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A B S T R A C T

Organic matter (OM) is widely accepted to be the trigger for arsenic (As) mobilization from sediments into
groundwater. Identifications of reactivity and sources of organic matter responsible for driving As liberation
remain unresolved. To address these issues, we provide the extensive characterization of OM in shallow
groundwater, surface water, and sediments near a permanent wetland and a dried wetland in the Hetao basin
with high As groundwater and low As groundwater, respectively, using fluorescence spectroscopy and parallel
factor analysis (PARAFAC). Dissolved organic matter (DOM) of shallow groundwater and sediments near the
permanent wetland had higher biological index (BIX), and more protein-like components and microbially-de-
rived components relative to that near the dried wetland, showing higher bioreactivity. Fingerprint of water
stable isotopes and higher water levels of wetland than shallow groundwater pointed to the recharge of wetland
water into shallow groundwater. Laboratory incubations of the sediment with more bioreactive OM obtained
near the permanent wetland mobilized more As. Both DOM properties and laboratory incubations indicate that
OM with high bioreactivity promoted As mobility mainly by fuelling microbial respiration of Fe oxide reduction.
Recharge of wetland water into shallow groundwater introduced bioreactive DOM into shallow aquifer.
Groundwater DOM near the permanent wetland was typically sourced from both wetland DOM and sedimentary
OM with high bioreactivity. However, sedimentary OM was the major source of groundwater DOM near the
dried-wetland. It suggested that downward infiltration of surface-derived OM and perturbations of aquifer se-
diments by changing groundwater flow regimes increase bioreactivity of groundwater DOM and therefore en-
hance As mobility.

1. Introduction

Arsenic (As) mobilization in aquifers has been widely accepted to be
triggered by organic matter via reductive dissolution of Fe oxides and/
or reductive desorption of adsorbed As(V) (Islam et al., 2004; Fendorf
et al., 2010; Guo et al., 2013a). However, the source of organic matter
supporting microbial metabolism remains unclear. Studies have shown
that organic matter was sourced from sediments, which was evidenced
by the relationship between sedimentary organic matter and dissolved
As and the occurrence of organic-rich deposits around high As
groundwater (Meharg et al., 2006; Quicksall et al., 2008; McArthur
et al., 2008; Papacostas et al., 2008; Mao et al., 2018). This scenario
was also supported by laboratory incubations of sediments, showing
that any perturbations enhance mobilization of bioavailable sedimen-
tary organic matter (Neumann et al., 2014). In contrast, others

concluded that organic matter was introduced from surface (or near
surface)-derived organic matter along with recharging water, which
was supported by young ages of dissolved inorganic carbon and mi-
crobial biomass in high As groundwater (Harvey et al., 2002; Mailloux
et al., 2013; Whaley-Martin et al., 2016), by similar chemicals and
isotopic characteristics between surface water and high As groundwater
(Polizzotto et al., 2008; Neumann et al., 2010; Lawson et al., 2013), and
by identification of sterol biomarkers of human/livestock waste
(Whaley-Martin et al., 2017). Identification of the source of organic
matter is of significant importance in both accurately predicting
changes in groundwater As in the future and in efficiently developing
solutions to remediation of As contamination.

Although the reactivity of organic matter has been assessed by in-
cubation experiments (Islam et al., 2004; Neumann et al., 2014; Guo
et al., 2008; Radloff et al., 2007) and spectroscopic characteristics
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(Huang et al., 2015; Mladenov et al., 2010, 2015), effect of the re-
activity of organic matter (OM) on As mobilization remains elusive.
Most investigations showed that OM, which contributed to As mobility,
was bioavailable to microbes as biodegradable pool (Islam et al., 2004;
Fendorf et al., 2010; van Geen et al., 2013; Neumann et al., 2014;
Radloff et al., 2007; Lawson et al., 2016; Vega et al., 2017). However,
others suggested that refractory OM with chemical reactivity should
promote As mobility via As-Fe-OM complexation reactions (Mladenov
et al., 2015; Kulkarni et al., 2017; Li et al., 2017a), electron shuttles for
reduction of As-bearing Fe oxides (Chen et al., 2017; Jiang et al., 2009),
and competitive adsorption with As (Reza et al., 2010; Biswas et al.,
2014). For the biodegradable pool, the type and the bioreactivity of OM
are the key factors controlling As mobility. Utilization of OM with
different bioreactivity led to different rates of Fe oxide reduction and
therefore different rates of As mobility into groundwater, with rela-
tively higher rates concerning younger OM having higher bioreactivity
(Postma et al., 2012). For the latter, the functional groups of OM to
complex As are of significance in enhancing As mobility, such as re-
active humic moieties and N- and S-containing functional groups, as
well as quinone-like components (Mladenov et al., 2015; Reza et al.,
2010; Chen et al., 2017). Therefore, it is important to reveal roles of OM
in mobilizing As in aquifers with respect to different sources and/or

chemical compositions, which will improve our understanding of As
mobilization mechanisms.

Absorbance and fluorescence spectroscopy techniques are rapid,
sensitive, and reliable tools for characterization of bioreactive and
chemically reactive fractions of dissolved organic matter (DOM) and
extractable sediment organic matter (Huang et al., 2015; Mladenov
et al., 2015). UV–visible absorption spectra for DOM provide informa-
tion about source, molecular weight, humification, and aromaticity
(Helms et al., 2008). On the other hand, three dimensional fluorescence
can be used to quantitatively analyze DOM source, biological activity,
and degree of humification in the aqueous environment (Huang et al.,
2015; Mladenov et al., 2015; Huguet et al., 2009). In addition, parallel
factor analysis (PARAFAC) of three dimensional fluorescence excita-
tion-emission matrix (EEM) data allows to quantitatively identify in-
dividual fluorescent components of DOM, including humic-like, pro-
tein-like, terrestrially-derived and microbially-derived components
(Cory and McKnight, 2005; Mladenov et al., 2015), based on which
comprehensive indices have been calculated for DOM characterization,
such as the redox index (Mladenov et al., 2010, 2015), the humic:-
protein index, and the terrestrial:microbial index (Kulkarni et al.,
2017). All those data provide insights into source, reactivity, and
transformation of DOM in aqueous environment.

Fig. 1. The study area in the Hetao Basin. a: lo-
cation of the study area; b: locations of PW site,
DW site, and hydrogeological sections I-I′ and II-
II′; c: the hydrogeological section I-I′ near PW
site, where the boreholes #1 to #5 were used for
sediment sampling and boreholes #7 to #9 for
both sediment and porewater sampling; d: the
hydrogeological section II-II′ near DW site, where
the boreholes #ZK05 were used for sediment
sampling and boreholes #10 and #11 for both
sediment and porewater sampling. The colors in
profiles of (c) and (d) show sediment colors. The
colorbar refers to As concentrations of porewater
in boreholes #7, #8, and #9 in (c), and #10 and
#11 in (d). (For interpretation of the references to
colour in this figure legend, the reader is referred
to the web version of this article.)
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In this study, two sites were selected in the Hetao Basin to in-
vestigate reactivity of OM in both shallow groundwater and sediments
and its sources with respect to As mobility: one was located near a
permanent wetland where high As groundwater was observed
(As≥ 50 μg/L); the other was near a dried wetland with the occurrence
of low As groundwater (As < 50 μg/L). The objectives are to (1)
characterize the nature of OM in groundwater and sediments by using
optical spectroscopic analysis and parallel factor analysis (PARAFAC) of
three dimensional fluorescence excitation-emission matrix (EEM) data;
(2) evaluate the sources of reactive organic matter in high As ground-
water; (3) assess roles of reactive organic matter in As mobility in
groundwater systems.

2. Materials and methods

2.1. The study area

The Hetao basin is filled with a sequence of Quaternary sediments
with thicknesses of 1500–8000m. Accessible groundwater mainly oc-
curs in the Quaternary alluvial, alluvial-pluvial and alluvial-lacustrine
aquifers (Jia et al., 2014). There are many natural surface water bodies,
including lagoons, lakes and wetlands (Guo et al., 2011). Details on the
study area are provided in Supporting Information.

The study area is located in the distal alluvial fans, where a typical
dried wetland (DW) and a typical permanent wetland (PW) are present
(Fig. 1). Although DW was recharged from groundwater under natural
hydrogeological conditions, it was dried about 14 years ago due to
lowering groundwater levels after groundwater has been pumped for
agricultural irrigation. Remote sensing images showed that PW has
lasted for> 40 year. Groundwater recharged the wetland before the
year 2000, while water of drainage channel has mainly recharged the
wetland after the year 2000. The recharge of the wetland water into
shallow groundwater near PW was inferred hydraulically by the higher
water tables of the wetland. Shallow groundwater near PW generally
has high As concentrations, while near DW low As groundwater is
normally observed (Guo et al., 2016a). Groundwater tables varied be-
tween 3.0 and 4.0 m below land surface (bls) in PW, while between 5.0
and 8.0m bls in DW.

2.2. Sediment and water sampling

Sediment, porewater and groundwater samples were taken from DW
site and PW site. Porewater samples were extracted from sediment
samples by centrifugation, while groundwater samples were taken from
wells with depths between 10 and 20m. Eleven boreholes with
depths< 10m, including eight in PW site and three in DW site (Fig. 1),
were drilled with a handheld breaker drilling machine (Cobra pro, Al-
tlas Copco). The metal core barrel outfitted with a plastic liner and
plastic core catcher was used to take sediment samples. Immediately
after taken from the boreholes, intact sediments were sliced into two
sections under a nitrogen atmosphere. One was wrapped by aluminum
foils and sealed in N2-filled polyethylene bags, which were kept at 4 °C.
The other was immediately used for porewater sampling, which was
centrifuged for 20min at 5000 rpm in a nitrogen atmosphere
(Keimowitz et al., 2005). In this study, 384 sediment samples and 137
sediment samples were taken from DW and PW sites, respectively. The
sampling depth interval was around 10 cm, and additional samples
were taken in the case of lithological change.

After filtered through 0.45 µm millipore filter on site, thirty-seven
porewater samples and twelve groundwater samples were taken for
laboratory analysis. Details on groundwater sampling and on-site ana-
lysis can be found in Supporting Information.

2.3. Analytical methods

Details on analysis of major cations, anions, trace elements, As

species, dissolved organic carbon (DOC), and stable isotopes of oxygen
and hydrogen in water samples can be found in Supporting Information.
Analytical details of As, Fe, Mn, total sedimentary organic carbon
(SOC), and difference in diffuse spectral reflectance between 530 and
520 nm in sediment samples are also provided in Supporting
Information.

To delineate the variability in DOM properties about source and
chemical characteristics, UV–visible absorbance and fluorescence
spectroscopy measurements were made by a UV–Visible spectro-
photometer with a 10mm path length (UV8100, LabTech Ltd.) and a
Fluoromax-4 Spectrofluorometer (Jobin Yvon Horiba), respectively.
The specific UV absorbance (SUVA254), routinely as an indicator of
aromaticity (Weishaar et al., 2003), was calculated as the UV absor-
bance at 254 nm normalized to DOC concentration (L/m·mg). Fluores-
cence index (FI) was calculated as the ratio of intensities emitted at
470–520 nm at 370 nm excitation (Cory & McKnight, 2005) to distin-
guish microbial and terrestrial sources of DOM in surface water
(McKnight et al., 2001; Wilson & Xenopoulos, 2009) and groundwater
(Mladenov et al., 2015). Humification index (HIX), an indicator of the
degree of DOM humification, was calculated as the peak area under the
emission spectra at 435–480 nm normalized to the peak area from
300 nm to 345 nm at an excitation wavelength of 254 nm (Kulkarni
et al., 2017). Biological index (BIX) was calculated as the ratio of
emission intensity at 380–430 nm at 310 nm excitation (Huguet et al.,
2009) to estimate autochthonous biological activity in aquatic en-
vironments.

Excitation emission matrices (EEMs) were collected with an ex-
citation range of 250–400 nm at 4‐nm increments and an emission
range of 300–550 nm at 2‐nm increments. Milli-Q water blanks were
subtracted to remove water scatter signal from each sample EEM. All
spectra were corrected for the inner-filter effect. The DOMFluor toolbox
(Stedmon & Bro, 2008) was used to establish a PARAFAC model for our
sample dataset. These EEMs were normalized to the Raman peak area of
a wavelength-corrected Raman scan using the method of Murphy et al.
(2010). A four-component model was verified by split half analysis.
Residual intensities, generated by subtracting the PARAFAC-modeled
EEM from the measured EEM, were within 10% of measured EEM in-
tensities for all samples, which shows a good fit of the established
model (Cawley et al., 2012). The recognized four components included
terrestrial humic-like component (C1), humic-like components im-
pacted by agriculture (C2), microbial humic-like component (C3), and
protein-like component (C4) (Fig. S2; Table S1). Two indices based on
the PARAFAC components were developed to characterize the DOM
nature: the protein:humic ratio was calculated as the ratio of the pro-
tein-like DOM component (C4) to the sum of humic-like DOM compo-
nents (C1+C2+C3); the microbial:terrestrial (microb:terr) ratio was
obtained as the ratio of the sum of microbial humic-like DOM compo-
nents (C3+C4) to the sum of terrestrial humic-like DOM components
(C1+C2).

Two defined fractions, water-extractable organic matter (WEOM)
(Toosi et al., 2012) and salt-extractable organic matter (SEOM)
(Rennert et al., 2007), were extracted from representative sediments
(thirteen from PW site and sixteen from DW site) by using 0.01mol/L
CaCl2 and 0.5mol/L K2SO4, respectively. In the presence of a divalent
cation stabilizing the potentially soluble OM in sediments, extraction by
0.01mol/L CaCl2 generally represents the organic fractions freely pre-
sent in sediment solutions (Zsolnay, 2003). However, SEOM was ex-
tracted via OM desorption due to the presence of a competing anion
SO4

2− with an intermediate affinity for the sediment matrix (Rennert
et al., 2007), which is considered as the refractory pool (Jones &
Willett, 2006). The extracted solutions were used for DOC, UV–visible
absorbance and fluorescence spectroscopy measurements.

2.4. Incubation experiments

Batch experiments were carried out to investigate control of organic
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matter properties on As mobility by mixing sediments with autoclaved
deionized water under anaerobic conditions. Based on analytical results
of As, Fe, Mn, and SOC, two representative fine-sand samples were
selected: one from borehole #7 in PW at a depth of around 9.5m (PS),
and the other from borehole #10 in DW at a depth of around 7.5m (DS)
(Table 1). Briefly, in an anaerobic glovebox (Coy Laboratory Products,
USA) under a N2/H2 (92.5/7.5, v/v) atmosphere, the sediment was
added into deoxygenated deionized water with the solid:liquid ratio of
20 g:100mL in 150mL acid-washed and autoclaved serum bottles,
which were homogenized and then sealed with sterilized butyl rubber
stoppers (Chemglass, US). Abiotic controls were carried out with ster-
ilized sediments being autoclaved at 121 °C for 20min. Supernatant
samples were taken at different time intervals, filtered with 0.45 μm
millipore filter in the anaerobic glovebox, and analyzed for As species,
Fe(II), total As, total dissolved Fe, DOC, and UV–visible absorbance and
fluorescence spectroscopy. Incubation experiments were conducted in
duplicate and results are reported as averages.

2.5. Statistical analyses

Software package SPSS (IBM, version 17) was used for statistical
analysis. Simple regression was made to establish relationships between
two parameters. Both Pearson correlation coefficients and p values were
given for correlation analysis. A p-value < 0.05 was considered as
significant. A two-tailed t test was used to compare the statistically
significant variability among samples.

3. Results

3.1. Variability in solutes of porewater and groundwater

Total dissolved solid (TDS) values of porewaters were mostly
around 2000mg/L, although porewaters from #9 in PW site had higher
TDS, up to 20,000mg/L at a depth of 2.5 m bls (Fig. 2). Generally,
porewaters from PW site were mostly of Na-HCO3 or Na-Cl types, while
those from DW site were mostly of Na-SO4 type (Fig. S3). Nitrate con-
centrations were mostly lower than 3.0 mg/L in PW site. Higher meq
ratios of SO4

2−/Cl− were observed in porewaters of DW site (mostly
around 2) than those of PW site (mostly 0.8–1.0). The difference in
water chemistry between two sites may be due to the relatively lower
redox potentials in PW site, which allowed the reduction of SO4

2−.
Details on variations in major components of porewater and ground-
water can be found in Supporting Information.

Relatively higher As concentrations were observed in porewaters of
PW site than those of DW site. At the depth around 9.5m, porewater
had As concentrations of 98.4 μg/L at #7 near PW site, and 1.5 μg/L at
#10 near DW site. In addition, As concentrations generally increased
with sampling depths (Fig. 2). In #7, As concentrations increased from
around 10 to about 100 μg/L with increasing depths from 0.5 to 9.5 m.
In #11, an increasing trend of As concentrations was also found from
1.2 to 47.3 μg/L. The increases in As concentrations with depth was
possibly the result of the decreases in redox potential. Although rela-
tively higher Fe concentrations were found in porewaters of PW site
than those of DW site, dissolved Fe concentrations were mostly lower
than 3.0mg/L.

Arsenic concentrations in PW groundwater (161–347 μg/L) were

much higher than those in DW groundwater (17.1–22.1 μg/L). Arsenic
(III) was the major As species in groundwater, which accounted for>
50% of total As. Similar to porewater, groundwater had higher Fe
concentrations in PW site than in DW site. In addition, higher As con-
centrations were observed in groundwater than porewater, possibly due
to the deeper sampling depths of groundwater.

PW groundwater had relatively higher DOC concentrations
(4.41–8.52mg/L) than DW groundwater (1.06–2.90mg/L). High DOC
concentration was also found in wetland water (up to 10.2mg/L),
which provided a potential organic pool for shallow groundwater.

3.2. Hydrogen and oxygen isotopes of water samples

DW porewaters were generally depleted in D and 18O (δD: −77.1‰
to −67.4‰; δ18O: −10.6‰ to −9.0‰) in relative to PW porewaters
(δD: −69.2‰ to −45.8‰; δ18O: −8.9‰ to −5.0‰). The wetland
water had higher δD and δ18O, with average δD of −42.3‰ and
average δ18O of −3.50‰, showing the strong influence of evaporation
with the D excess between −8.3‰ and −15.9‰. In both PW and DW
sites, groundwater had similar δD and δ18O to porewater (Fig. 3).
However, in PW site, both groundwater and porewaters were plotted
near the wetland waters in the diagram of δD versus δ18O (Fig. 3), in-
dicating the infiltration of the wetland water into shallow groundwater.

3.3. Sediment geochemistry

In PW site, fine sand, silty sand, silty clay and clay were observed in
all boreholes. Silty sand mainly occurred at depths between 2 and 3m
bls. Clay was mainly observed at depths between 2 and 6m bls, which
showed a decreasing trend in thickness toward the wetland and
changed in color from light brown to grey downward. Three fine sand
layers are present at shallow (0–2m), middle (3–3.5m), and deep
depths (9–10m) (Fig. 1c). In DW site, sum of clay layers was thinner
than that in PW site, although four clay layers were observed (Fig. 1d).
Three fine sand layers occur at depths between 0 and 2m, between 4
and 6m, between 7.5 and 9.0 m bls.

In PW site, sediment As ranged between 5.33 and 49.7mg/kg
(median 14.6 mg/kg; n= 384), which was positively correlated with Fe
(between 11.4 and 73.0 g/kg and a median of 28.4 g/kg) and Mn
(198–1490mg/kg with a median of 568mg/kg), with correlation
coefficients of 0.76 and 0.75 (p < 0.01; n=384), respectively. Higher
As contents were observed in clay layers in relative to fine sand layers
(Fig. S4).

In DW site, contents of As ranged between 0.76 and 40.4mg/kg
(median 14.7 mg/kg; n= 137), Fe between 9.56 and 66.8 g/kg (median
34.0 g/kg), and Mn between 228 and 1270mg/kg (median 612mg/kg),
which were identical to those in PW site. Positive correlations were also
observed between As and Fe (R=0.53; p < 0.05, n=137) and be-
tween As and Mn (R=0.57; p < 0.05, n=137).

Slightly higher SOC were observed in sediments from PW site than
those from DW site. In PW site, SOC ranged between 0.04 and 12.9 g/
kg. Although the highest SOC value was found in DW site (34.1 g/kg),
the median (2.33 g/kg; n=137) was relatively lower than that in PW
site (median 2.79 g/kg; n=384). In both PW and DW sites, clay gen-
erally had higher SOC contents than fine sand. Reflectance difference
between 530 and 520 nm of sediments was usually higher near land

Table 1
Physiochemical parameters of sediments for batch experiments.

Sample no. Site Lithology Depth (m) As (mg/
kg)

Fe (g/
kg)

Mn (mg/
kg)

SOC (g/
kg)

C1 (%) a C2 (%)a C3 (%)a C4 (%)a BIX a HIX a FI a SUVA254

L/(mg−1 m−1)a

DS DW Fine sand 7.5 16.8 16.5 374 5.8 29.2 34.5 23.5 12.8 0.7 4.57 1.57 6.71
PS PW Fine sand 9.5 20.9 12.9 268 3.7 20.7 21.5 23.2 34.6 0.9 1.23 1.58 4.65

a Measurements were made in WEOM of sediments.
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Fig. 2. Concentrations of As, TDS, HCO3
–, dissolved Fe, NO3

–, and SO4
2−/Cl− molar ratio in porewaters from PW site (#7, #8, and #9) and DW site (#10 and #11).

Relative contributions of C4 to total fluorescence obtained from the PARAFAC model are also shown for water-extractable organic matter (WEOM) in sediments from
boreholes #7, #8, #10 and #11.
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surface and lower in or near clay layers.

3.4. Spectroscopic properties of bulk OM in sediment extracts and
groundwater

Generally, EOM (including WEOM and SEOM) from representative
sediment samples had relatively higher BIX and lower HIX and SUVA254

values in PW sediment extracts in relative to DW sediment extracts
(Fig. 4a–h). The lower SUVA254 values showed lower aromaticity levels
of organic matter in PW sediments. Although FI values of SEOM in PW
sediment extracts were identical to those in DW sediment extracts
(Fig. 4g), WEOM in PW sediment extracts had slightly lower FI values
than in DW sediment extracts (Fig. 4c). Furthermore, in comparison
with WEOM (Fig. 4a and b), relatively lower BIX and higher HIX were
observed for SEOM (Fig. 4e and f). The results are similar to those of
previous studies, showing that WEOM is the soluble OM as the im-
mediate labile OM pool and SEOM is relatively refractory as a potential
recharge for microbially consumed soluble OM (Jones & Willett, 2006;
Huang et al., 2015).

In each site, groundwater samples had similar BIX, HIX, FI, and
SUVA254 values to WEOM samples (Fig. 4). In PW site, groundwater had
BIX between 0.77 and 0.84 (average 0.81) (Fig. 4i), which were iden-
tical to those of WEOM (0.72–0.93, with an average of 0.83) (Fig. 4a).
Medians of SUVA254 values in groundwater and WEOM were 2.31 and
1.91, respectively. Similar spectroscopic properties of groundwater
DOM to WEOM were also observed by Huang et al. (2015).

Slightly higher BIX values were observed in PW groundwater
(0.77–0.84) than in DW groundwater (0.73–0.78). However, DW
groundwater samples had higher HIX and SUVA254 values (4.34–6.61
and 4.34–6.05, respectively) in relative to PW groundwater samples
(2.26–3.72 and 1.83–3.29, respectively). PW groundwater had similar
HIX and SUVA254 to the wetland water (Fig. 4j & l), while BIX values of
the wetland water were slightly higher than those of PW groundwater.

3.5. PARAFAC model components

Four components (C1, C2, C3, and C4) were identified in WEOM,
SEOM and groundwater by the PARAFAC model. Generally, C2 was
predominated in WEOM (median 31.2%) followed by C1, C4 and C3,
while C1 was the highest in SEOM (median 37.1%) followed by C2, C4
and C3. In both WEOM and SEOM, relative contributions of C3 and C4

to total fluorescence (expressed as %) were higher in PW sediment
extracts than those in DW sediment extracts (Table S2). WEOM of PW
sediment extracts had C4 range between 11.0% and 43.2% (median
28.8%), which are generally greater than those in DW sediment extracts
(5.7% to 30.9%; median 21.1%). Higher C4 were also observed in
SEOM of PW sediment extracts (9.4–45.7%; median 22.6%) relative to
DW sediment extracts (3.3–28.9%; median 21.3%). However, in both
WEOM and SEOM, relative contributions of C1 and C2 were higher in
DW sediment extracts than those in PW sediment extracts (Table S2).

Protein:humic and microb:terr ratios of sediment extracts are shown
in Fig. 5a and b and Table S2. Generally, PW sediment extracts had
higher protein/humic ratios and microbial/terrestrial ratios relative to
DW sediment extracts. Microb:terr ratios of PW sediment WEOM
ranged between 0.56 and 1.61 with a median of 0.92, while DW sedi-
ment WEOM between 0.55 and 0.92 (median 0.66). Systematically,
WEOM had higher microb:terr and protein:humic ratios than SEOM,
showing that WEOM were featured by more microbe-associated OM.
Microb:terr ratios of PW sediment SEOM had the range between 0.49
and 1.54 (median 0.83), which are generally higher than those in DW
sediment SEOM (0.42–0.87; median 0.60). In addition, protein:humic
ratios were positively correlated with microb:terr ratios in both WEOM
(R=0.94) and SEOM (R=0.95) (p < 0.01) (Fig. 5a and b).

Generally, groundwater samples had the highest C2 (34.2–44.7%),
followed by C3, C1 and C4, showing the predominance of humic-like
components impacted by agriculture. Higher relative contents of C4
and C3 and lower relative contents of C1 were observed in PW
groundwater in relative to DW groundwater. Accordingly, PW
groundwater showed higher microb:terr and protein:humic ratios
(0.63–0.73 and 0.12–0.15, respectively) than DW groundwater
(0.38–0.57 and 0.08–0.09, respectively) (Fig. 5c). In addition, the
wetland water had higher C4 and lower C3 in relative to groundwater
in the PW site, while C1 and C2 were identical to those of PW
groundwater. Microb:terr ratios of the wetland water were similar to
those of PW groundwater, while the wetland water had slightly higher
protein:humic ratios than PW groundwater (Fig. 5c).

3.6. Variations in dissolved As and organic matter properties during
incubation

Two representative fine sands selected for incubation experiments
had similar contents of total As, Fe, Mn, and SOC, but their spectro-
scopic indices and PARAFAC model components representing organic
matter properties were different (Table 1). The relative contribution of
C4 to total fluorescence (expressed as %) was higher in PS than in DS,
while DS had higher relative contents of C1 and C2 (Table 1), showing
more bioreactive OM pool in PS than DS.

Although total As contents were similar in PS and DS, more As was
released from PS than DS during incubation (Fig. 6a). For PS, the ki-
netic rate of As release was fast (0.88 μg/kg⋅h) during the whole ex-
periment. At the end of incubation, As concentration increased to
452 μg/L, which is much higher than that in DS batches (159 μg/L). In
contrast, concentrations of DOC generally showed decreasing trends in
both PS and DS batches. More organic matter was degraded in PS
batches with DOC decreasing from 12.0 to 1.5mg/L than that in DS
batches with DOC decreasing from 15.0 to 6.6mg/L, which led to more
As release in PS batches.

In addition, more As release from PS would be related to organic
matter properties, which had higher relative contents of C4. During
incubation, C4 decreased from 12% to 6.9% in PS batches, which is
more evident than DS batches (from 7.5% to 5.8%) (Fig. 6b). It in-
dicates that As release would be associated with decreases in C4, which
had higher bioreactivity. In abiotic controls, both As and relative con-
tents of C4 kept relatively constant, which were around 8.5 μg/L and
8.5% in DS batches and 45 μg/L and 16% in PS batches, respectively
(Fig. 6). Relative contents of refractory organic matter (C1 and C2
components) slightly increased (Fig. 7).

Fig. 3. δD versus δ18O of porewater, groundwater, surface water and rainwater
samples in the study area (LMWL-local meteoric water line and Yellow river
water line are sourced from Yang et al. (2009) and Yuan et al. (2006), re-
spectively). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 4. Box-Whisker plots of spectroscopic indices (including BIX, HIX, FI and SUVA254) of water-extractable organic matter (WEOM) ((a)–(d)) and salt-extractable
organic matter (SEOM) of sediments ((e)–(h)), and groundwater (GW) from PW and DW sites and the wetland water (SW) ((i)–(l)).

Fig. 5. Protein:humic ratios versus microbial:terristerial ratios of WEOM (a) and SEOM (b) in sediments, and groundwater (GW) from PW and DW sites and wetland
water (SW) (c).
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Concentrations of Fe and Mn generally increased during PS in-
cubation, which showed different trends from DS incubation (Figs. 6c
and S5). Dissolved Fe concentrations first increased and then decreased
in PS batches, while they gently increased in DS batches. In addition, Fe
(II) concentrations were similar to total dissolved Fe. Generally, more
Mn was released from DS batches than PS batches (166 μg/L vs. 48 μg/L
at the end of experiments). In abiotic batches, both dissolved Fe and Mn
kept relatively constant, which were around 280 μg/L and 65 μg/L from
DS batches and 340 μg/L and 13 μg/L from PS batches, respectively.

Solution pH kept relatively stable during incubation, which was
between 7.5 and 7.9 in DS batches (median 7.6) and between 8.2 and
8.5 in PS batches (median 8.3).

4. Discussion

4.1. Effect of wetland water on groundwater DOM

Infiltration of surface water (wetland water) introduced organic
matter into shallow groundwater from the PW site, which had relatively
higher contents of bioavailable OM. The wetland water generally had
higher BIX, protein:humic ratio, microb:terr ratio, and lower HIX in
comparison with groundwater (Figs. 4 and 5). The higher BIX and lower
HIX values indicate that the wetland water had more autochthonous
components such as algae and bacteria (Huguet et al., 2009), although
FI values indicate the mixed contribution from microbially-derived and
terrestrially-derived DOM components. The EEMs of wetland water
samples with a peak in the protein-like fluorescence near excitation/
emission of 258/334 nm also supported the microbial DOM source
(Kulkarni et al., 2017). In addition, relatively higher protein:humic and

microb:terr ratios provided the further evidence of the microbial DOM
source. The combined spectroscopic properties jointly showed higher
contributions of protein-like components and microbially-derived
components in the wetland water, which was believed to be more
bioreactive (Huang et al., 2015; Mladenov et al., 2010, 2015). Other
studies also observed labile/bioreactive DOM in surface water
(Mladenov et al., 2010) and pond water (Neumann et al., 2010) in high
As groundwater-affected areas in Bangladesh.

Isotopic characteristics showed influence of the wetland water on
porewater and shallow groundwater in PW site (Fig. 3). Hydrogen and
oxygen isotopes of porewater nearest the wetland were similar to those
of the wetland water, indicating the recharge of wetland water into
porewater. Although more depleted D and 18O were observed in other
porewater and groundwater samples in PW site, they were the result of
mixing of wetland water, groundwater and precipitation. The recharge
of wetland water into PW shallow groundwater was also supported by
the higher levels of the wetland water than the shallow groundwater
levels (Fig. S6).

The recharge from the wetland water not only inherited isotopic
signature, but also carried the bioreactive organic matter into the
shallow groundwater of the PW site. Neumann et al. (2010) found that
recharge of pond water took the labile organic matter into shallow
aquifers, which increased concentrations of biologically degradable
organic carbon in porewater beneath ponds. Downward migration of
young organic matter was also expected to occur in shallow As-affected
groundwater in Bangladesh (Harvey et al., 2002; Mailloux et al., 2013)
and Cambodia (Lawson et al., 2016; Richards et al., 2018). In West
Bengal where groundwater was extensively pumped, pond-derived or-
ganic matter was transported into shallow groundwater vertically

Fig. 6. Variations in As concentrations (a), relative contents of C4 components (b), and Fe concentrations (c) in suspensions of PS and DS during anoxic incubations.

Fig. 7. Relative contents of C1, C2, and C3 components in suspensions of PS (a) and DS (b) during incubation.
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(Farooq et al., 2012; Lawson et al., 2013; Majumder et al., 2016).

4.2. Association of DOM with WEOM

Linkage between WEOM and groundwater DOM was evidenced in
the study area. Although spectroscopic properties of WEOM were dif-
ferent from SEOM, similar spectroscopic indices were observed between
WEOM and groundwater DOM in both PW and DW sites (Fig. 4). WEOM
and groundwater DOM had relatively higher BIX and FI values in re-
lative to SEOM. FI values in both WEOM and groundwater DOM were
around 1.6, showing the mixed contribution from microbially-derived
and terrestrially-derived DOM components (Cory & McKnight, 2005).
The higher BIX values of WEOM and groundwater DOM also supported
more autochthonous components (Huguet et al., 2009).

Spectroscopic fingerprint traced groundwater DOM to WEOM pool
in sediments, indicating the source of groundwater DOM from sedi-
ments in both PW and DW sites. Previous studies in high As ground-
water-affected areas also indicate that groundwater DOM was sourced
from aquifer sediments. Sengupta et al. (2008) concluded that compo-
nents of high As groundwater were not introduced from pondwater,
implying that groundwater DOM was geogenically sourced from aquifer
sediments in West Bengal. Ghosh et al. (2015) showed that SOM was
potentially available to indigenous heterotrophic microbes in grey sand
aquifers from Bengal Delta Plain. McArthur et al. (2004) observed that
SOM in peat contributed to labile DOM in high As groundwater. In
Vietnam, Postma et al. (2012) indicated that labile DOM contributing to
As mobilization originated from young sediments. Soluble OM was
believed to seep from sediment layers into the adjacent aquifer in Van
Phuc, Vietnam (Eiche et al., 2017). It is also consistent with results of
laboratory incubations, showing that SOM added substantially to labile
pool of groundwater DOM (Neumann et al., 2014).

Although the possibility that large-sized OM may not pass through
the sediment matrix into groundwater cannot be ruled out, the rela-
tively lower protein:humic and microb:terr ratios of groundwater DOM
than WEOM in both PW and DW sites (Fig. 5) indicate that protein-like
components and microbially derived DOM components would be pre-
dominantly degraded during dispersion of WEOM from sediments into
groundwater. This was evidenced by results of our incubation experi-
ments.

4.3. Roles of labile organic matter in As mobilization

In relative to DW site, WEOM and groundwater DOM from PW site,
having relatively higher BIX, higher protein:humic and microb:terr
ratios (Figs. 4 and 5), showed higher bioreactivity, which corresponded
to higher As concentrations in both porewater and groundwater. It in-
dicates that dissolved As concentrations were dependent on bior-
eactivity of organic matter in both aqueous phase and water extractable
pool in sediments.

Due to the limited volume of porewater, no porewater samples were
measured for spectroscopic properties. Herein, comparison between
porewater As and spectroscopic indices of WEOM at matched depths
was made for both PW and DW sites. Porewater As concentrations were
positively correlated with microb:terr ratios and protein:humic ratios of
sediment WEOM with correlation coefficients of 0.86 and 0.81, re-
spectively (p < 0.01) (Fig. 8). The labile organic matter with high
microb:terr and protein:humic ratios drove reductive dissolution of Fe
(III) oxides (Neidhardt et al., 2014), and subsequently mobilized the
adsorbed As (Stuckey et al., 2015). The weak correlation between
porewater As concentrations and Fe concentrations would result from
siderite precipitation in porewater being oversaturated with respect to
siderite. PHREEQC calculation showed that the median of SIsiderite was
0.66 in the studied porewater, with the range between −1.6 and 1.7.
Due to the limited adsorption of As on siderite under anoxic conditions
(Guo et al., 2013b), more As was released from Fe(III) oxide reduction
than that scavenged by siderite precipitation, which led to high As

concentrations (Guo et al., 2013a).
Roles of sediment-derived labile organic matter in As mobilization

was also evidenced by incubation experiments. Anaerobic incubations
of the PS sediment, with higher BIX, higher microb:terr and pro-
tein:humic ratios in WEOM, released more As, which is consistent with
more consumption of protein-like components and/or microbially de-
rived DOM components by indigenous bacteria (Fig. 6), due to their
high bioreactivity (Kulkarni et al., 2017; Huang et al., 2015). Previous
studies showed that those indigenous bacteria included Fe(III) oxide
reducers (Li et al., 2017b, 2014). Variations in DOC concentrations
during incubation also illustrated that more organic matter was de-
graded in PS batches (from 12.0 to 1.5mg/L) than DS batches (from
15.0 to 6.6 mg/L). Biodegradation of protein-like components and mi-
crobially derived components led to reductive dissolution of Fe(III)
oxides and therefore As mobilization.

In PS batches, higher As concentrations were associated with higher
dissolved Fe concentrations (Fig. 6a and c). Although dissolved Fe(II)
concentrations decreased after 300 h incubation in PS batches, it may
result from siderite precipitation (SIsiderite > 0.4). As discussed above,
siderite precipitation cannot decrease concentrations of As released
from reductive dissolution of Fe(III) oxides.

After biodegradation, relative contents of bioreactive organic matter
(C4 component) decreased (Fig. 6b). This is consistent with the ob-
servation that the bioreactivity of SOM decreased after buried and de-
graded (Postma et al., 2012; Katsev and Crowe, 2015). This decrease in
organic matter bioreactivity would decrease kinetics of Fe oxide re-
duction, and slow down groundwater As enrichment (Postma et al.,
2016). Therefore, bioreactive organic matter, as carbon source and
electron donor, played an important role in As mobilization via re-
ductive dissolution of Fe oxides, although we cannot rule out com-
plexation and electron shuttling of humic-like organic matter in in-
creasing As mobility from aquifer sediments (Mladenov et al., 2010,
2015; Kulkarni et al., 2017).

In addition to WEOM from sediments, the wetland water with re-
latively higher bioreactivity, recharging shallow groundwater in the
PW site due to the higher levels of the wetland water than groundwater
levels (Fig. S6), was another possible cause of higher BIX, higher mi-
crob:terr and protein:humic ratios of groundwater DOM in PW than
those of groundwater DOM in DW. As discussed in the Section 4.1, the
heavier O and H isotopes of porewater and groundwater in the PW site
also supported the recharge of the wetland water into shallow aquifer.
It indicates that recharge of more bioreactive OM from the wetland
water would lead to relatively higher contributions of protein-like
components and microbially derived DOM components to shallow
groundwater, and therefore fuel As mobility (Stuckey et al., 2015).

4.4. Environmental implications

Our investigation demonstrates that bioreactive organic matter was
originated from both surface water (wetland water) and sedimentary
matrix near the wetland, which fueled microbial reactions and led to As
mobilization. Surface water generally contained relatively higher con-
tents of bioavailable organic matter (Huang et al., 2015; Mladenov
et al., 2010, 2015). The downward migration of this component in-
creased the bioreactivity of organic matter in the aquifers to the in-
digenous microbial community (Farooq et al., 2010). This downward
migration was accelerated by groundwater pumping (Lawson et al.,
2013; Burgess et al., 2010), due to the increase in the hydraulic gra-
dients between surface water and groundwater. The hydraulic gradients
increased from 0.5% to 1% from April to August due to summer irri-
gation near the PW site (Zhang et al., 2018). This was one of the reasons
that high As groundwater occurred near the wetland in the distal al-
luvial fans of the Hetao Basin, where many wells were used for agri-
cultural irrigation (Guo et al., 2016b).

In addition, WEOM in PW sediments had high bioreactivity to mi-
crobial metabolism. Although we had no dating data, the sediments
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near natural wetlands were possibly relatively young due to the higher
sedimentation rates (Li, 2006). Bioreactive WEOM can be released into
groundwater by any physical and chemical disturbances. Neumann
et al. (2014) demonstrated that perturbations to the aquifer sediments
can mobilize labile SOM to indigenous bacteria, including variations of
groundwater flow patterns by extracting groundwater (van Geen et al.,
2013) and alternations of chemical conditions (Mikutta et al., 2006).

As long as bioreactive organic matter was introduced into ground-
water either from surface water or from sediment matrix, the organic
matter (especially protein-like components and microbially-derived
components) was preferentially utilized by microbial respiration. This
is consistent with radiocarbon data from other high As groundwater
systems in Cambodia, Bangladesh, and West Bengal (Mailloux et al.,
2013; Lawson et al., 2013, 2016), showing a mixture of surface-derived
OM and SOM in high As groundwater.

Relatively lower bioreactivity of organic matter was observed in
areas with no wetlands, which was associated with the absence of
surface water and lower contents of labile SOM (Figs. 4 and 5). Al-
though incubation of DS sediment released As into solutions, which
again indicated that perturbations exposed labile organic matter to
indigenous microbial community (Neumann et al., 2014), groundwater
As were relatively low in the DW site. These low As concentrations were
not only related to low contents of labile SOM, but also due to the
limited mobilization of stabilized SOM.

5. Conclusion

High As concentrations were usually observed in shallow ground-
water and porewater near the permanent wetland (PW), while dis-
solved As concentrations were normally low near the dried wetland
(DW). Contents of sedimentary Fe and Mn in PW were identical to those
in DW, although slightly higher contents of SOC were observed than
those from DW. Generally, EOM (including WEOM and SEOM) had
relatively higher BIX and lower HIX values in PW sediment extracts in
relative to DW sediment extracts, indicating that PW sediments had
more bioavailable organic matter. This observation is also supported by
results of PARAFAC model, showing that PW sediment extracts had
higher protein/humic ratios and microbial/terrestrial ratios. Similar
water stable isotopes between wetland water and shallow groundwater
and higher water levels of wetland than shallow groundwater indicated
the recharge of wetland water into shallow groundwater. Being re-
charged from wetland water, PW groundwater showed higher BIX va-
lues, protein/humic ratios, and microbial/terrestrial ratios than DW
groundwater, indicating higher bioreactivity of DOM in PW ground-
water. Therefore, higher bioreactivity of organic matter (mainly pro-
tein-like and microbial components) in both groundwater and water
extractable pool in sediments resulted in higher dissolved As

concentrations. Incubation experiments, showing that more As was
released from the PW sediment along with the greater decrease in re-
lative contents of protein-like component (C4) in relative to the DW
sediment, also proved that the bioreactive organic matter, as carbon
source and electron donor, played an important role in As mobilization
via reductive dissolution of Fe oxides. Accordingly, both the downward
migration of bioreactive surface DOM and destabilization of biode-
gradable SOM would enhance As mobility in shallow aquifer sediments.
Dependence of groundwater As distribution on bioreactivity of organic
matter is important to develop processes-based models for accurately
predicting spatiotemporal variations of groundwater As at a local scale.
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