic release and associated
controls on arsenic mobilization remain vigorously debated
(Nickson et al., 1998; Lawrence et al., 2000; Harvey et al., 2002;
McArthur et al., 2004, 2011; Rowland et al., 2007, 2009; Sengupta
et al., 2008; van Dongen et al., 2008; Neumann et al., 2009, 2011;
Mladenov et al., 2010, 2015; Datta et al., 2011; Sharma et al.,
2011; Al Lawati et al., 2012, 2013; Lawson et al., 2013, 2016). Hu-
mic substances have been associated with iron-arsenic complexa-
tion reactions (Ko et al., 2004; Sharma et al., 2010; Liu et al., 2011;
Mikutta and Kretzschmar, 2011), competition for sorption sites
with arsenic (Redman et al., 2002; Bauer and Blodau, 2006;
Gustaffson, 2006) and electron shuttling (Lovley et al., 1996, 1998,
1999; Nevin and Lovley, 2000; Klapper et al., 2002; Kappler et al.,
2004; Jiang and Kappler, 2008; Jiang et al., 2009; Wolf et al.,
2009; Mladenov et al., 2010, 2015; Kulkarni et al., 2018b). Meth-
anogenesis has also been demonstrated to be a key influential
control on the overall electron flow of DOM degradation, subse-
quently or correspondingly impacting the rate or extent of the
reductive dissolution of iron oxides coupled with arsenic release in
reactive transport models (Postma et al., 2016).

In a recent study in an arsenic-affected area in the Bengal Basin,
Kulkarni et al. (2017) observed DOM properties to be different in
Holocene and Pleistocene aquifers; specifically (i) the Holocene
aquifer had a high humification index (HIX), low “freshness index”
(b:a), relatively high biological processing of DOM, high ratio of
humic-like to protein-like components, high ratio of terrestrially-
to microbially-derived components, and higher arsenic and



Fig. 1. Field area map (Richards et al., 2017a) in northern Kandal Province, Cambodia, in the lower Mekong basin including field sites (named LR-XX), transects along dominant
groundwater flowpaths (T-Sand and T-Clay) and electrical resistivity survey lines (P-XX) (Uhlemann et al., 2017).
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reducing conditions, whereas (ii) the Pleistocene aquifer contained
more labile DOM sources, a higher proportion of protein-like and
microbially-derived components, a relatively lower proportion of
biologically-processed DOM, a lower proportion of humic-derived
components, with lower arsenic and oxidizing conditions
(Kulkarni et al., 2017). This data was used to suggest that the lack of
humic-derived DOM in the Pleistocene aquifer may indicate that
microbial degradation of DOM did not proceed in the Pleistocene
aquifer as it had in the Holocene and may be an important
geochemical control on arsenic mobility (Kulkarni et al., 2017). The
characteristics of Pleistocene DOM (e.g. high protein-like and low
humic-like components) suggest that the Pleistocene DOM would
be less likely to participate in interactions such as complexation
and competition with arsenic for sorption sites (Kulkarni et al.,
2017). In contrast, the more humic Holocene DOM may promote
arsenic mobilization (or to maintain arsenic in solution) via the
facilitation of reductive dissolution and/or the formation of DOM-
arsenic complexes (Kulkarni et al., 2017). It is an interesting ques-
tion as to whether or not these trends and implications are specific
to Bengal aquifers (Kulkarni et al., 2017, 2018a; Vega et al., 2017) or
whether they are relevant to other similar arsenic-prone aquifers,
for example, well-studied shallow reducing aquifers in Cambodia
and elsewhere.

Characterizing the composition of DOM is important for un-
derstanding key (bio)geochemical controls on arsenic mobiliza-
tion and transport in arsenic-affected aquifers. Better
understanding of groundwater fDOM, and especially the role of
bioavailable DOM, may ultimately assist in improving under-
standing of arsenic hazards in drinking water and how this may
potentially change in the future (Harvey et al., 2002; Polya and
Charlet, 2009). The aim of this paper is to characterize and iden-
tify the main sources and characteristic nature of DOM in a
shallow, reducing arsenic-affected aquifer in northern Kandal
Province, Cambodia (Lawson et al., 2013, 2016; Magnone et al.,
2017; Richards et al., 2017a, b; Uhlemann et al., 2017) along
distinct transects, of differing geochemical characteristics, ori-
ented along dominant groundwater flowpaths. The composition
and origins of fDOM in these high resolution profiles have not
been studied previously. The objectives were to: (i) characterize
the fDOM and distinguish between DOM sources using fluores-
cence spectroscopy and PARAFAC; and (ii) compare the fDOM
pools in contrasting field areas, particularly between sand-
dominated and clay-dominated sequences; and (iii) assess the
relationship with other sedimentary proxies and aqueous
geochemical parameters (including arsenic and methane).
2. Methods and materials

2.1. Field site description

The field area is in the Kien Svay district of northern Kandal
Province, Cambodia, an area which is heavily affected by geogenic
groundwater arsenic and has been the subject of a number of
(ongoing) investigations regarding the (bio)geochemical controls
on arsenic mobilization (Polya et al., 2003, 2005; Charlet and Polya,
2006; Tamura et al., 2007; Benner et al., 2008; Kocar et al., 2008;
Polizzotto et al., 2008; Rowland et al., 2008; van Dongen et al.,
2008; Polya and Charlet, 2009; Lawson et al., 2013, 2016;
Magnone et al., 2017; Richards et al., 2017a, b, 2018, 2019a, b). In
the current study, field sites are located along two distinct tran-
sects, called here “T-Sand” and “T-Clay”, each approximately
3e5 km long, which are dominated by sandy and clay lithologies
respectively and are both oriented along inferred major ground-
water flowpaths andwere initially selected on the basis of electrical
resistivity tomography (Uhlemann et al., 2017). Sample IDs are
coded in a notation system of LRXX-YY where XX represents the
site location and YY is the sample depth (m). A site map (Fig. 1) and
schematics of T-Sand and T-Clay transects have been published
previously (Richards et al., 2017a).
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2.2. Groundwater and surface water sampling and previous
characterization

Groundwater (6e45 m depth) and surface water samples were
collected from the two transects in 2014 using methods previously
described (Richards et al., 2015, 2017a). Data reported in this
manuscript are for pre-monsoon samples only; monsoonal differ-
ences in geochemistry were typically relatively minor for most sites
and details regarding seasonal geochemical and hydrological shifts
are reported elsewhere (Richards et al., 2017a). In-situ measure-
ments of pH, Eh, dissolved oxygen and electrical conductivity/tem-
perature were made during pumping using a regularly calibrated
multimeter (Professional Plus Series Portable Multimeter with sen-
sors 605101, 605102, 605203 and 605301, YSI, UK) using a flow-
through cell (603059, YSI, UK). Filtered (0.45 mm syringe filters of
regenerated cellulosematerial housed inpolypropylene,Minisart RC,
UK) and acidified (pH < 2, trace grade nitric acid, BDH Aristar, UK)
water subsamples were analysed for major and trace elements
(including arsenic and iron) using inductively coupled plasma
atomic emission spectrometer (ICP-AES, PerkinElmer Optima 5300
dual view) and/or inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 7500cx) at the University of Manchester (Man-
chester, UK) (Richards et al., 2017a). Inverse variance weighted first
order linear calibration models were used for ICP-AES and ICP-MS
(Miller and Miller, 2010; Polya et al., 2017). Filtered and un-
acidified water subsamples were analysed for anions (including
sulphate) using ion chromatography (IC; Dionex ICS5000 Dual
Channel Ion Chromatograph). Dissolved organic carbon (DOC) was
measured on subsamples filtered (0.45 mm glass microfiber syringe
filters, Whatman/GE Healthcare, UK) and acidified (pH < 2, trace
grade nitric acid, BDH Aristar, UK) using a total organic carbon (TOC)
analyzer (LABTOC TOC Analyzer, PPM, Netherlands and/or Innovox
Lab TOC Analyzer, GE, UK, depending on analytical batch). Samples
collected for cation, anion and DOC analysis were stored in 100 mL
glass Schott bottles which were acid-washed and furnaced before
use. Further method details regarding inorganic characterization,
including quality assurance/quality control measures, are provided
elsewhere (Polya et al., 2017; Richards et al., 2017a).

The methods for sedimentary C:N and lipid analysis (including
sedimentary sampling techniques) are detailed elsewhere
(Magnone et al., 2017); in brief, total sedimentary C and N were
measured using an elemental analyser (Vario El Cube, Elementar) at
the University of Manchester and validated by an external labora-
tory (Elemental Lab, Okehampton, Devon, UK). Lipid biomarkers
were extracted and analysed using gas chromatography mass
spectrometry (Agilent 789A GC and Agilent 5975C MSD) at the
University of Manchester using separation techniques previously
published (Rowland et al., 2006; van Dongen et al., 2006, 2008; Al
Lawati et al., 2012).

2.3. Fluorescence measurements

Subsamples for fluorescence analysis were filtered in the field
(0.45 mm cellulose and polypropylene syringe filters, Minisart RC,
UK) and stored in glass bottles, un-acidified, in the dark at approx-
imately 4 �C prior to analysis (subsamples were the same as used for
anion analysis). Un-acidified samples were used for representation
of environmental conditions; in a separate study, acidification has
been demonstrated to affect various fDOM optical properties
(Kulkarni et al., 2019). A Varian� Cary Eclipse fluorescence spec-
trometer was used for the fluorescence analysis. Excitation (Ex)
wavelengths were set between 200 and 400 nm with a 5 nm
bandwidth and emission (Em) wavelength were set between 250
and 500 nmwith a 2 nmbandwidth. The photomultiplier tube (PMT)
voltage was set to 725 V, and all analysis was carried out in quartz
vials with a path length of 1 cm. All fluorescence results are reported
as an average of three repeat analyses, following blank subtraction,
and are presented in RamanUnits (RU), normalised to the area under
the water Raman peak of ultrapure water blanks at Ex 350 nmeEm
397 nm. Ultraviolet absorbance measurements at 254 nm (Abs254)
were carried out using a Varian (UV/visible) spectrophotometer with
a cell path of 1 cm. The specific ultraviolet absorbance (SUVA) is the
ratio of Abs254 and the DOC concentration (Chen et al., 2003b). Ul-
trapure water (ASTM type I reagent grade water, including a UV
cracker) was used for blank samples and to clean the quartz cell
between samples. Several samples (n ¼ 3) were evaluated for time-
series stability to estimate the impact of sample storage time on
fluorescence results. All fluorescence measurements were made at
the British Geological Survey (Wallingford, UK).

Following absorbance correction, using the method of Lakowicz
(1991), and blank correction a number of fluorescence indices were
calculated using standard peak picking techniques which have
been shown to relate to DOM structure and source: (i) the fluo-
rescence index (FI) which is commonly used to differentiate be-
tween terrestrial and microbial DOM sources (McKnight et al.,
2001); (ii) the humification index (HIX), an indication of humic-
ity, and the condensing of fluorescing molecules (Zsolnay et al.,
1999); (iii) the humification index corrected for inner-filtering
(HIXcorr) (Ohno, 2002); (iv) the xenobiotic organic matter (XOM)
index as defined by Ex: 220e230 nm and Em: 340e370 nm (Baker
and Curry, 2004) which is a proxy for polycyclic aromatic hydro-
carbon (PAH) compounds with typically two or three rings (e.g.
naphthalene) which could be anthropogenically or naturally pro-
duced (depending on setting/depth); (v) the “freshness index” b:a,
relating to the relative amounts of labile DOM (b, often microbially
produced or autochthonus/in-situ) to recalcitrant terrestrial carbon
(a, allochthonous) (Parlanti et al., 2000; Wilson and Xenopoulos,
2009; Kulkarni et al., 2017), noting that higher molecular weight
humic-like DOM sorbs preferentially to goethite (a-FeOOH) as
compared to lower molecular weight DOM (Ohno et al., 2007); (vi)
humic-like fluorescence (HA-like) (Chen et al., 2003b); (vii) fulvic-
like fluorescence (FA-like); (viii) tryprophan-like fluorescence
(TPH-like) and (ix) the ratio of two fluorescing components
(TPH:FA), one representing more recent labile DOM, and one rep-
resenting recalcitrant DOM (Parlanti et al., 2000; Wilson and
Xenopoulos, 2009). TPH:FA (which explicitly includes a TPH-like
component and the FA-like component) differs in definition from
b:a, a proxy for autochthonous microbially-derived DOM, which
describes humic-like components of varying expected bioavail-
ability (b defined as Exmax: 310e320 nm and Emmax: 380e420; a
defined as Exmax: 330e350 nm and Emmax: 420e480 nm) (Parlanti
et al., 2000). Data was processed and indices were calculated using
R software (Lapworth and Kinniburgh, 2009; R Core Team, 2015).

2.4. Parallel factor analysis (PARAFAC)

Parallel factor analysis (PARAFAC) was undertaken on absor-
bance and blank corrected EEMs to extract, model and quantify the
spectrally overlapping fluorescence components of each EEM.
PARAFAC uses a least-squares algorithm to decompose the data, for
further details on the method and approach see Stedmon et al.
(2003). The ‘DOMFluor v1.7’ toolbox (Stedmon and Bro, 2008)
was used to undertake this analysis, explore the data set and vali-
date the PARAFAC modelling. Rapid model convergence was ob-
tained and validated using independent split-half analysis of the
data set following removal of outlier data which had high leverage
(Stedmon and Bro, 2008). A three component model was able to
satisfactorily model the EEM domain in the data set and compo-
nents (i.e. Fmax) were reported in RU. Total fluorescence (TF, in RU)
was calculated as the sum of the three PARAFAC components.



Fig. 2. Excitation and emission loading for modelled PARAFAC components humic-like
C1, humic-like C2 and tryptophan-like C3 (A, B, C, respectively).

Fig. 3. Representative EEM spectra showing absorbance-corrected fluorescence in-
tensity (FI) (Parker and Barnes, 1957) for groundwater at (A) LR01-21 with compara-
tively high proportional humic-like C1; (B) LR13-30 with comparatively high
proportional humic-like C2; and (C) LR01-6 with comparatively high proportional
tryptophan-like C3. Note differences in fluorescence intensity scales.
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2.5. Methane analysis

Samples for methane (CH4) and ethane (C2H6) analysis were
collected into double-valve steel cylinders of known capacity
(mean volume 50.9 cm3, range 47e55 cm3). Samples for methane
analysis were collected from selected groundwater monitoring
wells in December 2015 after the completion of the major 2014
groundwater sampling campaigns; seasonal differences in
groundwater geochemistry are expected to be small compared to
differences with sample locality and depth (Richards et al., 2017a).
All sample processing and analysis was carried out in the labora-
tories at BGS Wallingford using methods previously reported
(Gooddy and Darling, 2005; Darling and Gooddy, 2006; Bell et al.,
2017). In brief, a headspace technique was used to transfer the
water and gas in the sampling cylinder to an evacuated glass bulb of
known capacity (mean volume 121.1 cm3, range 117e123 cm3)
using helium as a displacing gas. Aliquots of the headspace gas
were expanded into the evacuated inlet system of the Gas Chro-
matograph (GC), from where they were admitted to a 1/8th-inch
(3.2 mm) outer diameter Porapak-Q packed column at room
temperature. Eluting methane was detected by a flame ionisation
detector (FID). The detection limits for dissolved methane and
ethane were approximately 0.5 mg L�1 and 2.5 mg L�1, respectively.
Canned gas standards (Air Products Ltd.) covering the decades from
1 �105 mg L�1 to 1 � 108 mg L�1 methane were used for calibration
which is linear over this range. Measurement precision is estimated
to be around �5% RSD for most of the samples analysed.
3. Results and discussion

3.1. PARAFAC components

Three components were defined in PARAFAC modelling (Fig. 2):
(i) Component 1 (C1), characterized by peak fluorescence at higher
Em (w470 nm) and Ex (245 and 360 nm); (ii) Component 2 (C2),
characterized by maxima at mid-Em (w400 nm) and Ex (245 and
310 nm); and (iii) Component 3 (C3), characterized by maxima at



Fig. 4. Tryptophan-like, absorbance-corrected fluorescence peak identified by mean
peak picking (TPH-likemean) versus modelled PARAFAC component C3.

Fig. 5. EEM data from samples stored over approximately 7 months for 3 represen-
tative samples of differing characteristics for (A) absorbance at 254 nm (m�1) (Abs254)
and calculated total fluorescence (as C1 þ C2 þ C3, all in RU) and (B) modelled PAR-
AFAC components C1, C2 and C3 as a proportion of total composition.
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lower Em (w340 nm) and Ex (w280 nm). The components identified
here are broadly similar to those identified in other studies of aquatic
environments (Parlanti et al., 2000; Chen et al., 2003b; Stedmon
et al., 2003; Kulkarni et al., 2017). C1 and C2 are consistent with
humic-like components and likely to be derived from terrestrial OM,
and C3 is consistent with tryptophan-like OM and likely to be
derived from microbial/protein-based components (Chen et al.,
2003b; Kulkarni et al., 2017). Representative EEM spectra for
selected groundwater samples (Fig. 3) show the fluorescence matrix
for samples with relatively high values for C1, C2 and C3. The
absorbance-corrected fluorescence intensities are sample and
component specific, with the tryptophan-like C3 proportionally
much smaller than the humic-like C1 and C2 fractions in most
samples, as would be expected for typical groundwaters (e.g.
Lapworth et al., 2009; Huang et al., 2015). The PARAFAC fluorescence
peak for trytophan-like C3 is strongly correlated with the
absorbance-corrected, mean tryptophan-like fluorescence peak
identified by peak picking (t (33) ¼ 75.0, p < 0.05) (Fig. 4), with the
peak-pickingmethod overestimating the PARAFAC obtained value by
w15%.

3.2. Time series stability and impact of sample agitation

A selected number of samples (n¼ 3) was evaluated for stability
during storage, particularly given the time (approximately 2 years)
that passed between the original collection of samples and EEM
analysis due to logistical constraints (noting that samples were
stored appropriately during that time). Time series data (Fig. 5)
over approximately 7 months of storage shows no significant or
Fig. 6. Comparison of analysis of samples that were shaken directly before analysis versus th
components C1, C2 and C3.
systematic change in either absorbance or composition asmodelled
by PARAFAC components. The samples shown in Fig. 5 were
collected from a nearby study site specifically for the purpose of
evaluating the stability of measured EEM data during storage and
are not otherwise included in this manuscript. Even though the
samples are of slightly different origin, a similar degree of stability
over time is expected for the other samples reported in this
manuscript.

Further, in a limited number of cases (n ¼ 2), PARAFAC models
did not reach convergence or pass validation tests and these sam-
ples were therefore excluded from the dataset. This lack of
convergence is attributed to scattering artefacts typically due to
iron hydroxide precipitates. A comparison was made in order to
evaluate any impact on the results from gently shaking samples
immediately before analysis versus leaving samples undisturbed
(and thus not agitating any settled precipitates) (Fig. 6). A
ose that were unshaken for (A) absorbance (m�1) at 254 nm and (B) modelled PARAFAC



Table 1
Chemical and fDOM characteristics of groundwater (GW) from T-Sand and T-Clay and surfacewaters (SW) in northern Kandal Province, Cambodia. Values are reported asmean
(minimumemaximum).

T-Sand, GW; Mean (range) (n ¼ 23) T-Clay, GW; Mean (range) (n ¼ 11) SW; Mean (range) (n ¼ 3) p-value; Mann-Whitney GW Comparisonh

Water geochemistrya

As (mg L�1) 324 (11e835) 315 (2e1092) 4 (2e8) >0.05 (0.82)
Fe (mg L�1) 7.6 (0.0e26.9) 3.8 (0.1e11.6) 0.1 (0.0e0.3) >0.05 (0.06)
SO4

2� (mg L�1) 5.1 (<1e15.5) 65.4 (<1e326) 13.1 (2.1e19.0) >0.05 (0.15)
DOC (mg L�1) 3.4 (0.8e7.9) 7.3 (1.5e18.0) 5.0 (1.5e12.0) <0.05 (0.03)
Eh (mV) �121 (�176e8) �93 (�178e28) 32 (�205e169) >0.05 (0.22)
Absorbance
Abs254 (m�1) 0.10 (0.02e0.26) 0.21 (0.03e0.48) 0.14 (0.03e0.35) >0.05 (0.11)
SUVA (L mg�1 m�1) 0.031 (0.000e0.128) 0.026 (0.016e0.044) 0.026 (0.025e0.029) n/a
TPH-likemean (RU) 1.16 (0.22e3.49) 3.28 (0.33e8.99) 1.10 (0.39e2.38) >0.05 (0.08)
TPH-likemax (RU) 1.47 (0.26e4.40) 4.08 (0.37e11.3) 1.40 (0.46e3.12) >0.05 (0.11)
FA-likemean (RU) 3.37 (0.53e11.2) 8.18 (0.97e19.9) 3.10 (0.60e7.72) >0.05 (0.13)
FA-likemax (RU) 3.72 (0.58e12.3) 8.59 (1.06e20.6) 3.32 (0.74e8.11) >0.05 (0.14)
HA-likemean (RU) 2.77 (0.35e8.88) 6.30 (0.71e15.5) 2.29 (0.42e5.82) >0.05 (0.16)
HA-likemax (RU) 2.97 (0.39e9.38) 6.63 (0.78e16.2) 2.47 (0.47e6.2) >0.05 (0.18)
Fluorescence indices
FIb 1.30 (0.93e1.84) 1.34 (1.06e1.67) 1.48 (1.21e1.71) >0.05 (0.31)
TPH:FA 0.37 (0.27e0.92) 0.41 (0.30e0.52) 0.53 (0.31e0.88) <0.05 (0.03)
HIXc 14.7 (5.53e19.3) 12.2 (7.30e18.8) 12.2 (5.96e20.0) z0.05 (0.05)
HIXcorr

d 0.93 (0.85e0.95) 0.92 (0.88e0.95) 0.91 (0.86e0.95) z0.05 (0.05)
XOMe 0.25 (0.05e0.60) 0.60 (0.07e1.51) 0.19 (0.07e0.41) >0.05 (0.16)
b:a 0.59 (0.53e0.77) 0.67 (0.52e0.78) 0.52 (0.46e0.57) <0.05 (0.02)
PARAFAC (RU)
C1 6.12 (0.82e20.0) 12.1 (1.79e32.8) 6.11 (1.16e15.6) >0.05 (0.25)
C2 4.42 (0.74e15.1) 10.2 (1.37e28.4) 4.55 (0.82e11.7) >0.05 (0.20)
C3 0.88 (0.16e2.59) 2.28 (0.27e6.52) 0.84 (0.23e1.85) >0.05 (0.14)
Calculated parameters
TFf (RU) 11.4 (1.7e37.8) 24.6 (3.5e67.7) 11.5 (2.4e 9.2) n/a
C1 (%) 53.2 (47.8e56.0) 49.3 (44.7e54.1) 51.7 (48.2e53.5) n/a
C2 (%) 38.6 (33.5e43.2) 41.5 (38.6e45.4) 37.6 (33.9e40.1) n/a
C3 (%) 8.2 (5.6e18.6) 9.3 (6.5e12.1) 10.8 (6.3e17.9) n/a
HA:TPHg 11.9 (4.4e16.7) 10.2 (7.3e14.4) 10.3 (4.6e14.8) n/a

a Values calculated for this dataset from Richards et al. (2017a).
b Fluorescence index (FI) as given in McKnight et al. (2001).
c Humification index (HIX).
d HIX with inner-filtering correction (Ohno, 2002).
e Xenobiotic organic matter (XOM) index (Baker and Curry, 2004).
f Total fluorescence (TF) calculated as C1 þ C2 þ C3 (in RU).
g Calculated as (C1 þ C2)/C3 (in RU).
h p-values calculated by the Mann-Whitney Test using OriginPro 8.5.1 for non-parametric statistics to compare the T-Sand and T-Clay GW sample distributions; p-

values < 0.05 indicate that the sample distributions are significantly different at the 95% confidence level; n/a is not applicable as parameters calculated from datasets already
statistically compared.
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comparison of both Abs254 (Fig. 6A) and relative proportions of
PARAFAC components (Fig. 6B) between shaken and unshaken
samples indicated no significant difference; results from unshaken
samples are reported for the remainder of this manuscript.

3.3. DOM characterization of groundwater and surface water

The mean composition of groundwater fDOM varies widely
across the study area, with samples from T-Sand and T-Clay
showing typically different characteristics (Table 1). Groundwater
from T-Sand is broadly characterized by (i) lower Abs254 and TF; (ii)
lower fluorescence intensities (by peak picking) of TPH-like, FA-like
and HA-like components; (iii) lower FI, XOM, TPH:FA and b:a; (iv)
lower PARAFAC component loadings; (v) higher SUVA; (vi) higher
HIX and HIXcorr; and (vii) higher proportions of C1 as compared to
groundwater from T-Clay. T-Sand is also generally highly reducing,
with, compared to T-Clay, relatively high Fe, low SO4

2� and DOC,
but similar As. These comparisons between T-Sand and T-Clay
relate to the mean values and ranges observed, noting that the
Mann-Whitney non-parametric test indicates that the full distri-
butions of T-Sand and T-Clay datasets are statistically different at
>95% confidence level only for DOC, TPH:FA and b:a (Table 1).
Many of these parameters and the relationships between themwill
be discussed specifically. In general, the Holocene groundwater in
this study has lower b:a, lower SUVA and much higher HIX than
Holocene groundwater in the Bengal Basin (Kulkarni et al., 2017);
this, combined with the broad variation observed within this study,
suggests that some of the trends observed in Bengal aquifers may
not necessarily be applicable to other shallow, reducing aquifers
such as in Cambodia. Selected sample-specific data is shown for all
pre-monsoon groundwater and surface water samples (Table 2).

There were also significant differences in fDOM properties
observed between the groundwater and surface waters sampled,
even though the range of values in total fluorescence was similar.
These differences included that the surface water, as compared to
groundwater, typically had: (i) lower TPH-like, FA-like, and HA-like
components; (ii) higher FI; (iii) higher TPH-like and FA-like; and
(iv) lower XOM and b:a. The composition between pond (SW-LR14)
and river (SW-Bassac; SW-Mekong) surface waters also varied
significantly. Compared to the river samples, the pond sample had:
(i) much higher TPH-like, FA-like and HA-like components; (ii)
lower FI; (iii) lower TPH:FA; and (iv) higher HI and XOM; and (v)
higher b:a. The surface water samples may reflect differing con-
tributions from base flow, soil runoff, water-rock interactions and
anthropogenic activities, depending on the sample, locality and
temporal variations, which may affect the fDOM and inorganic
composition to varying degrees (Tye and Lapworth, 2016; Richards
et al., 2017a).



Table 2
Absorbance-corrected fluorescence peak and selected fluorescence and absorbance indices and modelled PARAFAC components with parameters as defined in Table 1 for pre-
monsoon groundwater (GW) from T-Sand and T-Clay and surface water (SW) samples; summary statistics are shown on Table 1; n/a indicates data not available.

Sample ID Type TPH-likemean (RU) FA-likemean (RU) HA-likemean (RU) TPH:FA HIXcorr FI XOM b:a C1 (RU) C2 (RU) C3 (RU) TF (RU)

LR01-15 GW, T-Sand 0.31 0.96 0.77 0.32 0.94 1.55 0.08 0.58 1.66 1.20 0.21 3.1
LR01-21 0.89 2.81 2.50 0.32 0.94 1.31 0.21 0.57 5.64 3.73 0.70 10.1
LR01-30 0.79 2.01 1.70 0.39 0.93 1.23 0.16 0.57 3.88 2.67 0.65 7.2
LR01-45 0.74 2.17 1.92 0.34 0.95 1.36 0.18 0.53 4.48 2.96 0.60 8.0
LR01-6 0.54 0.59 0.44 0.92 0.85 1.10 0.05 0.64 1.10 0.77 0.43 2.3
LR01-9 1.76 5.21 4.28 0.34 0.94 1.33 0.39 0.56 9.99 7.08 1.42 18.5
LR02-15 0.25 0.85 0.68 0.29 0.93 1.34 0.08 0.54 1.49 1.00 0.20 2.7
LR02-30 1.12 3.35 2.74 0.34 0.94 1.35 0.26 0.62 6.34 4.59 0.86 11.8
LR03-15 0.65 2.41 1.89 0.27 0.95 1.37 0.21 0.53 4.18 2.98 0.43 7.6
LR04-15 1.24 3.97 3.25 0.31 0.95 1.23 0.29 0.54 7.63 5.52 0.97 14.1
LR04-30 1.16 3.12 2.55 0.37 0.94 1.15 0.25 0.58 5.97 4.49 0.90 11.4
LR05-15 1.55 4.70 4.03 0.33 0.94 1.29 0.35 0.60 9.30 6.66 1.24 17.2
LR05-21 1.20 4.16 3.61 0.29 0.94 1.27 0.34 0.54 8.07 5.39 0.97 14.4
LR05-30 1.37 4.29 3.37 0.32 0.94 1.26 0.31 0.57 7.82 5.75 1.08 14.7
LR05-6 0.23 0.53 0.35 0.43 0.93 1.84 0.05 0.77 0.82 0.74 0.16 1.7
LR05-9 2.84 5.10 4.42 0.56 0.91 1.24 0.44 0.57 10.67 7.02 2.34 20.0
LR07-15 0.58 1.77 1.36 0.33 0.93 1.29 0.15 0.63 3.00 2.38 0.46 5.8
LR07-30 1.86 6.08 5.07 0.31 0.94 1.27 0.40 0.61 11.60 8.71 1.58 21.9
LR08-30 1.33 4.05 3.18 0.33 0.94 1.36 0.28 0.61 7.23 5.55 1.08 13.9
LR09-21 3.49 11.19 8.88 0.31 0.94 1.40 0.59 0.56 20.04 15.13 2.59 37.8
LR09-30 2.02 6.19 5.12 0.33 0.94 1.30 0.47 0.63 n/a n/a n/a n/a
LR09-45 0.53 1.38 1.10 0.39 0.93 1.12 0.14 0.65 2.52 2.00 0.41 4.9
LR09-6 0.22 0.62 0.45 0.35 0.93 0.93 0.06 0.64 1.15 0.83 0.17 2.2
LR10-15 GW, T-Clay 0.52 1.64 1.40 0.31 0.94 1.31 0.12 0.57 3.35 2.40 0.45 6.2
LR10-21 4.17 11.16 8.62 0.37 0.93 1.27 0.81 0.63 20.22 17.36 3.40 41.0
LR10-30 1.53 2.96 1.91 0.52 0.88 1.67 0.21 0.68 4.36 3.81 1.12 9.3
LR10-9 0.33 0.97 0.71 0.34 0.95 1.06 0.07 0.52 1.85 1.37 0.27 3.5
LR12-30 1.91 6.46 5.21 0.30 0.95 1.36 0.53 0.58 12.51 9.57 1.54 23.6
LR13-30 6.59 16.42 12.97 0.40 0.92 1.31 1.05 0.68 29.25 23.90 5.53 58.7
LR14-15 3.62 7.92 5.78 0.46 0.89 1.35 0.74 0.74 12.29 11.75 2.98 27.0
LR14-21 8.99 19.92 15.44 0.45 0.90 1.44 1.51 0.74 n/a n/a n/a n/a
LR14-30 7.13 19.92 15.52 0.36 0.92 1.33 1.33 0.69 32.83 28.37 6.52 67.7
LR14-6 0.57 1.22 0.80 0.47 0.91 1.46 0.11 0.78 1.79 1.82 0.40 4.0
LR14-9 0.71 1.41 0.97 0.50 0.90 1.12 0.12 0.71 2.36 2.04 0.54 4.9
SW-LR14 SW 2.38 7.72 5.82 0.31 0.95 1.21 0.41 0.57 15.63 11.71 1.85 29.2
SW-Bassac 0.53 0.60 0.42 0.88 0.86 1.52 0.09 0.52 1.16 0.82 0.43 2.4
SW-Mekong 0.39 0.98 0.62 0.40 0.91 1.71 0.07 0.46 1.54 1.12 0.23 2.9
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Overall depth against modelled total fluorescence (as the sum of
PARAFAC components) shows further differences between T-Sand
and T-Clay groundwater (Fig. 7A). On T-Clay, there is a strong
positive correlation between depth and total fluorescence (t
(8)¼ 2.60; p< 0.05), with the highest fluorescence values found on
this transect. In contrast, the correlation on T-Sand is not statisti-
cally significantly, and interestingly the highest total fluorescence is
instead observed at mid-depths, with low values obtained at both
shallow and the deepest 45m groundwater samples. It is difficult to
ascertain the extent of this trend at depth given the limited number
of samples obtained >30 m in depth, however this would be of
interest to explore in future studies. Bulk DOC and total fluores-
cence (Fig. 7B) are strongly correlated for the entire dataset (t
(35) ¼ 10.5; p < 0.05), as would be reasonably expected given the
significant proportion of OM that fluoresces (Bech et al., 1993;
Hudson et al., 2007).

Depth profiles of various absorbance corrected fluorescence
peak and selected indices further characterize the fDOM in
groundwater (and surface water as indicated at 0 m depth) and
show a number of other trends (Fig. 8). Similarly to the peak in TF at
mid-depths, the maxima in TPH-like and HA-like fDOM are
observed around 20 m in depth, with the maxima of FA-like fDOM
observed slightly shallower, around 15 m in depth. TPH-like fDOM
is typically much higher in T-Clay than in T-Sand. HA-like fDOM is
also generally higher in T-Clay than in T-Sand, which may indicate
more extensive microbial degradation of fDOM in T-Clay; a similar
observation was made when comparing Holocene versus Pleisto-
cene aquifers in the Bengal Basin (Kulkarni et al., 2017).
Interestingly, FI increases with depth on T-Clay but not on T-Sand
(Fig. 8D); typically lower values of FI (w1.3e1.4) indicate terrestrial
fDOM sources whereas higher values of FI (w1.7e1.9) may be
associated with inputs from microbial fDOM sources (McKnight
et al., 2001; Cory and McKnight, 2005).

The b:a index has no apparent relationship with depth, however
b:a is typically higher (e.g. containing more labile fDOM) in T-Clay
than T-Sand (Fig. 8E). The higher b:a observed in T-Clay as
compared to T-Sand is indicative of a greater input of autochtho-
nous, indigenous carbon production, which is consistent with the
generally clay-dominated lithology, and associated lower electrical
resistivities and permeabilities encountered on this transect
(Richards et al., 2017a; Uhlemann et al., 2017). In contrast, the lower
b:a observed in T-Sand is indicative of greater possible input from
external, surface derived sources to the fDOM pool, potentially via
transport through zones of rapid recharge, which is consistent with
indicators of rapid surface water incursion in some locations based
on inorganic geochemistry (Richards et al., 2017a), relatively young
apparent groundwater ages (Richards et al., 2017b) and the pres-
ence of near-surface sand windows (Uhlemann et al., 2017) along
this transect. The b:a ratio is negatively correlated with HIXcorr (t
(35) ¼ �2.05; p < 0.05) for the overall dataset; suggesting that the
more labile fDOM has a lower degree of humicity, and thus the
labile fDOM may be derived microbially rather than from recently
lysed plant cells (Tye and Lapworth, 2016). Surface derived sources
could plausibly contribute to the fDOM pool via vertical migration
due to diffusive recharge and/or from surface water sources such as
rivers or ponds (Lawson et al., 2013), especially depending on



Fig. 7. (A) Depth and (B) bulk DOC versus total fluorescence calculated as the sum of
PARAFAC components for groundwater from T-Sand (open square) and T-Clay (grey
filled circle) and surface water (black filled triangle).
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locality. Another possible external input to the fDOM pool could
potentially be the influx of mature, petroleum-derived DOM from
deeper downwithin the aquifer systems (van Dongen et al., 2008).
Although there were no PAH components identified within the
validated PARAFAC model, this does not necessarily mean that they
are not present, but rather that the signal is too small to be
modelled or significant. Interestingly the highest XOM indices were
observed at site LR14 very near a pond (with also relatively elevated
XOM; see Table 2) which suggests that surface-groundwater in-
teractions may affect PAH components in the fDOM pool in some
locations such as near ponds.

Interestingly, b:a is largely independent (at the 95% confidence
interval) of both bulk DOC (Fig. 9A) and groundwater arsenic
Fig. 8. Depth profiles for mean fluorescence peaks for (A) tryptophan-like (TPH-like); (B)
rescence indices (FI) as defined by McKnight et al. (2001) and (E) b:a indices for groundwater
triangle, shown at 0 m of depth).
(Fig. 9C) for both T-Sand and T-Clay, despite the mobilization of
arsenic having been linked with bioavailable DOM in a number of
studies (Bhattacharya et al., 1997; Islam et al., 2004; Charlet and
Polya, 2006; Postma et al., 2007; Rowland et al., 2009). The inde-
pendence of b:a and bulk DOC is not surprising and it is generally
recognized that even high levels of DOC do not necessarily mean
that high levels of bioavailable DOC are present; indeed previous
microcosm experiments have indeed shown that the amount of
bulk OM present is not necessarily related to the amount of arsenic
released (Rowland et al., 2009). However, if the presence of
bioavailable DOM was a major control on arsenic release and
arsenic was being mobilized exclusively in nearby locations to
where it was observed in the water column, it would have been
expected that a correlation between b:a and arsenic might be
observed, while noting that complex processes including (partial)
sorption/desorption and vertical and/or horizontal groundwater
flow may also be simultaneously occurring and could be con-
founders affecting apparent associations between b:a and arsenic.
A significant negative correlation between b:a and iron is observed
exclusively on T-Clay (Fig. 9B). In addition to b:a, correlations be-
tween other fDOM indices and absorbance corrected mean fluo-
rescence peaks and DOC, iron and arsenic for T-Sand, T-Clay and the
overall dataset are summarized (Table 3). Within the overall data-
set, positive correlations between HIXcorr and both iron and arsenic
are observed (although this relationship does not hold for only the
T-Sand subset is considered). For T-Sand, arsenic is correlated with
each of TPH-like, HA-like and FA-like fDOM (although this is not
observed for T-Clay). XOM is positively correlated with DOC, iron
and arsenic on T-Sand, which is interesting considering that some
of the sand-dominated sediments have been shown to contain
thermally mature, petroleum-derived hydrocarbons (Magnone
et al., 2017). Disentangling the differences between transects and
understanding the apparent associated controls on arsenic mobi-
lization remains the subject of ongoing investigations.

The differences in characteristic organic signatures between the
transects can be further seen when comparing the FA-like in-
tensities against TPH:FA (Fig. 10A). Groundwater from T-Clay typi-
cally has higher FA-like intensities, and T-Sand typically has a lower
range of FA-like intensities combined with a much wider range of
TPH:FA. The relatively low values of TPH:FA (e.g. < w0.4) for most
of the T-Sand samples suggest that these samples are not signifi-
cantly impacted from fDOM derived from wastewater (Baker and
Lamont-Black, 2001; Lapworth et al., 2008). Interestingly, howev-
er, the two samples on T-Sand with substantially higher TPH:FA
(e.g. TPH:FA ¼ 0.92 and 0.56) are from the shallowest 6 m depth;
the sample containing the highest TPH:FA is located near a pig farm
fulvic acid-like (FA-like); (C) humic-acid like (HA-like) components; and for (D) fluo-
from T-Sand (open square) and T-Clay (grey filled circle) and surface water (black filled



Fig. 9. Freshness index b:a versus (A) DOC, (B) iron, and (C) arsenic for groundwater from T-Sand (open square) and T-Clay (grey filled circle) and surface water (black filled
triangle).

Table 3
Correlation t-values for DOC, iron and arsenic with selected fDOM indices and absorbance-correctedmean fluorescence peaks for groundwater from T-Sand (n¼ 33, degrees of
freedom (df) ¼ 21), T-Clay (n ¼ 11, df ¼ 9), and the overall dataset including surface water (n ¼ 37, df ¼ 35). Correlations are reported only where significant at the 95%
confidence level (p < 0.05); ‘– ‘indicates not significant at the 95% confidence level.

DOC Fe As

T-Sand T-Clay Overall T-Sand T-Clay Overall T-Sand T-Clay Overall

b:a – – 2.37 – �2.59 – – – –

HIXcorr – – – – 2.31 2.24 – – 2.12
FI – – – – – – – – –

XOM 6.62 7.45 11.6 2.26 – – 3.41 – –

TPH-like 5.40 8.92 12.2 – – – 2.72 – –

HA-like 7.76 6.92 12.3 2.29 – – 3.33 – –

FA-like 7.60 7.36 13.1 2.24 – – 3.27 – –

Fig. 10. (A) Mean fulvic-like intensity (RU) against the tryptophan:fulvic acid ratio (TPH:FA), as calculated from absorbance-corrected mean fluorescence peaks, for groundwater
from T-Sand (open square) and T-Clay (grey filled circle) and surface water (black filled triangle); (B) Cl:Br mass ratio (Richards et al., 2018) against TPH:FA.

Fig. 11. Methane (CH4) versus (A) mean tryptophan-like (TPH-like) intensity (RU) and (B) freshness indices b:a for selected groundwater samples from T-Sand (open square) and T-
Clay (grey filled circle).
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Fig. 12. Freshness index b:a for groundwater from T-Sand (open square) and T-Clay (grey filled circle) versus corresponding sedimentary bulk C:N and the ratio of high molecular
weight (HWM) n-alkanoic acids or alcohols to HMW n-alkanes, as defined by HWM n-alkanoic acid (ng g�1)/S(HMW n-alkane (ng g�1) þ HMW n-alkanoic acid (ng g�1)) (Magnone
et al., 2017).
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and was also characterized by elevated Cl:Br ratios (Fig. 10B) and
chloride (Richards et al., 2017a, 2018). The samples on T-Clay con-
taining moderate TPH:FA in the range ofw0.4e0.5 are mostly from
site LR14 located near a pond, and are also characterized by rela-
tively high Cl:Br and chloride; together these observations are
consistent with waste inputs plausibly resulting from pond-
groundwater interactions (Lawson et al., 2013; Richards et al.,
2017a, 2018; Kulkarni et al., 2018a). The surface water sample
with substantially higher TPH:FA and Cl:Br as compared to other
samples is from the Bassac River; such signatures are indicative of
significant waste inputs.
3.4. Methane and DOM source characterization

Methane concentrations measured in a sub-set of samples
(n ¼ 9) varied greatly and ranged from w60 to 22,000 mg L�1

(Fig. 11). The very high methane observed in some samples is
generally consistent with the reducing conditions (Eh < 0 mV), low
sulfate (<1 mg L�1) and high alkalinity, although there is no uni-
versal methane proxy and baseline values can vary greatly (Gooddy
and Darling, 2005; Darling and Gooddy, 2006; Bell et al., 2017).
Three samples contained methane exceeding the suggested risk
action levels of 10,000 mg L�1 (Eltschlager et al., 2001; Bell et al.,
2017). To the authors’ knowledge no baseline study of methane
concentrations in groundwater in Cambodia exist; amore extensive
survey of groundwater methane in this field area would be inter-
esting especially given the wide variability noted in this subset.

Most methane in groundwater is derived from either bacterial/
biogenic or thermal/thermogenic activity (Schoell, 1988), of which
potential sources can be deduced via association with other
geochemical parameters. A strong correlation between methane
and TPH (Fig. 11A); (t (7) ¼ 6.70; p < 0.05) suggests that the
methane is likely of biogenic origin. This is further supported by the
molar methane:ethane (“C1:C2”) ratios in this study which were
all > 3000 (data not shown), far exceeding the typically cut-off of
C1:C2 > 1000 associated with biogenic methane production
(Schoell, 1983). The formation of biogenic methane may be
reasonably expected to be associated with the bioavailability of the
fDOM present and likely to be undergoing methanogenesis
(Gooddy and Darling, 2005). Indeed an overall correlation between
methane and b:a is observed (t (7) ¼ 2.51; p < 0.05) (Fig. 11B). The
high concentrations of methane especially observed in T-Clay are
consistent with the higher HA-like fDOM observed in this transect,
and is suggestive of more extensive microbial degradation of fDOM
in T-Clay than in T-Sand groundwater. The overall correlation
between methane and HA-like fDOM is significant (t (7) ¼ 5.73;
p< 0.05). An important extension of this argument is that the likely
methanogenesis occurring, particularly in T-Clay, may lead to a
substantial consumption of organic carbon (Postma et al., 2016),
further limiting its availability for other microbially-mediated
processes including reductive dissolution of arsenic bearing iron
minerals. This plausibly suggests that even in reducing, arsenic-
prone environments where bioavailable OM sources are present,
confounding processes like methanogenesis may provide addi-
tional controls on the rate or extent which further arsenic mobili-
zation occurs. More detailed discussion on the potential impact of
methanogenesis and geochemical evidence for the dual role of in-
aquifer and near surface processes in driving arsenic mobilization
in this study area is published elsewhere (Richards et al., 2019a).
3.5. Comparison between aqueous and sedimentary OM proxies

Interestingly, there is no apparent correlation between
groundwater b:a and corresponding sedimentary proxies/bio-
markers, namely the bulk sedimentary C:N ratio (ranging 1.5e16.5)
and the ratio of high molecular weight (HWM) n-alkanoic acids or
alcohols to HMW n-alkanes (ranging 0.06e0.96) (Magnone et al.,
2017) (Fig. 12). Again, the confounders mentioned above
including the potential role of (partial) equilibrium (Richards et al.,
2019b) and/or hydrological processes may complexly influence the
sedimentary and corresponding aqueous OM proxies even in the
same location. The bulk sedimentary C:N ratio can be used to help
distinguish the origin of sedimentary organic matter (SOM), with
higher sedimentary C:N ratios typically associated with plant-
derived SOM (Lamb et al., 2006; Magnone et al., 2017). However,
there is also no correlation between C:N and aqueous HIXcorr (data
not shown). The ratio of HMW acid:alkane, as defined here by
HWM n-alkanoic acid/S(HMW n-alkane þ HMW n-alkanoic acid),
is a robust SOM degradation proxy indicating the relative degree of
oxidation for materials of similar origin. The carbon preference
index is used first to distinguish thermally mature/petroleum-
derived versus immature/plant-derived SOM sources, prior to
estimating the degree of oxidation of plant-derived samples with
the HMW acid:alkane ratio (Poynter and Eglinton, 1990; Marzi
et al., 1993; van Dongen et al., 2006; Vonk et al., 2008; Magnone
et al., 2017). The HMW acid:alkane proxy is based on the well-
known SOM degradation pathway from alkanes (the most
reduced) eventually to alkanoic acids and inorganic carbon (the
most oxidized) (Magnone et al., 2017 and references within). In the
same study area, for thermally immature samples, the HMW
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acid:alkane in the early (>6000 year), mixed lithology, Holocene
facies is higher (thus indicating higher levels of oxidation) than in
the young (<2000 year), clay-dominant Holocene facies, which
could be associated with the time available for degradation or
differences in bioavailability (Magnone et al., 2017). Thermally
mature, petroleum-derived hydrocarbons were observed previ-
ously in some sandy sediments from this study area (Magnone
et al., 2017), which may contribute to the XOM indices observed
in groundwater samples (even though the signals of a PAH-
component were too low to be validated in PARAFAC modelling).
The observation that there is no apparent overall relationship be-
tween the aqueous b:a and the corresponding (e.g. at the same
depth and location) selected SOM proxies (Fig. 12) is interesting,
and is consistent with the suggestion that there may be external
contributions (e.g. surface-derived and/or petroleum-derived from
deeper within the aquifers) to the aqueous DOM pool rather than
exclusively contributions from the directly surrounding sedimen-
tary environment. This is consistent with the hypothesis that
external, modern surface-derived DOM, largely from ponds, rivers
and rice paddies may be an important control on groundwater
geochemistry, including arsenic mobilization, in some settings
(Harvey et al., 2002; Kocar et al., 2008; Papacostas et al., 2008;
Polizzotto et al., 2008; Neumann et al., 2010; Lawson et al., 2013,
2016).

4. Conclusions

The aqueous organic matter pool in a heavily arsenic affected
aquifer in northern Kandal Province, Cambodia has been charac-
terized for the first time using EEM fluorescence spectroscopy and
PARAFAC modelling. Groundwaters were generally dominated by
terrestrial HA-like and FA-like components, with relatively small
contributions from microbial-derived TPH-like components.
Selected absorbance-corrected fluorescence indices were used to
characterize differences in the DOM pools with depth and to
compare groundwaters from distinct transects. Groundwater from
sand-dominated sequences typically contained lower TPH-like, FA-
like and HA-like components, and had lower FI and b:a, and higher
humification as compared to clay-dominated sequences. Fluores-
cence DOM in surface waters and groundwater varied greatly
across the field area and depends on the origin of the water, other
potential inputs and extent of water-rock interactions, amongst
other factors. Methane concentrations were strongly correlated
with fDOM bioavailability as well as TPH-like components, sug-
gesting that methane is likely of biogenic origin. High concentra-
tions of methane, especially in clay-dominated sequences, are
consistent with higher HA-like fDOM present and are suggestive of
more extensive microbial degradation of DOM in T-Clay than in
groundwaters from sand-dominated sequences. Methanogenesis
likely leads to a substantial consumption of organic carbon, which
may provide an additional control of the rate or extent to which
arsenic is mobilized via microbially-mediated reductive dissolution
processes in these areas. DOM bioavailability was not correlated
with bulk DOC, arsenic, or sedimentary proxies of SOM degradation
in corresponding locations. Whilst not definitive, this is consistent
with the hypothesis that external, surface-derived contributions to
the aqueous DOM pool may be an important control on ground-
water geochemistry.
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