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a b s t r a c t

Targeting shallow low-As aquifers based on sediment colour may be a viable solution for supplying As-safe
drinking water to rural communities in some regions of Bangladesh and West Bengal in India. The sustain-
ability of this solution with regard to the long-term risk of As-safe oxidized aquifers becoming enriched
with As needs to be assessed. This study focuses on the adsorption behaviour of shallow oxidized sedi-
ments from Matlab Region, Bangladesh, and their capacity to attenuate As if cross-contamination of the
oxidized aquifers occurs. Water quality analyses of samples collected from 20 tube-wells in the region
indicate that while there may be some seasonal variability, the groundwater chemistry in the reduced
and oxidized aquifers was relatively stable from 2004 to 2009. Although sediment extractions indicate a
relatively low amount of As in the oxidized sediments, below 2.5 mg kg�1, batch isotherm experiments
show that the sediments have a high capacity to adsorb As. Simulations using a surface complexation
model that considers adsorption to amorphous Fe(III) oxide minerals only, under-predict the experimental
isotherms. This suggests that a large proportion of the adsorption sites in the oxidized sediments may be
associated with crystalline Fe(III) oxides, Mn(IV) and Al(III) oxides, and clay minerals. Replicate break-
through column experiments conducted with lactose added to the influent solution demonstrate that
the high adsorption capacity of the oxidized sediments may be reduced if water drawn down into the
oxidized aquifers contains high levels of electron donors such as reactive dissolved organic C.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Elevated concentrations of As in the groundwater of the shallow
Holocene alluvial aquifers in the Bengal Delta Plain (BDP) of
Bangladesh and West Bengal in India are a major health concern.
Shallow hand tube-wells are the primary source of potable water
in rural areas (BGS and DPHE, 2001; Bhattacharya et al., 2002a;
Naidu and Bhattacharya, 2009). As a result, it is estimated that
approximately 57 million people in Bangladesh currently drink
water with As levels exceeding the World Health Organization
(WHO) drinking water quality guideline of 10 lg L�1 (Ahmed
et al., 2004; Kapaj et al., 2006; Rahman et al., 2009; WHO, 2004).
It is widely agreed that the elevated As concentrations are not
attributable to anthropogenic activities and that the reductive
dissolution of Fe(III) oxide minerals is the primary mechanism
ll rights reserved.
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for release of adsorbed As to groundwater (Ahmed et al., 2004;
Bhattacharya et al., 2006; Zheng et al., 2004; von Brömssen et al.,
2007, 2008). In the BDP, As is derived naturally from sediments
transported from the Himalayan range by the Ganges–Brahmapu-
tra–Meghna river system. Elevated As concentrations are typically
found in shallow tube-wells (<150 m) that are screened in the
Holocene aquifers. Waters from tube-wells installed in the deeper
Pleistocene aquifers generally have low As concentration (Ahmed
et al., 2004; BGS and DPHE, 2001; Hasan et al., 2009; Polizzotto
et al., 2005).

Tube-well switching and re-installation of tube-wells in As-safe
sediments is strongly encouraged as an approach to provide safe
drinking water supplies to rural communities (Jakariya et al.,
2007; van Geen et al., 2002). The subsurface distribution of As is
extremely heterogeneous, laterally and vertically, due to the com-
plex hydrogeological and hydrogeochemical conditions in the BDP
aquifers (Bhattacharya et al., 2006; Hasan et al., 2007). Although
deeper aquifers typically have low dissolved As concentrations,
the cost of installing deep tube-wells (>150 m) is often prohibitive.

http://dx.doi.org/10.1016/j.apgeochem.2011.01.019
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Identification of shallow aquifer sediments with low As concentra-
tions that are suitable for placement of new tube-wells is needed
to provide an affordable long-term safe drinking water option.

Previous studies have shown that redox conditions and dis-
solved As concentration are related to the colour of the aquifer sed-
iment (Bhattacharya et al., 2010; Bundschuh et al., 2010; Jonsson
and Lundell, 2004; von Brömssen et al., 2007, 2008). Overlying
black–gray aquifer sediments tend to be reducing with high dis-
solved As levels. Off-white, yellowish and reddish sediments are
oxidized with low risk of elevated As concentrations. In some
areas, such as the Matlab Region, south-eastern Bangladesh, these
oxidized sediments have been identified at shallow depths
(<150 m) (Fig. 1) (von Brömssen et al., 2007, 2008). Targeting safe
aquifers based on sediment colour may be a simple solution for
delivering safe drinking water in this region and also in other re-
gions where similar geological conditions exist. However, there is
concern that tube-wells installed in As-safe sediments may be-
come enriched in As over time. Water abstraction from the As-safe
sediments may induce flow of reduced groundwater from sur-
rounding sediments with high As concentration or surface water
that is rich in electron donors such as dissolved organic C (DOC)
to the As-safe aquifer zones (Polya and Charlet, 2009) to the safe
aquifer zones (Fig. 2). While the oxidized sediments may initially
have a high capacity to adsorb As, this capacity may be reduced
by the increased availability of electron donors that stimulate the
reduction of Fe(III) and Mn(IV) oxides (Bhattacharya et al., 2009;
Sharif et al., 2008; Stollenwerk et al., 2007). The reduction of these
minerals may lead to the transfer of sediment-bound As to the
groundwater. An increased availability of ions that compete with
As for adsorption sites (e.g., PO3�

4 , Si, Ca, HCO�3 ) may also stimulate
the release of sediment-bound As (Nath et al., 2009; Polya and
Charlet, 2009). Understanding of the adsorption behaviour of the
oxidized sediments and their ability to attenuate As if cross-
contamination occurs is, therefore, needed to evaluate the sustain-
ability of targeting the shallow As-safe sediments. Although prior
Fig. 1. (a) Location of Matlab Region in south-eastern Bangladesh, and (b) location
of site boreholes drilled within Matlab Region (modified from von Brömssen et al.,
2008).
studies have examined the processes leading to As mobilization
in the reduced sediments, there is limited understanding of the
adsorption processes in the oxidized sediments.

The objective of this study is to investigate the adsorption
dynamics of the oxidized sediments. Water chemistry analyses
conducted for tube-wells installed in the reduced and oxidized
aquifers in the Matlab Region from 2004 to 2009 are first pre-
sented. The adsorption characteristics of the oxidized sediments
are then investigated by (1) sediment extractions; (2) batch As
adsorption isotherm experiments combined with geochemical
modeling; and (3) breakthrough column tests examining the influ-
ence of DOC on the As adsorption capacity of the sediments.
2. Materials and methods

2.1. Study site

The villages of North Digaldi and Mobarakdi in the Matlab Re-
gion of the Chandpur District, approximately 60 km SE of Dhaka
were selected as the study area (Fig. 1). Matlab Region has pro-
nounced levels of As-enrichment with approximately 70% of the
total functional tube-wells (n � 13,000) measured to have As con-
centrations exceeding the WHO guideline value of 10 lg L�1

(Jakariya et al., 2007). The surface geology of the Matlab Region
is generally divided into an upper reduced aquifer and a lower oxi-
dized aquifer with representative sediment colours. However, the
subsurface distribution of As however is extremely heterogeneous
with strong local variability in the hydrogeology and geochemistry.
In some locations the reduced and oxidized aquifers are separated
by a clay aquitard at a depth of �30–50 m, but this layer is not con-
tinuous. Historically, tube-wells in the study area were installed in
both aquifers. Analyses indicate that the As-unsafe tube-wells are
primarily those located in the reduced sediments (von Brömssen
et al., 2007, 2008). Re-installation of As-unsafe tube-wells in shal-
low oxidized As-safe sediment with local drillers targeting these
aquifers based on sediment colour may be a sustainable low cost
mitigation solution for supplying As-safe drinking water in this
region.
2.2. Sample collection and analysis

Hand tube-wells (n = 20) installed in oxidized and reduced
aquifers were sampled in April–May 2004, January 2005, Novem-
ber 2006, January 2008 and March–April 2009 to identify temporal
water quality variations and to provide water chemistry data for
the laboratory experiments. Water quality results for these tube-
wells for April–May 2004 have been previously reported by von
Brömssen et al. (2007). For all sampling events two water samples
were collected from each tube-well: a 60 mL filtered sample for
major anion analysis and a 60 mL filtered sample acidified with
7 M supapure HNO3 for analysis of cations and trace elements
including As (Bhattacharya et al., 2002b). Basic physiochemical
parameters (dissolved O2, temperature, pH and Eh) were measured
in the field for all tube-wells using a flow through cell following
the procedures described by Bhattacharya et al. (2002b). Field spe-
ciation of As(III) was carried out using a Disposable Cartridge�

(Meng et al., 2001) with the samples acidified and transported to
the laboratory for analysis. The concentration of As(V) was esti-
mated by calculating the difference between total As and As(III)
in sample. Two boreholes (A and B) were drilled in North Dighaldi
and Mubarakdi villages during November 2006 to collect oxidized
sediment samples for the laboratory experiments and to compare
the sediment lithology with that previously reported by von
Brömssen et al. (2007). Sediment samples were collected every



Fig. 2. Conceptual diagram of the risks of As-enrichment of the oxidized aquifer in Matlab Region, south-eastern Bangladesh.
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�1.5 m to a total depth of �60 m. The colour and texture of each
sample was recorded.

Alkalinity of the water samples was measured according to the
standard method SS-EN ISO 9963-2 (SIS, 1996) by titrating the fil-
tered unacidified water samples with HCl. Major anions were
determined with a Dionex DX-120 ion chromatograph with an Ion-
Pac As9-SC column. Major cations and trace elements were deter-
mined by inductively coupled plasma (ICP) emission spectrometry.
Ammonium and total PO3�

4 were quantified using a Tecator Aqua-
Tec 5400 analyser with flow injection analysis. DOC was measured
using a Shimadzu 5000 TOC analyser (0.5 mg L�1 detection limit
with ±10% precision).

2.3. Laboratory experiments

Geochemical and adsorption characteristics of the oxidized sed-
iments were investigated by extractions, batch isotherm experi-
ments, and column experiments. Three sediment samples with
distinct oxidized colour and from locations below the clay aquitard
were selected for these experiments. Samples #1 and #3 were
from borehole A at depths of 48.8 m and 53.3 m, respectively,
and Sample #2 was from borehole B at a depth of 51.8 m. Extrac-
tions with 0.2 M oxalate (NH4C2O4) solution were conducted for
each sediment sample to quantify the elements, including Fe, Mn
and Al, present as amorphous oxides and hydroxides. Extractions
with 7 M HNO3 were also conducted to quantify the amounts of
As and other elements associated with the non-silicate minerals
(i.e., including crystalline phases). Duplicates were performed for
each sample. The procedure for these extractions is detailed in
Bivén and Häller (2007).

Batch adsorption isotherm tests were conducted using the three
sediment samples. For each sample, 2 g of drained sediment was
mixed with 30 mL 0.01 M NaNO3 in centrifuge tubes. Sodium
hydroxide (NaOH) and HNO3 were added to adjust the pH to 7. Dis-
tilled water with 7 different concentrations of As(V) ranging from
0.2 to 100 mg L�1 (added as K2HAsO4) were then added to each
sediment sample, giving 21 filled centrifuge tubes. The tubes were
placed in a vertical rotating shaker for 2 weeks and then the sam-
ples were centrifuged and filtered. Considering the thermodynamic
stability of As and Fe in the oxidized sediments, As(V) was used for
the batch tests because it was considered to be the predominant
sediment-bound As species in the oxidized aquifers. Dissolved As
was very low in most of the groundwater samples abstracted from
the oxidized aquifers with no detectable As(III) (Table 3).

Column experiments were conducted to examine the influence
of DOC on the adsorption capacity of the oxidized sediments. Six
columns, each with a diameter of 2 cm and height of 10 cm, were
filled with 45 g of oxidized sediments. Two identical columns for
each of the three oxidized sediment samples were set up. Distilled
water, prepared with NaCl, NaHCO3 and NaAsO2, was leached
through the columns. The concentrations of As, Na, Cl and alkalin-
ity in the influent water correspond to the mean measured concen-
trations in groundwater from tube-wells in the reduced sediments
in Matlab Region in November 2006 (Table 3). Data from this



Table 1
Reactions and thermodynamic constants for PHREEQC surface complexation model
with strong (Hfo_s) and weak (Hfo_w) adsorption sites.

Adsorption reaction Log K Reference

Hfo_sOH + H+ = Hfo_sOH2+ 7.29 Allison et al.
(1990)Hfo_wOH + H+ = Hfo_wOH2+ 7.29

Hfo_sOH = Hfo_sO� + H+ �8.93
Hfo_wOH = Hfo_wO� + H+ �8.93

Arsenite
Hfo_sOH + H3AsO3 = Hfo_sH2AsO3 + H2O 5.41 Allison et al.

(1990)Hfo_wOH + H3AsO3 = Hfo_wH2AsO3 + H2O 5.41

Arsenate
Hfo_sOH + H3AsO4 = Hfo_sH2AsO4 + H2O 8.61 Allison et al.

(1990)Hfo_wOH + H3AsO4 = Hfo_wH2AsO4 + H2O 8.61
Hfo sOHþ H3AsO4 ¼ Hfo sHAsO�4 þ H2OþHþ 2.81

Hfo wOHþ H3AsO4 ¼ Hfo wHAsO�4 þH2Oþ Hþ 2.81
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sampling event was used as this corresponds to the time the sed-
iment samples were collected. Arsenic(III) was used in the influent
water as it is the major As redox species in the reduced ground
waters in the BDP and the Matlab Region (Table 3), and thus in
the water that will infiltrate into the oxidized aquifers (Ahmed
et al., 2004). In the replicate columns, 0.2 wt.% lactose was added
to the influent solution to stimulate the reductive dissolution of
Fe(III) and Mn(IV) oxides. Prior to the addition of the chemicals
the influent water was bubbled with N2 to remove any dissolved
O2. The flow rate through the columns was adjusted to 2 mL day�1

and the experiments were run for 13 weeks. The concentrations of
major anions, cations and trace elements was in the influent and
effluent solutions were determined once a week through the exper-
imental period. The quantity of As adsorbed was calculated as the
difference between the influent and effluent As concentrations.
Hfo sOHþ H3AsO4 ¼ Hfo sOHAsO�3
4 þ 3Hþ �10.12

Hfo wOHþ H3AsO4 ¼ Hfo wOHAsO�3
4 þ 3Hþ �10.12

Phosphate

Hfo sOHþ PO�3
4 þ 3Hþ ¼ Hfo sH2PO4 þH2O 31.29 Allison et al.

(1990)Hfo wOHþ PO�3
4 þ 3Hþ ¼ Hfo wH2PO4 þ H2O 31.29

Hfo sOHþ PO�3
4 þ 2Hþ ¼ Hfo sHPO�4 þ H2O 25.39

Hfo wOHþ PO�3
4 þ 2Hþ ¼ Hfo wHPO�4 þH2O 25.39

Hfo sOHþ PO�3
4 þHþ ¼ Hfo sPO�2

4 þ H2O 17.72

Hfo wOHþ PO�3
4 þHþ ¼ Hfo wPO�2

4 þ H2O 17.72

Carbonate

Hfo wOHþ CO�2
3 þ Hþ ¼ Hfo wCO3� þH2O 12.56 van Geen et al.

(2004)Hfo wOHþ CO�2
3 þ 2Hþ ¼ Hfo wHCO3 þ H2O 20.62

Silica
Hfo_sOH + H4SiO4 = Hfo_sH3SiO4 + H2O 4.28 Swedlund and

Webster
(1999)

Hfo_wOH + H4SiO4 = Hfo_wH3SiO4 + H2O 4.28
Hfo sOHþ H4SiO4 ¼ Hfo sH2SiO�4 þ H2OþHþ �3.22

Hfo wOHþ H4SiO4 ¼ Hfo wH2SiO�4 þ H2Oþ Hþ �3.22

Hfo sOHþ H4SiO4 ¼ Hfo sHSiO�2
4 þ H2Oþ 2Hþ �11.69

Hfo wOHþ H4SiO4 ¼ Hfo wHSiO�2
4 þ H2Oþ 2Hþ �11.69

Calcium
Hfo_sOH + Ca2+ = Hfo_sOHCa2+ 4.97 Allison et al.

(1990)Hfo_wOH + Ca2+ = Hfo_wOCa+ + H+ �5.85
2.4. Geochemical modeling

The adsorption of As on the oxidized sediments was simulated
as surface complexation reactions on generic hydroferric oxides
(Hfo) surfaces using the Diffuse Layer Model of Dzombak and Mor-
el (1990). The modeling was conducted using the geochemical
modeling platform PHREEQC (Parkhurst and Appelo, 1999). The
Minteq.v4 (Allison et al., 1990) database was adopted and modified
as required. Using the surface complexation approach the adsorp-
tion of species to Hfo are described by equilibrium mass action
equations. The Dzombak and Morel (1990) model includes both
strong and weak binding sites on Hfo. The surface reactions consid-
ered and thermodynamic constants used are provided in Table 1.

The surface composition (i.e., concentration of adsorbed spe-
cies) of the oxidized sediments in equilibrium with the mean field
water chemistry in November 2006 was first simulated. The sur-
face complexation model adopted assumes that amorphous Fe(III)
oxides are the dominant mineral adsorbent phase compared with
amorphous Mn(IV) and Al(III) oxides and any crystalline and clay
minerals (Sharif et al., 2008; von Brömssen et al., 2008). The simu-
lated adsorbed As (and other adsorbent species shown in Table 1)
depends strongly on the reactions and thermodynamic constants
used and surface assemblage (number of strong and weak adsorp-
tion sites and Hfo surface area) adopted. From Dzombak and Morel
(1990), a specific surface area (600 m2 g�1) and site densities of
0.2 mol weak sites/mol Hfo and 0.005 mol strong sites/mol Hfo
were used. The model input data are provided in Table 2. Hfo abun-
dance simulated was calculated from the Fe released from amor-
phous minerals by the oxalate extraction (Feox). The modeling
approach (including reactions and constants considered) was vali-
dated by comparing the simulated surface composition with that
measured from the oxalate extraction. The saturation indices for
aquifer minerals were also calculated to identify the possible sinks
and sources of dissolved species in the oxidized aquifer.

The PHREEQC model was then applied to simulate the mea-
sured experimental adsorption isotherms and test the extent to
which the model, which considers adsorption to amorphous Fe(III)
oxides only, could predict the adsorption behaviour of the sedi-
ment. The initial surface composition was simulated to be that in
equilibrium with the mean field water chemistry in the oxidized
sediments in November 2006. This surface composition was then
equilibrated with each batch experiment solution.
3. Results and discussion

3.1. Water chemistry

Major water chemistry data for the 20 sampled tube-wells for
the five sampling events is provided in Table 3 with a summary
of key parameters presented in Fig. 3. Samples from tube-wells in-
stalled in reddish, yellow, off-white and white sediments are cate-
gorized as from an oxidized aquifer layer. Samples from tube-wells
installed in grayish-black sediments are categorized as from a re-
duced aquifer layer (von Brömssen et al., 2007). The groundwater
samples are neutral to slightly acidic for both sediment types
(Fig. 3). For all sampling events, groundwater from the reduced
sediments is characterized by high total As, DOC, Fe, PO3�

4 and
low Mn concentrations. The major aqueous As redox species is
As(III) in the water samples from the reduced sediments. The
groundwater from the oxidized sediments is characterized by high
Mn and low total As, DOC, Fe, and PO3�

4 concentrations. Where total
As was detected, As(III) was below detection limits for all samples
except two. This indicated that As(V) is the major As redox species
in the water samples from the oxidized sediments. The high Mn
and low Fe concentrations in the water samples from the oxidized
sediments indicate that the redox state is such that Mn(IV) oxides
have been reduced, but it is not sufficiently low for the reduction of
Fe(III) oxides. In contrast, the elevated Fe in the groundwater from
the reduced sediments indicates that reductive dissolution of
Fe(III) oxides occurs in these sediments. Based on the redox se-
quence, reduction of Mn(IV) oxides would also have occurred in
the reduced sediments. However, dissolved Mn levels in these sed-
iments are low, and this is likely because the concentration of
Mn(II) is controlled by the precipitation of Mn(II) minerals (e.g.,
rhodochrosite and MnHPO4) (von Brömssen et al., 2008). While
DOC concentrations are higher in the reduced compared with the



Table 2
Input parameters for PHREEQC surface complexation model.

Sample
#1

Sample
#2

Sample
#3

Comments

Input data for simulations of oxidized aquifer conditions
Hfo (g L�1) 0.9 0.79 0.66 Calculated from

oxalate extraction
Weak sites

(sites L�1)
2 � 10�3 1.8 � 10�4 1.4 � 10�3 Used Dzombak and

Morel (1990) site
density of 0.2 sites/
mol Hfo and
molecular weight
Hfo = 88.8 g mol�1

Strong sites
(sites L�1)

5 � 10�5 4.5 � 10�5 3.5 � 10�5 Used Dzombak and
Morel (1990) site
density of
0.005 sites/mol Hfo

Liquid/Solid ratio
(L kg�1)

0.238 0.238 0.238 To convert
between aquifer
and experimental
conditions. Based
on porosity = 0.3
and bulk sediment
density = 1.8 kg L�1
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oxidized sediments, the type and reactivity of the DOC was not
established.

Consistent with previous studies there is strong correlation be-
tween the sediment type and dissolved As concentration (Fig. 3).
Waters extracted from the oxidized sediments typically have As
concentrations below the WHO guideline value of 10 lg L�1

(WHO, 2004). Concentrations of As in water samples from the re-
duced sediments vary from <50 to 400 lg L�1. Low As concentra-
tions in the oxidized sediments may be because, compared with
the reduced sediments, adsorption sites are not saturated due to
a higher abundance of Fe(III) and Mn(IV) oxides. Phosphate also
has a high adsorption capacity and the low dissolved PO3�

4 concen-
trations in the oxidized sediments may also be due to the higher
abundance of oxide minerals.

The water chemistry for the tube-wells is relatively stable over
the sampling years (2004–2009) with some exceptions. The As
concentrations were 1.1–3.0 times higher in 15 of the tube-wells
(installed in both the oxidized and reduced sediments) in Novem-
ber 2006 compared with the other sampling events. This fluctua-
tion may be associated with seasonal variability. The monsoon
season in Bangladesh occurs from June to October. In 2006 the
sampling was undertaken post-monsoon (November), in contrast
to other years when samples were collected before the monsoon
(January–May). Infiltration of organic-rich waters during the mon-
soon, as suggested by increased DOC levels in the oxidized sedi-
ments, may account for the higher As concentrations in
November 2006. For the tube-wells in the reduced sediments,
the January 2008 data show an increase in the mean total Mn con-
centrations and decrease in Fe concentrations, suggesting Mn and
Fe cycling. Concentrations of As in water samples from the reduced
sediments also increased slightly in January 2008 compared with
January 2005. If reductive dissolution of Fe(III) oxides is controlling
As mobilizations, the increase in As is not consistent with the de-
crease in dissolved Fe concentrations also observed. This may be
because once reduced Fe(II) is sequestered in solid phases such
as siderite, Fe(II) sulfide and vivianite. Longer-term water quality
measurements, including monthly tube-well sampling and correla-
tion with climatic factors such as rainfall, is required to better
understand the temporal variability in As concentrations.

The sediment sequences for the two boreholes drilled in November
2006 are consistent with those observed by von Brömssen et al. (2007)
(Fig. 4). The lithologs show a distinct clay aquitard at both locations at
a depth of around 30–50 m. The sediments below the aquitard were
primarily yellowish-red in colour and those above were greyish-
black. Characterization of the oxidized and reduced sediments in
Matlab Region was conducted previously by von Brömssen et al.
(2008). Their analyses indicated that the greyish-black (reduced) sed-
iments have a higher content of amorphous Fe(III) and Mn(IV) oxides
compared with the off-white and yellowish (oxidized) sediments
where Fe(III) and Mn(IV) are present as more crystalline phases.

3.2. Arsenic adsorption dynamics

3.2.1. Extractions
Oxalate and HNO3 extractions performed on the three oxidized

sediment samples (Sample #1, Sample #2 and Sample #3) indicate
that the content of As associated with the solid phase is relatively
low. The As content was measured to be <1.3 mg kg�1 and between
1.3 and 2.4 mg kg�1 by the oxalate and HNO3 extractions, respec-
tively (Table 4). The oxalate extractions indicate that the content
of Fe associated with the amorphous fraction (Feox) is between
94 and 134 mg kg�1, and that associated with the crystalline frac-
tion is considerably higher (5070–6940 mg kg�1). This result is in
agreement with von Brömssen et al. (2008) who showed that the
fractions of amorphous Fe and Mn phases are low compared to
the crystalline fractions for the oxidized sediments. From observ-
ing changes in sediment colour during extractions, von Brömssen
et al. (2008) noted that the reddish colour of the oxidized sediment
is primarily associated with the crystalline minerals.

The surface composition of the oxidized sediments was simu-
lated in PHREEQC using the November 2006 mean water chemistry
data for tube-wells installed in the oxidized sediments. The Hfo
mass and surface site concentrations were derived from Feox (Ta-
ble 2). The model gives a good match between the predicted con-
centration of adsorbed species and those extracted from the
amorphous minerals (Fig. 5). The adsorption of As relative to other
ions that compete for adsorption sites is also consistent. For all
samples the quantity of adsorbed As is predicted to be �1 mg kg�1.
The model assumes that As is present as As(V). The relative quan-
tity of adsorbed As predicted is similar regardless of whether As(III)
or As(V) is considered. The discrepancy between the simulated and
measured surface composition may be attributed to varying water
chemistry at the specific location from where the sediment was
collected and/or influence of other amorphous adsorbing phases
including Al(III) and Mn(IV) oxides which are not considered in
the model. The reasonable match between the experimental and
simulated data suggests that the competitive adsorption of As with
Ca, Si, CO2�

3 and PO3�
4 ions is well represented by the surface reac-

tions and parameter values adopted (Table 1). Calculated satura-
tion indices indicate that the groundwater in the oxidizing
sediments is supersaturated with respect to Fe(III) and Al(III) oxide
minerals including ferrihydrite (Fe(OH)3), geothite (FeOOH), mag-
netite (Fe3O4) and gibbsite (Al(OH)3). This suggests potential for
the precipitation of these minerals and therefore increased avail-
ability of adsorption sites. The groundwater is also slightly super-
saturated with respect to MnHPO4 (SI = 1.72). von Brömssen et al.
(2008) suggest that the solubility of MnHPO4 may control the
availability of dissolved PO3�

4 that competes with As for adsorption
sites.

3.2.2. Adsorption isotherms
The sustainability of targeting the oxidized sediments as a

source of As-safe drinking water is influenced by the capacity of
these sediments to attenuate As in groundwater that may flow
in from As-rich reduced aquifer sediments. Adsorption isotherms
were generated for the three oxidized sediment samples by com-
bining the sediments with solutions with low (0.2–1 mg L�1) and
high (5–100 mg L�1) As(V) concentrations. The quantity of



Table 3
Water chemistry data for tube-wells installed in oxidized and reduced sediments in South Matlab.

ID Location Sediment
colour

Sampling date Depth
(m)

Temp
(�C)

pH Eh
(mV)

EC
(lS cm�1)

HCO3

(mg L�1)
SO4

(mg L�1)
Cl
(mg L�1)

NO3–N
(mg L�1)

PO4–P
(mg L�1)

Na
(mg L�1)

K
(mg L�1)

Mg
(mg L�1)

Ca
(mg L�1)

Total As
(lg L�1)

As(III)
(lg L�1)

Total Fe
(mg L�1)

Total Mn
(mg L�1)

Si
(mg L�1)

DOC
(mg L�1)

Oxidized sediment
A North

Dighaldi
Off-white 11-May-04 57.9 26.8 6.12 346 1038 107 1.01 255 0.20 0.21 75.9 4.2 25.8 53.8 <DL <DL 0.13 2.53 53.0 0.53

30-January-05 26.2 6.27 162 1024 106 5.12 233 0.85 0.17 88.1 3.8 23.9 57.1 <DL <DL 0.28 2.59 48.8 0.91
29-November-06 25.8 6.40 297 910 103 4.40 234 0.43 0.16 82.3 3.4 24.9 58.8 16 <DL 0.32 2.62 34.8 0.80
18-January-08 25.6 6.34 294 952 102 3.97 245 <DL 0.09 90.1 3.9 23.2 57.0 <DL <DL 0.26 2.54 43.2 4.92
14-March-09 26.1 6.50 77 910 125 2.41 267 1.23 0.06 77.0 2.0 24.4 62.2 9 <DL 0.40 1.51 18.9 1.29

B Mobarakdi Red 11-May-04 57.9 26.6 6.39 304 777 136 0.44 149 0.23 0.35 54.3 3.4 20.8 43.1 <DL <DL 0.32 1.99 43.7 1.01
30-January-05 25.6 6.59 159 801 154 1.44 150 0.20 0.07 59.9 2.4 20.2 53.9 <DL <DL 0.79 2.04 39.9 0.36
28-November-06 25.0 6.60 290 710 147 1.30 147 0.23 0.06 54.7 2.3 21.4 56.7 13 <DL 0.81 2.04 29.8 1.35
18-January-08 24.8 6.76 286 710 151 1.35 152 0.01 0.10 53.7 2.5 26.3 50.8 <DL 0.72 2.12 37.7 1.82

16 North
Dighaldi

Red 27-May-04 61 26.7 6.17 387 936 96 4.08 206 0.49 0.29 62.4 3.6 24.4 53.0 <DL <DL 0.36 3.19 49.1 1.41

30-January-05 26.1 6.14 191 909 117 4.47 185 0.30 0.17 61.1 3.2 22.3 62.5 <DL <DL 0.37 3.16 44.5 0.56
29-November-06 26.2 6.40 331 770 108 4.40 187 0.65 0.12 60.7 2.9 22.6 57.5 11 <DL 0.70 3.14 32.3 0.78
18-January-08 23.5 6.47 267 791 116 4.24 189 <DL 0.15 59.6 3.3 23.1 60.4 6 <DL 1.00 3.27 43.8 1.68

19 North
Dighaldi

Off-white 29-April-04 59.4 26.5 6.20 281 1042 112 0.59 232 1.00 0.14 78.8 3.6 26.5 53.2 <DL <DL 0.20 3.58 50.2 0.54

30-January-05 26.2 6.29 263 1050 116 0.62 230 0.39 0.10 80.8 3.2 23.0 57.9 <DL <DL 0.21 3.53 43.2 0.65
29-November-06 26.2 6.50 298 890 124 0.60 216 1.12 0.08 76.2 2.9 25.1 60.6 8 <DL 0.18 3.61 32.1 0.67

20 North
Dighaldi

Off-white 29-April-04 59.4 26.7 6.19 255 891 107 3.25 220 0.54 0.33 58.4 3.7 22.4 59.7 <DL <DL 0.41 2.90 54.7 0.47

30-January-05 26.3 6.32 297 995 87 4.76 230 0.27 0.20 78.6 3.3 21.6 56.8 <DL <DL 0.27 3.01 43.7 0.53
29-November-06 26.9 6.30 313 860 95 4.50 216 0.82 0.20 75.2 3.0 22.1 60.0 7 <DL 0.43 3.21 32.7 0.86
18-January-08 25.3 6.45 304 881 100 4.40 230 <DL 0.18 81.8 3.5 21.9 60.5 6 <DL 0.24 3.15 41.1 2.73
14-March-09 26.7 7.0 830 105 232 0.95 0.08 81.8 2.9 26.0 68.5 8 <DL 0.23 4.30 26.6 1.74

26 Mobarakdi Red 29-April-04 53.3 26.5 6.19 294 815 113 2.34 169 0.51 0.39 55.2 3.3 21.1 45.5 <DL <DL 0.24 2.34 53.6 1.00
30-January-05 26.1 6.30 273 809 112 3.07 168 0.20 0.23 58.7 3.1 19.6 48.8 <DL <DL 0.27 2.35 48.9 0.60
28-November-06 25.1 6.40 295 720 114 2.80 167 0.94 0.24 54.7 3.0 21.5 55.0 6 <DL 0.42 2.40 35.0 0.97
18-January-08 26.2 6.59 295 729 112 2.23 170 <DL 0.21 60.0 3.1 20.9 51.1 <DL <DL 0.42 2.32 41.9 2.11

32 Mobarakdi Red 30-April-04 64.0 26.8 6.38 298 795 140 3.81 150 1.01 0.21 59.5 3.4 19.0 49.6 <DL <DL 0.37 3.96 46.3 1.18
30-January-05 26.3 6.40 240 860 141 0.15 156 0.22 0.09 63.4 3.1 19.1 49.7 <DL <DL 0.37 3.68 41.0 0.73
28-November-06 29.1 6.50 284 700 136 <DL 156 0.52 0.08 60.5 2.8 20.2 50.4 10 <DL 0.47 3.81 31.5 0.79
18-January-08 25.9 6.72 318 716 142 0.45 154 <DL 0.08 66.7 3.1 20.0 48.7 <DL <DL 0.36 3.50 37.9 2.72

35 Mobarakdi Off-white 30-April-04 79.3 26.8 6.33 256 925 118 0.96 199 0.39 0.20 68.6 3.9 24.1 47.7 <DL <DL 0.33 2.57 55.8 0.93
30-January-05 26.2 6.31 226 957 128 0.56 168 0.30 0.11 74.4 3.6 22.7 54.9 <DL <DL 0.29 2.67 50.0 0.32
28-November-06 25.3 6.60 240 810 126 <DL 196 0.60 0.11 67.4 3.2 23.4 58.7 <DL <DL 0.45 2.69 36.0 0.80
18-January-08 25.8 6.68 310 889 125 0.75 204 <DL 0.10 75.6 3.7 22.9 56.0 <DL <DL 0.40 2.72 46.6 0.85
13-March-09 26.8 7.10 289 820 126 2.33 309 1.23 0.05 75.5 3.0 26.6 64.2 <DL <DL 0.30 3.71 30.7 1.25

44 Mobarakdi White 3-May-04 57.9 26.8 6.77 152 1652 415 <DL 272 1.22 3.93 202.1 4.7 34.0 62.8 37 35.8 7.06 0.22 39.0 1.95
30-January-05 26.5 6.73 113 1662 402 0.15 268 1.15 3.94 223.8 4.4 29.4 72.0 43 44.7 7.06 0.24 36.4 2.66
29-November-06 26.1 6.70 221 1370 383 <DL 264 0.54 3.67 205.1 3.8 29.2 68.3 64 6.97 0.25 26.7 2.09
19-January-08 24.8 6.84 337 1428 401 <DL 276 0.24 3.16 192.4 4.5 36.3 67.5 52 10.1 6.92 0.27 33.8 3.20
5-April-09 26.6 7.50 207 1470 410 0.18 266 <DL 3.80 210.1 3.5 32.2 80.2 42 35.5 8.22 0.28 21.3 3.02

51 Mobarakdi Off-white 30-April-04 57.9 26.7 6.66 272 2420 355 3.71 530 0.98 0.56 374.7 4.1 28.7 57.1 <DL <DL 0.14 1.93 32.2 0.65
30-January-05 26.5 6.62 249 2450 350 4.91 526 2.51 0.37 378.7 3.6 25.3 62.0 <DL <DL 0.13 1.91 28.8 0.81
30-November-06 24.0 6.70 263 1910 344 5.62 518 1.65 0.41 370.3 3.4 25.8 62.7 <DL <DL 0.29 1.93 23.0 0.89
19-January-08 22.9 6.71 320 1920 350 4.03 515 <DL 0.31 380.5 3.6 33.4 60.3 <DL <DL 0.47 1.76 26.6 2.35
5-April-09 26.3 6.0 274 2060 394 5.97 852 1.72 0.15 290.4 2.5 25.6 61.4 9 <DL 0.12 1.90 14.3 1.55

58 Mobarakdi Off-white 1-May-04 57.9 26.8 6.66 211 2800 319 4.62 648 1.51 1.58 400.4 4.7 40.4 77.7 19 19.1 2.06 1.76 30.9 0.68
30-January-05 26.3 6.69 184 2830 292 8.40 653 0.47 1.31 432.6 4.3 32.3 86.9 27 24.5 2.05 1.78 27.6 1.27
29-November-06 24.9 6.70 263 2760 311 5.44 603 <DL 1.42 388.0 4.7 34.6 79.7 35 <DL 2.47 1.74 22.3 0.83
19-January-08 24.3 6.87 293 2410 318 3.93 638 <DL 1.30 362.0 4.5 41.3 79.8 34 9.4 2.74 1.76 27.0 3.42
4-April-09 27.0 7.40 297 2350 353 7.01 256 0.94 1.44 344.0 3.4 36.9 90.9 44 34.3 2.62 2.17 16.8 1.62

63 Mobarakdi Red 1-May-04 68.6 26.6 6.51 294 1971 166 <DL 486 1.23 0.22 208.5 6.1 42.2 94.0 <DL <DL 0.34 2.16 35.6 1.00
30-January-05 26.1 6.50 262 2000 166 0.15 484 0.66 0.16 221.7 5.4 34.7 93.4 <DL <DL 0.43 2.21 32.1 0.68
28-November-06 26.9 6.60 269 1740 165 <DL 493 <DL 0.15 209.4 4.8 37.2 92.0 7 <DL 0.81 2.36 24.7 1.94
19-January-08 24.9 6.62 309 1791 166 <DL 521 0.54 0.13 210.7 6.0 38.7 93.8 <DL <DL 0.81 2.36 31.0 2.98
6-April-09 26.7 6.60 327 1820 187 0.16 469 1.75 0.10 232.9 4.9 46.6 119.4 10 <DL 0.81 3.32 20.8

(continued on next page)
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adsorbed As(V) was calculated as the difference between the
initial and final dissolved As(V). For all experiments with the
low As(V) solutions more than 95% of the initial As(V) was ad-
sorbed. Experiments conducted with high As(V) solutions pro-
duced similar isotherms for the three sediment samples (Fig. 6).
The results indicate that the oxidized sediments have a high
capacity to adsorb As(V) (>400–500 mg kg�1). The sediments con-
tinued to adsorb As(V) even for the highest As(V) solutions, sug-
gesting that the adsorption sites were not yet saturated. These
experiments were only performed for As(V), but if aqueous As(III)
is present in water flowing into the oxidized sediments, the
adsorption behaviour of As(III) and As(V) onto Fe(III) oxide miner-
als is similar at pH 6.5–8 (Dixit and Hering, 2003). While the
adsorption of As(V) to amorphous Fe(III) oxide minerals is higher
than As(III) at low pH (below 5–6), the adsorption of As (III) is
greater at a pH higher than 7–8 (Dixit and Hering, 2003; Gold-
berg, 2002). Therefore, at the near-neutral pH conditions ob-
served in the field it is expected that the oxidized sediments
will also have significant capacity to adsorb aqueous As(III). For
confirmation it is recommended that the adsorption isotherms
for As(III) also be investigated in future studies.

Simulation of the adsorption isotherm experiments with the
surface complexation model gave a poor match with the observed
data. For all sediment samples, the model under-predicts the
adsorption of As (V). For the maximum As(V) solution used,
100 mg L�1, the model under-predicts the adsorbed As by 12–14
times. The model adopted only accounts for adsorption to amor-
phous Fe(III) oxides (Hfo) and does not consider adsorption sites
on Al(III) and Mn(IV) oxides, crystalline Fe(III) oxides nor clay min-
erals. The poor match indicates that the number of active adsorp-
tion sites is greater than that associated with the amorphous Fe(III)
oxides and these other minerals may play an important role in the
adsorption dynamics. The HNO3 extractions show that there is a
much higher abundance of crystalline compared with amorphous
Fe(III) oxides in the sediment (i.e., Feox = 0.09–0.13 g kg�1 c.f. FeH-

NO3 = 5.1–6.9 g kg�1). Although the specific surface area and
adsorption site density of crystalline Fe(III) oxides is typically low-
er than for amorphous Fe(III) oxides, this higher abundance may
account for the significant number of adsorption sites associated
with the crystalline minerals. The model developed has adopted
the Hfo surface area and density of weak and strong adsorption
sites recommended by Dzombak and Morel (1990). This may vary
for the sediments studied and it is recommended that more de-
tailed sediment characterization, is conducted in future investiga-
tions including estimation of mineral surface areas and adsorption
site density.

3.2.3. Column breakthrough study
The column experiments further illustrate the high capacity of

the oxidized sediments to adsorb As. Over the 13 week experimen-
tal period, 90–99% of the influent As adsorbed to the sediments.
The concentration of As in the influent water was approximately
1900 lg L�1, and throughout the experiment the effluent As con-
centration ranged from 20–200 lg L�1 (Fig. 7a). The calculated
adsorption of As with time is linear suggesting that the adsorption
sites were not close to saturation (Fig. 8a). The presence of As in the
effluent despite the continued availability of adsorption sites may
be associated with flow short-circuiting combined with kinetic
constraints on the adsorption process.

The addition of lactose to the replicate columns demonstrates
that the availablity of an electron donor decreases the capacity of
the oxidized sediments to adsorb As (Fig. 7b). All sediment samples
showed a lower adsorption capacity when lactose was present
with the adsorption sites for Sample #2 reaching saturation after
9 weeks (Fig. 8b). High dissolved Fe and Mn concentrations in
the effluent indicate that the decrease in the sediments’ adsorption



Fig. 3. Box plots showing the temporal variations in major water chemistry parameters (pH, total As, total Mn, total Fe, DOC and PO�4 P) in the oxidised sediments (left) and
reduced sediments (right). Each tube-well water sample was classified as from oxidized or reduced sediment based on the sediment colour at the screened depth (see
Table 3).
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capacity was due to the reductive dissolution of Fe(III) and Mn(IV)
oxides (Fig. 9a and b). In the columns with added lactose, the con-
centrations of Fe and Mn in the effluent were more than three or-
ders of magnitude greater than for the columns with out added
lactose (Fig. 9a and b). Concentrations were highest for Sample
#2 indicating that the reductive dissolution of the oxide minerals
was greatest in this column. This corresponds with the saturation
of adsorption sites observed for this column (Fig. 8b). The effluent
concentrations of Ca and Si were also greater for the columns with
lactose added, particularly for Sample #2. This suggests that these
ions were released as Mn(IV) and Fe(III) oxides were reduced
(Fig. 9c and d).
From the redox sequence, reductive dissolution of Mn(IV) oxides
should occur in preference to Fe(III) oxides (Appelo and Postma,
2005). While the effluent concentrations indicate that this did occur
for Sample #2, for all columns these reactions proceeded concomi-
tantly. This occurs because these processes are microbially medi-
ated and therefore the rates of reaction are affected by the
complex consortia of reducing microbes in the sediment. The rates
also depend on the relative stability of the specific Fe(III) and Mn(IV)
oxides present. Although the reduction of Fe(III) and Mn(IV) oxides
adds alkalinity (OH�) to the solution, the oxidation of lactose adds
acidity (H+). This led to the effluent pH dropping to around 5
(c.f. near-neutral for columns without lactose addition). While



Fig. 4. Lithologs based on washed moist sediment samples from boreholes A and B drilled in North Dighaldi and Mubarakdi villages in November 2006.

Table 4
Results from extraction treatments of the three oxidized sediment samples.

Oxalate extraction HNO3 extraction

As (mg kg�1) Fe (mg kg�1) Mn (mg kg�1) As (mg kg�1) Fe (mg kg�1) Mn (mg kg�1)

Sample #1 <1.3 134.4 9.6 2.1 6940 116
Sample #2 <1.3 118.8 31.2 1.3 5300 153
Sample #3 <1.3 93.6 4.8 2.4 5070 73

Fig. 5. Distribution of adsorbed species measured from oxalate extractions and simulated using PHREEQC surface complexation model (Table 1). Results are shown for (a)
Sample #1, (b) Sample #2, and (c) Sample #3.

632 C. Robinson et al. / Applied Geochemistry 26 (2011) 624–635
decreasing pH has been shown to reduce the adsorption of As(III) to
Fe(III) oxides (Dixit and Hering, 2003), the effluent pH decrease does
not account for the significant reduction in adsorption capacity
observed.

Analysis of the tube-well water demonstrated that DOC concen-
trations are higher in the reduced sediments compared to the oxi-
dized sediments (Fig. 3). Infiltrating surface waters would also
typically also have a much higher organic content (Harvey et al.,
2006). As a result, these experiments show that if groundwater
from reduced sediments, or alternatively surface waters, flows into
the oxidized sediments, increased DOC availability will enhance
the reductive dissolution of oxide minerals triggering the mobiliza-
tion of As (Bhattacharya et al., 2002b, 2006). The type and reactiv-
ity of C used in this column study is different to the complex
organic matter that exists in natural aquifer systems. In natural
aquifers the reductive dissolution of Fe(III) and Mn(IV) oxides by



Fig. 6. Measured As adsorption isotherms for Sample #1 (}), Sample #2 (j) and
Sample #3 (4).
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DOC will be strongly controlled by kinetics of the microbial pro-
cesses (McArthur et al., 2004). These kinetics and the type and
reactivity of the organic matter available in the sediments needs
to be further investigated to more accurately predict (i) the capac-
ity of the oxidized sediments to attenuate dissolved As in the infil-
trating water and, (ii) the potential for the dissolution of Fe(III) and
Mn(IV) oxides and subsequent release of sediment-bound As, if
cross-contamination occurs.
Fig. 7. Measured As concentrations in the effluent for columns (a) without a

Fig. 8. Calculated amount of As adsorbed to the oxidized sediment in columns (a) w
4. Conclusions and recommendations

Batch isotherm and column experiments demonstrate the oxi-
dized sediments in Matlab Region have a high capacity to absorb
As. This suggests targeting these sediments for installation of
tube-wells may be a simple sustainable solution for delivering
As-safe drinking water to the rural communities in areas where
oxidized sediments exist at shallow depth. The As adsorption pro-
cesses however are complex and further investigation is needed to
fully assess the risks of contamination including more accurate
simulation of the natural conditions in the aquifer.

The isotherm experiments were conducted for As(V) because
sampling of tube-wells indicate this is the dominant aqueous re-
dox species in the oxidized sediments. While prior studies have
shown that the adsorption behaviour is similar for As(III) at near-
neutral pH conditions, it is suggested that the adsorption of As(III)
also be examined in future studies as water flowing in from re-
duced aquifers may have high levels of As(III). Simulations of the
experimental isotherms using a surface complexation model un-
der-predict the adsorption capacity of the sediment. This is likely
because the model considers adsorption to amorphous Fe(III) oxi-
des only. This indicates that crystalline Fe(III) oxides, Mn(IV) oxi-
des, Al(III) oxides and clay minerals may significantly contribute
to the adsorption capacity of the sediment. More detailed charac-
terization of the sediment including quantification of the adsorp-
tion site density and mineral surface areas is required.
nd (b) with lactose added. The legend shown in (a) also applies to (b).

ithout and (b) with lactose added. The legend shown in (a) also applies to (b).



Fig. 9. Measured (a) Fe, (b) Mn, (c) Ca, and (d) Si concentrations in column effluent. The legend shown in (a) also applies to (b–d).
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While the capacity of the oxidized sediments to attenuate As
was shown to be high, column experiments conducted with lactose
added to the influent water showed this capacity may be decreased
by high levels of DOC (or other electron donors) in water flowing
into the oxidized aquifer layers. Data from the column experiments
indicate that the decreased adsorption capacity was due to the
reductive dissolution of Fe(III) and Mn(IV) oxides. DOC present in
natural aquifers is considerably more complex than lactose which
was used here. It is therefore recommended that the reactivity and
rate of degradation of natural DOC in the acquifers in the Matlab
Region be further investigated with regard to its potential to de-
crease the adsorption capacity of the oxidized sediments. Finally,
to fully evaluate the sustainability of targeting As-safe oxidized
aquifers as a source of As-safe water, this experimental work needs
to be coupled with long-term and regular monthly monitoring of
the water chemistry, including As concentrations, in tube-wells in-
stalled in the oxidized sediments.
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