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The potential release capacity of arsenic (As) from sediment was evaluated under a high level of exog-
enous organic matter (EOM) with both bioreactive and chemically reactive organic matters (OMs). The
OMs were characterized by FI, HIX, BIX, and SUVA;,s4 fluorescence indices showing the biological ac-
tivities were kept at a high level during the experimental period. At the genus level, Fe/Mn/As-reducing
bacteria (Geobacter, Pseudomonas, Bacillus, and Clostridium) and bacteria (Paenibacillus, Acidovorax,
Delftia, and Sphingomonas) that can participate in metabolic transformation using EOM were identified.
The reducing condition occurs which promoted As, Fe, and Mn releases at very high concentrations of
OM. However, As release increased during the first 15—20 days, followed by a decline contributed by
secondary iron precipitation. The degree of As release may be limited by the reactivity of Fe (hydro)
oxides. The EOM infiltration enhances As and Mn releases in aqueous conditions causing the risk of
groundwater pollution, which could occur in specific sites such as landfills, petrochemical sites, and
managed aquifer recharge projects.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
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1. Introduction

High arsenic (As) groundwater is considered an important and
difficult issue in the field of hydrogeology and environmental ge-
ology due to its toxicity and widespread distribution globally [1—3].
A notable feature of groundwater with high levels of As is its high
degree of inhomogeneity, with As concentrations ranging from
drinking water standards to hundreds of pg L~! in different wells
located only a few meters apart in the same village [4—7]. Re-
searchers have offered various explanations for such huge differ-
ences in As concentration distribution but still do not fully
understand this phenomenon. For example, the reactivities of
Fe—Mn oxides/hydroxides and organic matters [8,9], the source of
groundwater recharge [10—12], microbial processes [13—16],
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groundwater major components [17—19] and groundwater flow
rates [20] are all important factors affecting As spatial distribution.
The most important factor is its significant redox sensitivity, and
any change in redox conditions may cause changes in its concen-
tration [16,21]. This causes problems in the explanation of its
enrichment as well as potential anthropogenic impacts on its
deteriorating contamination.

Arsenic undergoes dynamic biogeochemical processes such as
desorption, reduction, complexation, and co-precipitation [22].
These processes are usually controlled by the interaction between
Fe (hydro)oxides and organic matters (OMs), especially dissolved
organic matter (DOM) [23,24]. The OM can bind to metals through
strong adsorption, ion exchange, competition, and chelation [25],
resulting in the transformation and mobilization of As from the
sediments into the water. OM can be used as a catalyst for mobi-
lizing As via metal chelation under anaerobic conditions [26]. The
OM not only serves as a substrate for microbial metabolism but also
as an electron acceptor and donor or an electron shuttle to promote
the transport and transformation of As [27,28]. As can also react
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with carboxyl/phenol groups in DOC to form ternary complexes
with Fe and As. The mobility of As is regulated by free (uncom-
plexed) dissolved As, As—Fe-DOM colloids, and dissolved com-
plexes [29].

The reductive dissolution of As-bound Fe—Mn oxides/hydrox-
ides is thought to be the most important reason for groundwater As
contamination worldwide [30]. Iron reduction and the associated
release of As are attributed to the microbial dissimilatory reduction
processes [11,31—34]. As a heterotrophic process, it must be com-
bined with the oxidation of an energy source, most commonly OM.
DOM is a mixture of polyphasic organic molecules commonly found
in aquatic ecosystems [35], which is divided into refractory DOM,
such as humic acid (HA) and xanthate acid, and labile DOM, such as
organic acids, amino acids, aliphatic/proteins, and carbohydrates
[36,37]. Studies have shown that both kinds of OM work on
reducing Fe and the related As release [38—40]. The simple organic
groups are frequently biologically reactive, while refractory DOMs
like HA are chemically reactive [32,38,41]. The bioreactive OM en-
hances the microbial reactivity and provides electrons to reduce the
redox potential of groundwater [42,43], thereby promoting the
reductive dissolution of Fe oxide minerals [44,45]. The HA is found
to work as the electron shuttle to enhance the microbial reduction
process, escalating the Fe reduction and As release [46—48].
Moreover, the characteristic of OMs impact the redox conditions of
groundwater further, leading to the unpredictable release of redox-
sensitive As.

Furthermore, the intensive studies on the natural release of
groundwater As from aquifer sediments, and recent studies have
highlighted the importance of anthropogenic activities on
groundwater As mobilization. The change in groundwater redox
conditions is always the reason for this mobilization case. The
infiltration of OM, redox-sensitive components, as well as the
variation of groundwater table and flow conditions all contribute to
the redox condition changes [16,21,49,50]. A study from the Coak-
ley Superfund Site (NH) has shown the microbial decomposition of
benzene and other organics from landfill leachate that leads to
landfill-stimulated Fe reduction and As release [51]. The in situ
injection of molasses nitrate shows that organic carbon or its
degradation products may quickly mobilize As, and the oxidants
may lower As concentrations [11]. Groundwater recharge from
ponds carries the degradable organic carbon into the shallow
aquifer, and the groundwater flow drawn by irrigation pumping
transports pond water to a depth where dissolved As concentra-
tions are greatest [52,53]. With the occurrence of As-bearing
Fe—Mn oxides/hydroxides in sediment, the potential of As release
mostly depends on the reactivity of OM, which could be sediment
oriented, recharged by groundwater, or input of anthropogenic
activities. Due to the prevalence of As-bearing Fe—Mn oxides/hy-
droxides in sediment [20,54], human-oriented OM could be an
important stimulus causing groundwater As contamination.

We collected As-bearing sediments from field aquifers for
microculture experiments and selected small molecular organic
matters that microorganisms could easily use to ensure high mi-
crobial reactivity. The experiments were set at a relatively high
organic matter concentration with both bioreactive simple organic
groups and chemically reactive refractory OM, simulating the
maximum limit of As release under anthropogenic activities.
Furthermore, it allows for evaluating the risk of As release under
extreme conditions of high dose organic carbon penetration, which
has significance for the management and control of environmental
risks caused by the leakage and infiltration of surface-derived
exogenous organic matter (EOM) like landfill leachate and petro-
leum pollutants.
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2. Materials and methods
2.1. Field sample collection and characterization test

The sediment samples were collected in the eastern part of the
Jianghan Plain, belonging to the Quaternary Holocene (Qg4) stratum.
The subsurface pressurized water around the sampling site has a
closer hydraulic connection with the Yangtze River. It is influenced
by the changes in the rise and fall of the Yangtze River water. As
(0.75 + 0.04—42.07 + 1.01 pg L™}, avg. 20.25 ng L', n = 3) and Mn
(093 +£0.13—224.45 +2.70 pug L avg. 84.78 ug L \n= 3) were at
high concentrations in the background groundwater samples
collected. The sediment taken from the high-As aquifer 20 m below
the land surface is primarily gray-black fine to silty sand. The
sediment at local depths emits a pungent sulfur odor. Therefore, the
aquifer sediments in this area were selected for the subsequent
experimental study.

The samples were wrapped with plastic film and aluminum foil
immediately after collection, sealed and stored away from light,
and brought back to the laboratory. To avoid the changes in the
morphology of As and Fe in sediments, continuous extraction ex-
periments were carried out with fresh sediment samples. To ensure
that the materials used in every system were consistent, the
collected sediments were air-dried at room temperature (25 °C)
and homogenized through 100 mesh screens. Soil organic matter
was quantitatively analyzed using the K,Cr,07 heating method, and
the content of the organic matter was 26.1 + 0.3 g kg~ . The air-
dried sediment samples were freeze-dried and ground (200
mesh) for elemental composition analysis. The hand-held portable
XRF instrument (SciAps X-50, USA) was used to determine the
sediment mineral composition before and after the experiment, as
shown in Tables S1 and S5. Tessier sequential extraction [55] was
used to determine different As, Fe, and Mn species in the sediment,
the details of which are shown in Tables S2 and S3.

2.2. Microcosm setup

Anaerobic microenvironment incubation was repeated in a
100 mL conical flask (containing 7.5 g sediment and 75 mL deox-
ygenated artificial groundwater) and incubated at 20 °C in a N
atmosphere in darkness. Sediment samples with higher As content
were selected for the microscopic setting. In this study, two
different small molecules of DOM (glucose and sodium lactate) and
HA representing intractable DOM were tested. All reagents used in
the experiment are analytical-grade chemical reagents. The
chemical composition of artificial water was similar to that of local
groundwater, 0.4 mM CaCly, 0.4 mM K3S04, and 3 mM NaHCOs. The
artificial groundwater was sterilized and prepared by autoclaving at
121 °C for 25 min [56]. Table 1 revealed the concentration of
glucose, sodium lactate, and HA in different experimental groups.
Samples were taken regularly at 1, 3, 6, 10, 15, 20, 30, and 60 d time
points. At each sampling site, two treatment vials were destruc-
tively sampled in the glove box for further geochemical and mi-
crobial community analysis.

2.3. Geochemical analysis

Various hydrochemical parameters of each leachate sample
were determined, including pH, redox potential (ORP), Fe(II), Fe,
Mn, As, anions, and DOC concentrations. pH and ORP were deter-
mined immediately after sample collection using an FE-28 standard
pH meter (Mettler-Toledo, Greifensee, Switzerland). Fe(Il) was
tested using a UV-—visible spectrophotometer (HACH DR6000,
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Table 1
The setting of experimental groups.
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Experimental group

Organic matter type and concentration setting

Experimental solution

No carbon source addition
Glucose (500 mg L)

Sodium lactate (500 mg L")

CRT T oI

Na* (69 mgL'), K* (8 mg L"), Ca®* (16 mg L), HCO3
(183 mgL"),Cl- (28 mg L"), SO~ (10 mg L")

Glucose (500 mg L~!) + Humic acid (250 mg L)
Glucose (500 mg L~') + Humic acid (500 mg L)

Sodium lactate (500 mg L") + Humic acid (500 mg L)

USA). All samples were filtered via a 0.45 pum filter membrane,
placed in three 10 mL plastic centrifugal tubes and a 10 mL glass
bottle, and stored in the refrigerator at 4 °C. One sample used to test
the contents of As, Fe, and Mn was added to 1:1 HNO3 to make the
pH less than 2. One sample was added to a 0.125 M EDTA solution to
determine As(Ill) and As(V), and another was used to test for an-
ions. DOC samples were collected in 10 mL amber bottles and
acidified to pH < 2 using H3PO4.

An inductively coupled plasma atomic emission spectrometer
(ICP-AES, ICAP6300, Thermo) was used to analyze a 10 mL extrac-
tion solution to determine the Fe and Mn contents of each sample.
The detection limits and precision were 10 pg L~! and 2%. After
filtration, the total As concentration was determined by inductively
coupled plasma mass spectrometry (7900 ICP-MS). The detection
limit and precision of total As by ICP-MS were 0.01 pg L' and 2.8%.
The main anions (Cl-, SO7~) were determined via ion chromatog-
raphy (ICS 2000, Dionex) with an analytical precision of 3%. DOC
concentration was measured using a total organic carbon analyzer
(TOC-L, Shimadzu, Japan).

The content of As species (primarily As(Ill) and As(V)) was
determined by a high-performance liquid chromatography-hydride
generation atomic fluorescence spectrometer (HPLC-HG-AFS). The
As(Ill) and As(V) were separated by chromatographic columns,
which included chromatographic columns (11.2 mm, 12—20 pm)
and PRP-X100 anion exchange columns (10 pum, 250 x 4.1 mm). The
mobile phase was prepared using 20 mM NaH,PO4 and 3.5 mM
NayHPOy at a flow rate of 1.0 mL min~ L The retention time of the As
species in the sample was compared to that of the standard sub-
stance (GBW08666-GBW08667). The concentration was calculated
via the peak area. The detection limit and precision were 0.1 pg L™
and greater than 8%.

The glassware used in the experiment was soaked in 10% HNO3
for 4 h, rinsed three times with ultra-pure water, and then dried for
4 h at 180 °C. The experimental water used was ultrapure water
(Milli-Q, Millipore, >18.2 MQ cm). To ensure data quality, each
experiment was conducted using 2—3 analytical tests on samples
obtained at each time point. The standard deviation of all analysis
methods is within 5%.

2.4. Spectral feature measurement of DOM

Three-dimensional excitation-emission matrix (3D EEM) fluo-
rescence measurement was performed by luminescence spec-
trometry (F-7000, Hitachi, Japan). The scanning ranges were
200—-550 nm for excitation and 280—550 nm for emission. Fluo-
rescence data were collected every 5 nm at the excitation wave-
length and every 5 nm at the emission wavelength. The scanning
rate was 2400 nm min ", the slit width was 5 nm, and the voltage
amplification was 700 V. To eliminate the Raman scattering peak,
each sample subtracts a blank spectrum of ultra-pure water to
obtain an average of three spectra, which are recorded under the
same conditions.

Three fluorescence indices were calculated: the fluorescence
index (FI) is the ratio of emission intensity at 450—500 nm after a

Aex 370 nm excitation, providing a metric for differentiating
terrestrial and microbial DOM [57,58]. Another index, the biological
index (BIX), is calculated from the ratio of the emission intensity of
Aem 380 nm to Agy 430 nm wavelengths using a fixed excitation of
Aex 310 nm [59]. Furthermore, the sum of the emission scans at
435—480 nm were divided by the sum of the emission scans at
300—345 nm and at 254 nm excitation to determine the humifi-
cation index (HIX) [60]. The ratio of UV absorbance to DOC con-
centration at 254 nm (SUVA;54) is widely used to reflect the relative
content of aromatic structures in DOM [61].

In transmission mode, the functional groups of organic matter in
the solution were tested using a Fourier infrared transform spec-
trometer (Tensor II). It has a spectrum range of 4000 to 400 cm™!

with 16 scanning times and a resolution of 4 cm™".

2.5. High-throughput sequencing and statistical analysis

The PCR products were amplified and sequenced using the
universal 16S rRNA gene primers 338F (5-ACTCCTACGGGAGG-
CAGCAG-3’) and 806R (5'-GGACTACHVGGGTWTCTAAT-3’) [62,63].
The products were purified via agarose gel electrophoresis and
quantified by QuantiFluor™-ST using Pico Green, and the PCR
products of equimolar concentration of each sample were collected.
The collected products were sequenced on an Illumina Miseq
platform at Shanghai Majorbio Bio-pharm Technology Co., Ltd.
Operational classification units (OTU) were defined as a unit with a
97% similarity level [64]. On a 97% sequence consistency, the Use
arch was used to cluster the most abundant sequences [65]. A
Bayesian classifier was used to classify representative sequences
[66], and then representative sequences were assigned according to
the Silva database [67,68] to obtain the classification information of
the bacterial communities. Bacteria are classified according to
phylum, class, order, family, and genus.

The relative abundance of different samples can be obtained
using the community distribution map of species cladogram, and
the relative abundance of different genera in different sample
classifications can be compared. Canonical correspondence analysis
(CCA)/Redundancy analysis (RDA) was used to explore the rela-
tionship among environmental factors, samples, and microbial
communities.

CCA/RDA and heatmap plots were obtained by R (version 3.6.2)
using vegan and ggplot2 packages. The community distribution
map of the species cladogram was made using Graphlan (https://
github.com/biobakery/graphlan).

3. Results

3.1. Characteristics of microenvironmental changes associated with
As release

With the addition of OM, As, Fe, and Mn were significantly
released from the sediment. In general, As, Fe, and Mn concentra-
tions increased first and then decreased during the experiment
(Fig. 1). The As(IIl) was the dominant As species as its variation was
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Fig. 1. Variation of As (a), As(IIl) (b), As(V) (c), Fe (d), Fe(II) (e), and Mn (f) in solution with sediment stimulated by organic matter. Samples with As(V) or As(IlI) below the detection
limit of 0.25 pg L~! were plotted as half of the detection limit (0.125 pg L~') to make the comparison. The error bar is the standard deviation (n = 4).

consistent with total As (Fig. 1a, b, and S1). The concentration of
As(V) was almost lower than the detection limit (Fig. 1¢). The trend
of Fe(Il) was consistent with the total amount of Fe (Fig. 1d and e),
and the variation of Mn was similar to Fe (Fig. 1f). In this experi-
ment, As, Fe, and Mn concentrations in each experimental group
reached a maximum value in 10—15 days. The results showed sig-
nificant differences in the biological reduction of Fe(Ill) and As(V) in
experimental groups with different small molecular weight or-
ganics and different concentrations of HA. The maximum Fe(II)
levels of 0.8 (250 mg L~ HA) and 1.2 times (500 mg L~ ! HA) and the
maximum As(IIl) levels of 1.8 and 2.1 times were detected in the HA
groups compared with the glucose alone group. HA has a more
apparent promoting effect on As mobilization, and the effect of high
HA concentration on Fe and As mobilization is more significant.
Compared with the experimental group with sodium lactate alone,
the effect of HA on Fe release was more apparent. The experimental
group supplemented with sodium lactate alone showed the same
trend of As release compared with the experimental group sup-
plemented with sodium lactate and HA simultaneously; however,
the difference in the amount of As release was not significant.
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—o— No carbon source addition
Glucose (500)
Glucose (500) + HA (250)

Fig. 2. The change of pH value (a) and ORP (b) with time. The error bar is the standard
deviation (n = 4).

In Fig. 2a, except for the experimental group without exogenous
OM, the pH value of the suspension in other experimental groups
remained relatively stable (glucose: 7.0—7.5, sodium lactate:
7.5—8.0). At the beginning of the experiment, the pH value fluctu-
ated in a small range, and at the end, the pH value increased slightly
compared with the initial value. It was found that the ORP value of
the experimental group without adding OM was positive
(50—100 mV) from day 1—20 and negative (—150 to —100 mV) from
day 20—30 (Fig. 2b), indicating that the occurrence of transition
from an aerobic environment to an anaerobic environment. In the
other groups, the ORP values decreased significantly at the begin-
ning of the experiment and gradually remained at negative values
around —400 to —300 mV.

The Tessier five-step sequential extraction method was applied
to extract different As forms, including exchangeable As (E-As),
carbonate As (C-As), Fe/Mn oxide combined As (Fe/Mn-As), organic
combined As (O-As), and residual As (Res-As) (Fig. 3a).

The E-As is the As adsorbed in soil, humus, and other compo-
nents by diffusion and outer complexation. It is sensitive to envi-
ronmental changes and easy to migrate and transform. The
exchangeable state can be extracted from sediment samples by ion
exchange. The proportion of E-As in sediment is 1.78%, which is
relatively low.

The C-As is the adsorption of As from the sediment onto the
carbonate minerals. The C-As is greatly affected by environmental
conditions, especially pH. When pH drops, As is easily re-released
into the environment. When the pH is increased, it is favorable
for carbonate formation. Similar to the exchangeable state, the
proportion is 2.89%, and the content is low.

The Fe/Mn oxide binding state is primarily adsorbed or co-
precipitated As via the reactive Fe—Mn oxide. The proportion of
Fe/Mn-As is larger (3.41%), and the reactivity is higher in anaerobic
environments, which readily dissolve As through reductive
dissolution.

The O-As are different forms of As wrapped into organic parti-
cles and chelated with OM. When organic materials are degraded,
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soluble trace metals are released, and the proportion of this form is
0.92%.

The main component of Res-As generally exists in the crystal
lattice of silicate and primary and secondary minerals and is not
easily released under natural conditions. Res-As is stable in the
sediment for extended periods with poor bioavailability and ac-
counts for 90.68% of the total content, and the migration is not
large; however, the long-term stay when the natural and man-
made conditions change may also bring risks.

Compared to the original sediment, the content of E-As
(0.9—5.2%), C-As (1.9—13.0%), and Fe/Mn-As (11.9—16.5%) decreased
in the sediment after incubation, while the content of 0-As (~5%)
and Res-As (~0.5%) increased with the concentration of HA. With
the increase of HA concentration (J > [ > G), the decrease of Fe/Mn-
As was more significant (Fig. 3b), suggesting that the main source of
As release into the solution is Fe/Mn-As. Comparing the changes of
different bound As contents in sediments at different time points
under the same OM conditions, it was found that the content of Fe/
Mn-As decreased significantly, while the content of O-As and Res-
As increased.

3.2. Spectral properties of DOM in sediment extracts and aqueous
solutions

The HIX <1.5 indicates that DOM mostly originates from bio-
logical sources [59]. The experimental groups (H, G, and K) without
artificial HA showed strong biogenic characteristics, but the HIX

Environmental Science and Ecotechnology 15 (2023) 100243

index of the three groups increased with time. At the end of the
culture, the humification degree of the three groups increased by
95.4%, 27.5%, and 24.6%. However, the humification degree of the
three groups with artificial HA was significantly weakened (Fig. 4a
and b). BIX has a strong negative correlation with HIX and SUVA;54
and a strong positive correlation with FI (Fig. 4c—e).

Through qualitative analysis of the organic matter groups via
infrared spectrum, the evolution rule of organic functional groups
in sediments of different experimental groups in time is obtained
(Fig. 5). Under different experimental stages, the infrared spectra of
sediment samples in the experimental system with different car-
bon sources are similar; however, there are only differences in the
intensity of the absorption peaks. There are seven characteristic
absorption peaks in total, and the peaks appear at 3630, 2887, 1431,
1030, 788, 522, and 468 cm~ L. Combined with the proportion of
functional groups, the DOM fractions were primarily composed of
polysaccharides, aliphatic groups, and a small number of proteins
and humus substances.

3.3. Community composition of microorganisms stimulated by
organic matters

Community composition in the solid phase was analyzed after
the culture experiment. The abundance proportion of all samples
was selected and displayed in the top 200 OTU. The circular area at
the branches represents the taxonomic level. The larger the area,
the more such sequences are available. In batch experiments, the
community structure of the microorganisms was more sensitive to
the response of the type of small molecule OM. The release of As is
influenced by the microbial species present in the sample and the
relative proportions of all taxa. In this study, microorganisms were
divided into eight groups at the phylum level. Proteobacteria and
Actinobacteria are the dominant species in group H without the
addition of EOM. The abundance of Nitrospirae (2.2%), Chloroflexi
(3.6%), and Acidobacteria (5.8%) was higher than that of the
experimental group supplemented with EOM, while the abundance
of Firmicutes (2.7%) was significantly lower. After the addition of
EOM, the abundance of Proteobacteria is the highest, followed by
Firmicutes, Actinobacteria, and Bacteroides (Fig. 6).

The statistics of the microbial community were further analyzed
at the genus level (Fig. 7). The large increase in OM promoted the
occurrence of Geobacter but also caused the disappearance of
Sphingomonas. The abundance of OMs caused a substantial increase
in the relative abundance of each group of Clostridium.

Bacillus and Aquabacterium were the most abundant genera
retrieved in the microenvironment with the addition of active small
DOM molecules (glucose and sodium lactate), while microorgan-
isms related to Paenibacillus and Burkholderiaceae were the domi-
nant populations with the addition of HA (Fig. 7).

The addition of glucose positively affected the relative abun-
dance of Bacillus (2.48—37.3%) and Paenibacillus (10.25—24.91%).
Cloacibacterium was present as the strain distinguished from the
sodium lactate-added group. The addition of sodium lactate alone
increased the relative abundance of Aquabacterium (36.14%),
Arthrobacter (3.91-10.57%), Pseudomonas (3.19%), and nor-
ank_f _Family_XVIII (13.42%). The simultaneous addition of sodium
lactate and HA significantly increased the relative abundance of
Arthrobacter (10.15%) and Brevundimonas (7.13%).

The higher the Shannon index, the higher the microbial di-
versity. Compared with group H without the introduction of EOM,
the community diversity of all experimental groups with the
addition of EOM decreased, indicating that the community within
the system had good specificity, and the abundance showed an
increasing trend with time (Table S4).
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4. Discussion

4.1. Arsenic release that is contributed by the addition of bioreactive
and chemically reactive OM and its influencing factors

Typically, As, Fe, and Mn releases show the same pattern, with a
significant increase trend in the first 10—20 days followed by a
decline. ORP values indicate reduction conditions that match the
dominant reducing species represented by As(Ill) and an amount of
Fe(Il) (Figs. 2, S1, and S2). The extraction results of the binding
sequence showed a decrease of the Fe/Mn-As form was the largest,
which revealed the process of the reducing dissolution of Fe/Mn
oxides/hydroxides (Fig. 3). Without the addition of OM, the pure

sediment group shows a very limited release of As (<5 pg L™1), Fe
(<0.1 mg L), and Mn (<0.1 mg L ). In the glucose-supplemented
group, the maximum release amounts of As, Fe, and Mn in an
aqueous solution was 30.37 pg L=, 9.07 mg L™, and 6.64 mg L™,
respectively, which were higher than those of sodium lactate
(2417 pg L1, 435 mg L™, and 2.18 mg L") (Fig. 1). For the mi-
crobial community, the use of glucose for energy is easier than
sodium lactate and could account for this phenomenon. In the same
OM group, As, Fe, and Mn releases are more significant as the
amount of HA increases. The release of As, Fe, and Mn under the
condition of 500 mg L~! HA was 1.1 times that under the condition
of 250 mg L~! HA. The release of As from 500 mg L~! HA was 1.7
times that of glucose alone and 16% higher than that from
250 mg L~ ! HA. Under 500 mg L~ ! HA, the release of As, Fe, and Mn
was 1.1, 2.1, and 0.68 times that of sodium lactate only. The effect of
HA on As, Fe, and Mn release is different from that of bioreactive
glucose and sodium lactate, and it is unlikely to be directly utilized
by microorganisms. One or more combinations of several processes
could contribute to this, including electron shuttling to accelerate
electron transfer [69,70], complexation with Fe and As to enhance
their aqueous distribution [71], as well as the competitive
adsorption with Fe and As absorbed in the sediment [72—74].
Overall this enhanced release achieved by HA is more significant for
Fe/Mn than As; the amount of aqueous Fe and Mn could be 1.5 to 3
times more with 500 mg L~! HA than without. However, the
elevated concentration of As and Fe is not significant between 500
and 250 mg L' HA groups (Fig. 1). This indicates that when HA
concentration rise to 250 mg L™, its enhanced effect is almost at a
maximum and further increases have limited effect. Other pro-
cesses could be the limiting factors that regulate the enrichment of
As, Fe, and Mn.
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The decline of aqueous As, Fe, and Mn could be related to the
formation of various secondary Fe minerals, including siderite and
mackinawite, which can incorporate As [30,75,76]. This is
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evidenced by the changes in the number of key elements in the
sediments (Fig. 3; Table S5), which shows that the content of As did
not change significantly since its release into aqueous conditions is
limited to several dozens of pg L. However, the amount of sedi-
ment Fe was significantly reduced compared with the original ones.
In the case of the coexistence of glucose and HA, Fe content in the
sediment decreased by 1.4% and 3.1% after 3 and 15 days of incu-
bation, respectively, and increased by 10.9% on day 30. In the
presence of sodium lactate and HA, Fe content in the sediment
decreased by 8.6% only on day 3 but increased by 0.2% and 9.1%
after 15 and 30 days of incubation, respectively. Furthermore, with
aqueous Fe, sediment Fe shows its lowest content around 15 days,
followed by a slight increase after 30 days. Moreover, the content of
S was significantly higher than that of the original sediments,
indicating the possible formation of FeS.

4.2. Characteristics of DOM and microbial community indicate
microbe-mediated As release

With the decomposition of DOM by the microorganism, the
characteristics of DOM could reflect this biological process. The HIX
<1.5 indicates that DOM originates from biological sources [59]. The
experimental groups (H, G, and K) without artificial HA showed
strong biogenic characteristics, while the humification degree of
the three groups with artificial HA was significantly weakened
(Fig. 4a and b). The results showed that bioreactive glucose, sodium
lactate, and chemically reactive HA were all involved in the reac-
tion. In the experimental group supplemented with glucose, the HA
concentration of the group with higher concentrations of HA
decreased significantly (80.9%), and the HA concentration of the
group with a lower concentration of glucose decreased by 66.8%.
Compared with the 500 mg L~! HA group, the humic reduction
degree of the experimental group supplemented with sodium
lactate was slightly higher than that of the group supplemented
with glucose, which was 84.5%. The FI index value of 1.4 or lower
indicates that DOM comes from a terrigenous source, and a value of
1.9 or higher indicates material of a microbial origin [57]. The
SUVA;54 can be used to illustrate the aromatization of OC and is a
good indicator for determining the humic components of OC [77],
which is related to the content of aromatic hydrocarbons and
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humus-like organic matter macromolecules. BIX has a strong
negative correlation with HIX and SUVA;s54 and a strong positive
correlation with FI (Fig. 4c—e), meaning that when OM is derived
from biological sources, other sources of OM are scarce. Most
studies showed that OM, which promotes the mobility of As, was
characterized by bioavailability [78—81].

The band at 3750—3000 cm™! is formed by stretching N—H or
O—H bonds of phenols, alcohols, carboxylic acids, and/or other
substances containing hydroxyl groups [82]. The proportion of
infrared peak areas of the experimental group ] decreased gradually
during 3—30 days (Fig. 5), indicating that the carboxylic acids and
alcohols in the humus were degraded and transformed due to the
role of microorganisms in the system. However, the proportion of
the infrared peak area of the experimental group L increased first.
Then it decreased, indicating that there was not only degradation
and transformation of humus but also the release of natural organic
matter on day 15. The C—H peaked at approximately 2900 and
1434 cm~, which are the diagnostic values of amino acids, indi-
cating that the microorganisms produced amino acids through
protein-like substances. The peak values of C—0O at 1000 cm~! and
C—H at 1400 cm ™! indicate the presence of polysaccharides [83]. In
the experimental groups ] and L, the C—O functional groups of
polysaccharide and polysaccharide were the main functional
groups, and their percentage first increased and then decreased.
This may be due to the hydrolysis of some polysaccharides to
produce a large number of substances with C—O functional groups,
and the subsequent decrease in percentage indicates that the mi-
croorganisms use polysaccharides for growth and metabolism.

Canonical correspondence analysis (CCA) or redundancy anal-
ysis (RDA) was used to investigate the effects of the environmental
factors and microbial community distribution and to evaluate their
effects on As mobilization. For detrended correspondence analysis
(DCA), the size of the first axis is used to determine the choice of
RDA or CCA that is greater than or equal to 3.5 to choose a CCA and
less than 3.5 to choose an RDA. Through VIF variance expansion
factor analysis, the environmental factors with VIF >10 were
removed, and the environmental factors with smaller collinearity
were reserved for CCA or RDA (Tables S6 and S7). To identify the
response relationship between different indexes and As release
mediated by microorganisms in the experimental groups supple-
mented with HA and the experimental groups supplemented with
only small molecular organic matter, the former is suitable for an
RDA model, and the latter is suitable for a CCA model (Fig. 8a and b).
CCA and RDA analysis results showed that As(Ill), Fe, and Mn were
positively correlated with each other and negatively correlated
with ORP. The difference was that Fe and BIX were positively
correlated in the CCA model adopted by the experimental groups
supplemented only with small molecular organic matter, indicating
that biological action promoted the dissolution of Fe minerals and
the reduction of Fe into the aqueous phase. As, BIX, and HIX had
negative correlations, which we observed in the later system,
though they still had strong biological activity, the release quantity
of As significantly declined. In the RDA model, As(IlI), Fe, and Mn all
showed positive feedback effects from microbial activities but only
weakly negative correlation with the added humus, indicating that
the higher the humification degree of artificially added humus is
not the most controlling factor regulating As mobilization.

Common in the Actinomycetes and Firmicutes experimental
group, there have been reports of high As groundwater sediments
[84,85]. Pseudomonas [86,87], Bacillus [88], Brevundimonas [89],
Sphingomonas [90], and Flavobacterium [91] have been identified as
bacteria related to As metabolism. These bacteria are also involved
in this experiment, indicating that they may play a key role in the
As mobilization in the environment.

The relationship between environmental factors and microbial
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community was evaluated by using the CCA model, considering the
results of all the experimental groups. The amount of interpretation
for the first axis of CCA was 14.93%, and that of the second axis was
10.23%. After a significance test, pH (p = 0.001), ORP (p = 0.002), Mn
(p = 0.041), and As(IIl) (p = 0.002) were the key influencing factors.
The contribution rate of pH, ORP, Mn, TOC, and Fe to the first axis
was higher. ORP, Fe, Mn, and As(III) contributed more to the second
axis (Table S8). Due to the short length of the arrow representing Fe
and TOC, the interpretation of the species lacks universal
representativeness.

In the current study, CCA results show that Fe and Mn have
strong homology and a significant positive correlation with As(III).
Arthrobacter, Burkholderia, and Noviherbaspirillum were primarily
affected by environmental factors such as pH and ORP. Aqua-
bacterium and norank_ f_ Family_ XVIII were affected by As(III). The
TOC concentration affected the species of Paenibacillus, Acidovorax,
Clostridium, Delftia, and Bacillus. Group H without organic matter
was primarily affected by environmental factors. On days 15 and 30,
the samples of each experimental group were closely related to the
release of Fe, Mn, and As in the aqueous phase (Fig. 8c).

It has been proven that there is Fe-reducing bacteria in
groundwater system, such as Aquabacterium sp. and Clostridium
spp., in sediments of the Hetao Basin [92]. These indigenous Fe-
reducing bacteria play a key role in the migration of As within
the aquifer. The release of As and the reduction of Fe in the aquifer
occur simultaneously [78].

Clostridium can grow in anaerobic environments, ferment
organic matter, and reduce metal ions (transition metals), including
As. The reduction of Fe(Ill)/As(V) may not be directly related to
electron transport but is indirectly mediated by H, produced by
Clostridium [93]. Clostridium can reduce soluble Fe(Ill) or amor-
phous Fe(hydr) oxides and combine with DOC oxidation to promote
As migration [94]. In addition, studies have shown that under
anaerobic conditions, As(V) metabolizing bacteria have been iso-
lated from some sediment belonging to Bacillus, which can use
lactate or sulfide as electron donors for the biochemical cycling of
As [86].

In our experiments, we identified the following bacteria at the
genus level with potentially relevant (functioning in aquifer envi-
ronments) metabolic properties: (1) Fe/Mn/As-reducing bacteria
(Geobacter, Pseudomonas, Bacillus, and Clostridium), (2) bacteria that
can use lactic acid, glucose and other organic carbons for meta-
bolism/fermentation (Paenibacillus, Acidovorax, and Delftia), and (3)
degrading bacteria that can use short-chain fatty acids and aro-
matic compounds as carbon sources (Sphingomonas). Previous
studies have described these microorganisms to affect As mobili-
zation [88,90]. The relative abundance of some microbial colonies
may not be high in the above analysis, but they have a crucial role in
controlling As, Fe, and Mn releases. More studies have shown that
small and even rare organisms have an active population and can
play an important role in biogeochemical processes [95].

4.3. Pollution risk of groundwater As release under EOM

The reactivities of Fe in sediments and organic carbon must be
considered in conjunction with the ability of microbiologically
driven As and Fe to be released into groundwater by reductive
dissolution. Under appropriate hydrogeochemical conditions,
especially when OM acts as an electron donor, Fe oxides in aqueous
media will undergo reductive dissolution and be released via sur-
face adsorption or bound As [2,79]. During this process, the reac-
tivity of OM is a very important factor. If the organic matter has
strong biological reactivity and is easily used by microorganisms,
reducing Fe oxides and releasing As are more likely to occur [96]. In
Florida, all anaerobic cases show that As was released through
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reductive dissolution during anaerobic periods. The addition of
DOM promotes reductive dissolution, but the addition of refractory
DOM (i.e., soil extract) had no effect [97]. In the sediments of the
Yangtze River Basin [98], the anaerobic culture resulted in the
release of As into the solution, and the terrestrial OM in the sedi-
ments had sufficient reactivity to support the microbial reduction
of As(V) and Fe(Ill) in the absence of EOM. In this experiment, the
highest concentration of As released in the control group without
the addition of EOM was only 7.44 pg L™, indicating that the
reactivity of terrestrial OM in the sediments was insufficient to
support the reduction of As by microorganisms.

Very limited As release (0.96 ug L~!) under natural conditions
(DOM = 6.9 mg L) was observed, while the release of As increased
significantly with the addition of glucose [99]. Studies have also
shown As < 10 pg L~ ! in groundwater with low DOM, and As release
increased with the addition of sodium lactate [100]. The above
experimental results indicated that labile OM content might be one
of the limiting factors, with EOM significantly stimulating As
mobilization even being previously suppressed. In this experiment,
the highest concentration of As released after adding extremely
high concentrations of small molecule OM was only 21.78 pg L=\, As
release after HA addition increased to 30.37 ug L™ . However, it was
still lower in order of magnitude than the results of some other
sediment incubation studies (Table 2). The As concentration
measured in 24 groundwater sampling sites were generally in the
tens of pg L1 (0.75 + 0.04—42.07 + 1.01 pg L™, avg. 20.25 pg L,
n = 3). Analysis of the results of this experiment and the column
study with the same sediment (unpublished data) showed that the
concentration of As were consistent with the actual situation in the
field (Fig. 9).

In the study by Sun et al. [117], it was found that the addition of
different OM resulted in different degrees of As release. However,
compared with Lawson's study [95], the sediment used by Sun
et al. [117] had high As content, and the added OM concentration
was much higher than the actual OM concentration in ground-
water, while the As concentration did not exceed the detected As
concentration in groundwater. It was found that the release of As
was only 4.67 pg L~ after adding a large amount of OM, which was
quite different from the actual As concentration in groundwater
[120]. In this case, the effect of EOM on As release is complex and
controlled by other factors. The process of releasing As from
different sediments cannot be completely reproduced under
similar conditions. This inconsistency may also be attributed to
different mineral compositions. The reactivity of Fe/Mn oxides may
be the reason. Studies show the concentration of As in groundwater
does not appear to be dependent on the As content in the solid
phase (Table 1). The percentage of Fe/Mn oxide-bound As varied
from 48.3% to 98.7% [99], while in the present study, the percentage
was 42.2%. The chemical reactivity of different Fe oxide types also
varied significantly, with microorganisms preferentially using
Fe(Ill) with low crystallinity, small particle size, high reactivity of
hydrous Fe ore, and relatively low reactivity of minerals such as
hematite (a-Fe,03), goethite (2-FeOOH), magnetite (y-Fe304), lep-
idocrocite (y-FeOOH), and hydroxy iron oxide (f-FeOOH) [123,124].
High-reactivity goethite or hematite exists in the sediments of the
fluvial and lacustrine phases (e.g., Red River Delta and Mekong
River Delta), with ferrihydrite and/or lepidocrocite existing in deep
layers [44,125—127]. NOM can also drive the release of As and Fe if
the sediment minerals primarily comprise Fe hydrates. Therefore,

factors, and the length represents the degree of influence on species. The acute angle
between arrows represents a positive correlation, the obtuse angle represents a
negative correlation, and the right angle represents no correlation. The projection size
of the sample point of the environmental factor arrow indicates the relative influence
degree of environmental factors of the sample community distribution.
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Table 2 ™
Arsenic release patterns with different characteristics of geogenic and exogenous organic matter 0%’
As content Natural organic matter Exogenous organic matter Maximum As releas]e in incubation Solid- References :
Sediment Groundwater SOM DOM experiments (ug L") lrlqtlind 0%
(mgkg ') (ngL) (wt) (mgL ) e <
~
- 1.9-850 - High-As: - - - [42,96] g
217 (avg) 2.16—-14.7 =
Low-As: 1.7 =
—5.21
Surficial clay 2—-1100 - 0.8—63.4 - - - [95]
deposits: 12 209 (avg)
Deeper aquifer
sands: 2
- 215-224 SYII9: 0.64 - 50 mM acetate SYII9: 400 pg g~ ! 1:2 [56]
SYII28: 0.07 50 mM acetate + 50 1M AQDS SYI28: 46 + 2 pg g !
- 76—1093 - 2.31-12.88 - - - [101]
- S1, S2, S7: b.d.—141 S1: 0.08—0.61 - - - - [102]
S3, S4:b.d.—342 S2:0.01-0.61
S6: 9—987 S3-S7: 0.01-0.66
1.5-514m: 0 b.d.—1205 18—20 m:0.04—0.26 - 2 mM glucose 18—20m: 244 ng g ! 1:5 [49]
—107.5 1.5—51.4 m:0.04—2.71 Other depths: <1 ug g~!
18—20 m: >100 1.03 (avg)
12.7 (avg)
- A: >100 - A: ~10 - - - [103]
B: <10 B: <2
92.4 (avg)
- 10 m: 7—41 0.14 10 m: about - - - [50]
25 m: 47-206 0-25
25 m: about
0-15
3.17 +0.81 0.66—2.07 uM 0.07 (avg) 0.39-0.62 30 L sucrose About 0.5-3 uM - [104]
mM
5.0—-39.6; 3.3-161 Fine-grained: 0.89—2.51; coarse- 1.2—35.8 - - - [105]
Fine-grained: grained: 0.01-2.01
11.1-39.6;
Coarse-grained:
5.0-32.0
5.09-12.3 20—29800 (mud fluid) 1.15-2.21 141-530 - - - [106]
8.03 +2.79 (avg)
5.7-26.8 25—1800 b.d.—1.6 - - - - [107] o
13.45 (avg) (n-alkanes:1.65—30.44 mg kg~ ') s
LD: 1.2-504  LD-HUA: b.d.—42 - LD-HUA: - - - [108] g
TM: 0.5-154  LD-HPA: 131-314 b.d.—8.3 §
TM-HUA: 2.3—-36 LD-HPA: 15 g
TM-PCA: 25-94 —53 s
TM-HUA: )
0.3-8.4 §
TM-PCA:1.3 2
-5.5 m
- Wells within geomorphic Corel: < 1.5 - - - - [109] %
features: 253 + 5.4 Core II: <3 S
Wells in undisturbed flood 5_
plain: 47 + 1.4 93
0.08—12.77 30-750 F: 0.021-0.325 0.20—5.09 0.9 g glucose and polypepton 16.77 1:15 [110] 5
410 (avg) L: 0.023—-0.086 N}
8.5 + 0.43 (avg) 500 0.26-0.7 - - - - [111] N
Shallow clay: 21 >1200 Shallow clay: 0.70 - 2 mM glucose 1:40 [98] \:3
Deep sand: 40 Deep sand: 0.16 §
EN
w
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1.71-15.33 50-440

NP1: 3.15 0.96

NP3: 8.28

NP8: 3.91

11.7 -
10-300

As(Ill): 0.06 + <1.0-562.7
0.02

As(V): 7.06 +
0.95

3.1-135 <10

PW: 20.9 PW: 161-347

DW: 16.8 DW: 17.1-22.1

324+12 112

27.06 -

2.55 2.0

249 -

134 1500

7.2 -

15.8

- >40

<3 640

425.82 +40.25 -

23.601 1.22—-1320
93.28 (avg)

4.43-13.67
NP1: 0.09
NP3: 0.12
NP8: 0.31

b.d.—0.02
0.05 + 0.02

PS: 3.7
DS: 5.8

0.011 + 0.0012

0.156

0.0003

0.79 + 0.04 (TC)

0.0306—4.49

b.d.

PW: 4.41
—8.52
DW: 1.06
—2.90

2000 mg C per L glucose

30 g sodium citrate

30 g glucose

10 mM sodium acetate
50 mM acetate

20 mM sodium lactate
12 mg L~! water-extractable organic matter
15 mg L per water-extractable organic matter

500 UM lactate, 750 uM each of pentadecane and
hexadecane, and 500 1M benzoate

Glucose (0.10, 0.25, 0.50, 1.0, 1.5, and 2.0g L)
Humic acid (same as above)

Fulvic acid (same as above)

200, 2000, 20000 mg C per L glucose

9 g acetate

9 g lactate

9 g glucose

70 g C per L glucose

70 g C per L sodium acetate

0.8 g glucose

0.6, 0.9, 1.2 g glucose

4 g L! acetate

1.5 mM DOC (lactate)

5.13 g L' sodium acetate (1.5 g L~! TOC)

4.00 g L' sodium propionate (1.5 g L~! TOC)
3.44 g L' sodium butyrate (1.5 g L~ TOC)

4.67 g L' sodium lactate (1.5 g L~! TOC)

3.75 g L~ ! glucose (1.5 g L~! TOC)

H: No carbon source addition

G: Glucose (500 mg L™1)

I: Glucose (500 mg L~') + Humic acid (250 mg L)
J: Glucose (500 mg L~")+ Humic acid (500 mg L")
K: Sodium lactate (500 mg L)

AOA: 1.07—5.27 to <0.1-6.15 uM (deep)
OAO: 0.04—0.35 to <0.25 uM (shallow); 0.3
—4.5 to <0.25 uM (deep)

Without glucose addition: 74.6 + 3.9 pg kg ™!
NP1: 138 + 32.0 ug kg !

NP3: increase (no data)

NPS8: 11.2 + 3.8 ug kg !

57.2

38.5

6-18

429 + 4.7

45
PW: 452
DW: 159

403.2

Glucose (2.0 g L~1): 348
Humic acid (1.5 g L™"): about 120
Fulvic acid (2.0 g L™"): about 280
Glucose (20000 mg C L~'): 380
Acetate: 511.2

Lactate: about 150

Glucose: about 350

Glucose: 4.67

Sodium acetate: 7.55

50

41, 57, 67

180 (As(II))

100

2198

2648

2606

2357

2446

H: 7.43

G: 1748

I: 27.57

J: 3037

K: 21.78

L: Sodium lactate (500 mg L~!) + Humic acid (500 mg L: 24.17

L

1:4

1:13.3

1:2

1:1
1:333

1:16.7

1:16
1:15
1:2
1:2
1:1.2

[112]
[99]

[113]

[114]
[115]

[100]
[32]

[116]
[117]
[118]
[119]
[120]
[121]
[78]

[132]
[122]

This study

Abbreviations: SOM: soil organic matter; DOM: dissolved organic matter; b.d.: below detection limit; HUA: Holocene unconfined aquifer; PCA: Pleistocene confined aquifer; HPA: Holocene Pleistocene aquitard; F: fine particle

fraction of sediments; L: large particle fraction of sediments; AOA: Anoxic-Oxic-Anoxic; OAO: Oxic-Anoxic-Oxic.

‘0 32 Dif & ‘Supif & ‘Suad 4

€#2001 (£20Z) S1 A30]0uY231037 pup 22UINIS |DIUIUILONIAUT



F. Feng, Y. Jiang, Y. Jia et al.

45 . . 45
n=ze . |
40 ! = F40
o 1 ° 1
351 i i 35
n=48 ! ol —
301 | o | t30 7,
[ ! ! o
w =195
— 254 | = Los &
£ ! o ! c
~ o 1 1 2
2 20 ! ! 20 .
151 n=s7i . H15 £
1 o 1
I e _
10 o : n=48 : n—;95_10
1 o 1 n=48
5- : é : é ; -5
I n=24 ' n=24 &
04 | o | o & Lo
\0& @b‘\ S \\@ \\@ S \\@ S @eﬁ
\66 é\"ﬂ {(\Q"ﬂ \69 c}\% (é\% 3 2 C}\QI ®°°.)
F F F E o T F S
9 Q 9 P

Fig. 9. Comparison of As, Fe, and Mn concentrations monitored in field, batch, and
column (unpublished) experiments.

under the same EOM conditions, they have a greater capacity to
release As and are more likely to result in higher groundwater As
concentrations.

The sediments selected in this study were taken from the high-
As aquifer in the Jianghan Plain, with the measured percentage of
Fe content being 9.46%. Previous studies have shown that most of
the Fe in the sediments of this region is associated with silicates and
contains small amounts of ferrihydrite and hematite and some
arsenopyrite within the deeper layers [128]. Based on the order of
microbial reduction of Fe(lll) from easy to difficult:
ferrihydrite > lepidocrocite > hematite [129,130], the extent of As
release in this study may be limited by the reactivity of Fe/Mn
oxides.

The analysis of the results of the batch experiment and the study
of the same sediment column (unpublished data) showed that the
concentration of As was consistent with the actual field situation
(Fig. 9). The results shown in the batch experiment are cumulative
results during the experimental period. The As mobilization/
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immobilization equilibrium may be reached during the experi-
mental period. Column studies are more reflective of hydro-
geochemical kinetics than batch studies. Precipitation/dissolution
reactions may lead to reduced infiltration rates either through
clogging (precipitation) or through the dissolution of soil colloids.
The water then carries away the dissolved As, promoting the
dissolution of the mineral until the reactive mineral source is
exhausted. Despite these differences, As was present at concen-
trations of the same order of magnitude in both batch and column
experiments. Under the condition of sufficient active OM, the slow
flow rate may result in the enrichment of As and Mn. The range of
As concentration detected in groundwater at the actual site was
consistent with the simulated results of this experiment. However,
the actual site will have a longer flow path, slower flow rate, and
more complex water chemical conditions than in our experiment;
therefore, the pattern of As distribution and enrichment process
may be more complicated.

Although our experiments were microcosm based and did not
directly simulate hydrogeological parameters and OM fluxes in situ,
our results support the theory that high concentrations of EOM
contribute to the increased release of sensitive components such as
As and Mn. This is supported by the strong biological activity with
the addition of EOM. However, the release degree of As and Mn was
regulated by the characteristics of EOM and Fe/Mn oxides.
Furthermore, its concentration is, to some extent, suppressed by
secondary Fe precipitation. We proposed a potential risk of
groundwater As migration and transformation affected by EOM
infiltration (Fig. 10). In summary, EOM causes the risk of As release,
but the risk will not increase indefinitely.

5. Environmental implications

Co-deposition of As-bearing Fe oxide minerals with reactive
OM:s in the delta/floodplain or river-lake plain sediments is a pre-
requisite for As release in reductive geochemical settings. OM
reactivity is frequently considered a limiting factor for As release in
geogenic As-affected areas, such as the Datong Basin (magnetite
and hematite) [131], the Hetao Basin (poorly crystalline Fe oxides)
[31,101], the Red River, Ganges-Yarlung Tsangpo River, and the
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Mekong River delta in Vietnam. With widespread As-bearing
sediment in the shallow aquifers, the input of EOM could be
harmful and may trigger the secondary risk of contamination. So in
specific sites such as landfills, petrochemical sites, and managed
aquifer recharge projects, attention should be paid not only to
groundwater contamination caused by direct contaminant input
but also the risk of harmful elements like As and Mn release from
aquifers trigged by enhanced reducing conditions caused by EOM
[3,30].

6. Conclusion

The EOM infiltration enhances As and Mn releases in aqueous
solutions, causing the risk of groundwater pollution. The potential
release capacity of As from sediment was evaluated under high
levels of EOM with both bioreactive and chemically reactive OMs.
The OMs were characterized by FI, HIX, BIX, and SUVA;54 fluores-
cence indices showing the biological activities were kept at a high
level during the experimental period. The infrared spectra of
different bands also show the metabolism of polysaccharides and
other protein substances and the degradation and transformation
of macromolecular humus. Under the stimulation of EOM, Proteo-
bacteria, Firmicutes, Actinobacteria, and Bacteroidetes became the
dominant phylum. At the genus level, bacteria that reduce Fe/Mn/
As (Geobacter, Pseudomonas, Bacillus, and Clostridium) and bacteria
that can participate during metabolic transformation using EOM
(Paenibacillus, Acidovorax, Delftia, and Sphingomonas) were
identified.

At very high concentrations of organic matter, the reduction
environment promoted As, Fe, and Mn releases. The infiltration of
high levels of bioreactive/chemically reactive EOM may participate
in As release during microbial dissimilation reduction as a carbon
source or an electron shuttle. Moreover, the reactivity and content
of EOM are the main external factors for As and Mn enrichment.
However, the release of As only increased during the first 15—20
days, followed by a decline, contributed by secondary iron precip-
itation. The experimental monitoring values were consistent with
the in situ groundwater monitoring values.

Whether or not EOM infiltration causes a risk to groundwater
and its extent depends not solely on the reactivity and concentra-
tion of OM but also, as our experiment suggested, on the nature of
the reactivity of Fe (hydro)oxides. As the main source of As in
groundwater, the reactivity of Fe minerals and the precipitation of
secondary minerals are the essential internal factors determining
the upper limit of geogenic As releases. However, all these pro-
cesses are more complex in practical applications, including the
effects of hydrodynamics and hydrogeochemical environments,
which are worthy of further study.
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