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Abstract: A groundwater, sediment and soil chemistry and mineralogical study has been
performed to investigate the sources and mobilization process of Arsenic (As) in shallow
aquifers of Bangladesh. The groundwater from the shallow aquifers is characterized by
high concentrations of Arsenic (47.5-216.8 pg/L), iron (0.85-5.83 mg/L), and phosphate,
along with high electrical conductivity (EC). The groundwater has both very low
oxidation-reduction potential (Eh) and dissolved oxygen (DO) values indicating reducing
conditions. By contrast, the deep aquifers and surface waters (pond, canal) have very low
concentrations of Arsenic (<6 pg/L), iron (0.12-0.39 mg/L), and phosphate along with a
relatively low EC. Furthermore, the values of Eh and DO are high, indicating oxic to
suboxic conditions. Arsenic is inversely correlated with Eh values in the upper aquifer,
whereas no relationship in the deeper aquifer is observed. These results suggest that As
mobilization is clearly linked to the development of reducing conditions. The clayey silt,
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enriched in Fe, Mn, Al oxides and organic matter, and deposited in the middle unit of
shallow aquifers, contains moderately high concentrations of As, whereas the sediments of
deep aquifers and silty mud surface soils from paddy fields and ponds contain a low
content of As (Daudkandi area). Arsenic is strongly correlated with the concentrations of
Fe, Mn and Al oxides in the core samples from the Daudkandi and Marua areas. Arsenic is
present in the oxide phase of Fe and Mn, phyllosilicate minerals and in organic matter in
sediments. This study suggests that adsorption or precipitation of As-rich Fe oxyhydroxide
on the surface or inner sites of biotite might be responsible for As concentrations found in
altered biotite minerals by Seddique et al. Microbially or geochemically mediated
reductive dissolution of Fe oxyhydroxides is the main mechanism for As release. The
reducing conditions are caused by respiratory decomposition of organic matter, either
sedimentary or labile organic C. The process can be accelerated by agricultural activity and
domestic organic wastes. An agricultural fertilizer can directly contribute As to
groundwater as well as promote As mobilization by ion-exchange with phosphorus.

Keywords: arsenic in groundwater; Fe and Mn oxyhydroxide; organic carbon; biotite;
microbial role; agricultural activity

1. Introduction

Arsenic (As) contamination in groundwater is a global public health issue, because As
contaminated groundwater has caused many arsenicosis-related health problems in various parts of the
world, notably Bangladesh, and West Bengal in India [1-6], China [7], Pakistan [8], Nepal [9],
Cambodia [10,11] and Vietnam [12]. An intensive tube well screening [13] reported that nearly 35
million people were drinking groundwater containing As with a concentration of more than 50 pg/L
(Bangladesh standard), and about 57 million people were exposed to a concentration exceeding 10 pg/L
(World Health Organization; WHO standard).

Solid phase As is found co-precipitated in or co-adsorbed on iron oxyhydroxide and weathered
phyllosilicate minerals (i.e., biotite) and organic matter in concentrations slightly higher than or below
10 pg/g in the Holocene sediments in Bangladesh [14,15]. The rare presence of pyrite and reducing
geochemical conditions of the aquifer refute the As-rich pyrite oxidation theory of Das et al. [16] and
Chakraborti e al. [17]. High concentrations of As, especially its reduced species of As(IIl) along with
Fe, DOC (dissolved organic carbon), NH," and PO,>~ and low concentrations of dissolved oxygen
(DO), NO; and SO4* in groundwater, indicating reducing condition in the Holocene aquifer, have
resulted in suggestions that reductive dissolution of Fe(Ill)-oxyhydroxides is the primary mechanism
for the release of adsorbed and co-precipitated As [1,4,5,14,18-22]. Anoxic incubation experiments,
using sediments from Bangladesh and West Bengal, India, with electron donors (i.e., an organic carbon
source), yielded increased aqueous As concentrations. Molecular analysis indicated a shift in the
bacteria community towards the Fe(Ill)-reducers Geobacteraceae [21-24]. However, Fe(Il)
concentrations showed no consistent correlation with As either in groundwater [14,19,25] or in
incubation experiments [23,24]. Despite this, reductive dissolution of Fe-oxides and desorption under
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reducing conditions is the most probable and acceptable process governing As mobilization [26], given
the aquifer geochemistry and As speciation.

Acharya et al. [27,28], Chowdhury et al. [29], Anawar et al. [30] and Bromssen et al. [31] reported
that agricultural fertilizers and organic wastes may promote As mobilization by ion-exchange with
phosphorus derived from fertilizers. Some recent studies also suggested that the recent inflow of
organic carbon, due to large-scale irrigation pumping, may exacerbate microbial activity creating
reducing conditions and mobilize As via chemical or biological processes at below-ground
soils [4,26,32]. However, the quantitative contribution of anthropogenic activities and the controlling
factors of As release into the groundwater are still not fully known. The mode of occurrence and
mobility of As in sedimentary aquifers may be governed by a complex interplay of microbially
mediated reactions and geochemical processes sensitive to site specific hydrology and sediment
composition, as well as anthropogenic activities, such as agricultural activities.

Although many theories are proposed by different studies, the actual mechanisms responsible for
As mobilization in reducing aquifers of the Ganges, Brahmaputra and Meghna (GBM) delta plains are
disputed and remain poorly understood thus requiring further study. The aim of the present study is
therefore to examine the groundwater, sediment geochemistry and mineralogy, along with surface
water and soils in order to ascertain the sources and mechanism of As release into the groundwater and
to investigate the natural and anthopogenic (agricultural sources) contributions to high levels of As in
groundwater. This study also investigates the surface and composition of the biotite minerals with
electron microscopy in order to assess the role of biotite minerals on As mobilization due to the
infiltration of oxic surface water into the Holocene aquifer, as proposed by Seddique et al. [33],
Itai et al. [34] and Mitamura et al. [35].

2. Geology of Study Areas

The highly As-contaminated aquifers in the Bengal delta plain are situated in the late
Pleistocene-Holocene peat layers, silty sand and clayey silt deposits in the lower plains of the Ganges
delta, Sylhet basin and the Meghna floodplain [28]. The Holocene aquifers are more mineralized (EC
500-1200 pS/cm) and anoxic, containing high levels of As, iron, phosphate, manganese, calcium,
magnesium and bicarbonate, while the levels of nitrate and sulfate are low [14,36]. Groundwater in the
Holocene aquifer are of the Ca—Mg-HCO; type with major solutes derived from chemical weathering
of detrital minerals such as plagioclase and biotite. Extensive peat deposits accumulated during the
mid-Holocene climatic optimum [37]. The sea level was 135 m lower at the peak of the last Ice age
around 18,000 years ago. At that time the major rivers cut deep valleys into the soft sediments of the
delta. All of the highly contaminated groundwater occurs in sediments deposited from that time, while
those sediments covering the low sea level contain little or no As-contaminated groundwater [28,38].

Daudkandi is situated on the eastern part of the Meghna floodplain (Figure 1). The upper sandy
layer (about 30 m in thickness) of the old Meghna Estuarine Floodplain consists of quartz (45-51%),
feldspar (25-35%), and 5-15% of other minerals, mainly biotite, while the middle unit (43—106 m)
consists of sandy silt with an organic carbon content of 0.67 w/w% and brackish water [39]. The
sediments are mainly alternating layers of dark gray to brownish gray sand and semi-consolidated clay.
Marua is situated in the south-western part of Bangladesh (Jessore district) and belongs to the Ganges
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delta plains (Figure 1). The surface geology comprises deltaic sand and silt. The core samples are gray
to brownish-gray with dominant quartz and abundant mica (biotite and muscovite).

Figure 1. Map showing the study areas, Daudkandi and Marua in Bangladesh.
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3. Materials and Methods
3.1. Sampling and Analysis of Water, Soils and Sediments

Daudkandi thana and Marua village (Jessore district) were selected for the present investigations,
because these two areas have high concentrations of As in groundwater and extensive agricultural
activities. To investigate the effect of agrochemicals on As release, surface water and soils from a
depth of 25 cm were collected in the paddy fields and adjacent ponds in the Daudkandi area. Borehole
sediments from near-surface down to a depth of 40 m were collected in Daudkandi, and from 3.5 m to
a depth of 61 m in Marua village (Jessore district). Groundwater samples were collected from tube
wells at different locations in and around Daudkandi and Marua village, and immediately filtered. To
assess the geochemical conditions that govern As mobilization, groundwater was collected from deep
and shallow tube wells. Polyethylene bottles were pre-washed with nitric acid and after sample
collection, hydrochloric acid (1.0 mL/L) was added as preservative. All of the samples were diluted to
adjust for the linear analytical operating range. pH and Eh (corrected to give the potential drop against
standard hydrogen electrode) were measured using a POT-101M pH-ORP meter (Shibata Sci. Co. Ltd.,
Nagoya, Japan) and electrical conductivity by TDScan-20 (Iuchi Seieido Co. Ltd., Osaka, Japan),
respectively. DO was measured in the field using a portable meter. Before the samples were collected,
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4-5 L of water was discharged in order to minimize aeration. HCl was used to prevent precipitation of
iron oxyhydroxide generated by oxidation of Fe*" by exposure to sunlight and air prior to filtration.
Total Fe concentration (dissolved iron) in water samples was measured colorimetrically by a
spectrophotometer at 510 nm. The PO,> in groundwater was analyzed spectrophotometrically. Arsenic
was analyzed by inductively coupled plasma atomic emission spectroscopy. An in-line hydride
generation device using 1% w/v NaBH4 in 1% w/v NaOH and HCI [14] was coupled to the ICP-AES
(HG-ICP-AES). Total As was analyzed following pre-reduction of As(V) to As(IIl) in samples 24 h
before analysis using 10% KI, followed by in-line hydride generation.

3.2. Analysis of Soils and Sediment

Borehole sediment and soil samples were collected in clean polyethylene boxes and preserved in a
refrigerator until analysis was conducted. Well-dried and mixed samples were used to ensure
representative material [14]. Total concentrations of As in sediment and soil samples were measured
by the powder press method using a wavelength-dispersive X-ray fluorescence spectrometer
(WD-XRF) (Rigaku Co. Ltd) with standard curves based on Japanese rock standard JSD-2 [14]. The
estimated inaccuracy is £2 pg/g. The well-dried and powdered samples were mixed thoroughly to form
pellets. The contents of major elements (Fe, Mn, Al, Na, K, Mg, Ca, Ti oxides, P,Os) and LOI in
sediment samples were determined by WD-XRF (Rigaku Co. Ltd, Tokyo, Japan). Glass bead was
prepared using sediment samples and lithium borate (1:10 ratio). Constituent minerals in sediments
were identified by X-ray diffractometry [14] using a Rigaku Geigerflex (Rad-X system). Total organic
carbon content (TOC) in sediment samples (HCl-treated sediment) was measured by elemental
analyzer (EA) after thermic oxidation with a CHN analyzer (Yanaco CHN Corder MT-5) [14].
Sediment pH was measured in a sediment to deionized water ratio of 1:2.5. Grain size distribution was
determined by a normal sieving method [14]. Moisture content was measured by weight loss after
heating the wet samples at 110 °C. Biotite and Fe oxyhydroxide minerals in sediments were studied by
a scanning electron microscope (SEM) using a CamScan scanning microscope [21] with an EDS Link
ISIS 300 microanalysis system (UK). Biotite grains were separated under the microscope before a
SEM study to determine the elemental composition. Biotite grains were present in all samples from
Daudkandi and the Maura area.

To determine the maximum As adsorption by sediments and surface soils, about 5.0 g of sediment
and surface soil were incubated with different concentrations of As solutions (0.25, 0.50, 1.0 and
2.5 mg/L). After the incubation time, equilibrium As concentrations were measured in the As solutions
by HG-ICP-AES as described in chapter 3.1.

3.3. Sequential Extraction Procedures

A four-step sequential chemical extraction scheme, modified from Anawar ef al. [14] and references
therein, was carried out to determine the pools of As concentrations in the following; surface
bound—-water soluble and exchangeable acid soluble phase (S1), amorphous Fe-Mn oxides (S2),
organic fraction (S3), and sulfide—silicate phase (S4). In this procedure, one gram of sediment was
placed into a 50-mL polycarbonate centrifuge tube and an amount of each extracting reagent was
added sequentially. The four fractions were respectively leached as follows; 8 mL 0.1 M CH;COOH
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for 5 h, adjusted to pH 5.0 with CH;COONa (S1), 20 mL 0.2 M NH,OH/HCI in 25% acetic acid
heated at 96 °C for 12 h (S2), 20 mL 0.1 M sodium pyrophosphate at pH 10 heated on a hotplate for 12
h and dissolved into 1M ammonium acetate (S3) to make the final volume of 20 mL, 5 mL conc.
HCI + KCIOs (1:1) (S4). In each step, the suspensions were shaken and heated for a specific time. The
suspensions were centrifuged, filtered (using 0.45 um Millipore filter) and acidified before As was
analyzed by HG-ICP-AES.

4. Results and Discussion
4.1. Groundwater Chemistry

The concentrations of As, iron, DO, and Eh, EC, and pH along with age and depth of tube well are
given in Table 1. Arsenic concentrations in groundwaters of Daudkandi vary from 47.5 to 217 pg/L
with the mean value of 114 pg/L in shallow tubewells (Table 1). This exceeds the maximum
permissible limit of WHO (10 pg/L) and Bangladesh (50 pg/L) for drinking water. However, As and
PO,’~ concentrations in surface waters (pond, canal) were very low. Arsenic concentrations correlate
weakly with dissolved iron (Figure 2a) and exhibit strong correlation with the electrical conductivity
(Figure 2b) and phosphate in shallow tubewell water (Figure 2c).

Table 1. Concentrations of different chemical species in groundwater and surface water

from Daudkandi.
Depth As Fe PO, Age DO Eh@mV) pH EC
(m)  (ugL) (mgL) (mgL)  (rs)  (mgL) (uS/em)
STW 18.29 216.8 5.83 3.75 15 <0.1 —168 7.1 2400
18.29 115.0 3.72 2.36 3 <0.1 -170 6.6 1433
21.34 139.7 5.32 3.1 8 <0.1 —170 7.2 1232
21.34 113.8 4.98 2.00 10 <0.1 —154 7.4 1166
21.34 143.1 2.19 3.15 8 0.10 —170 6.8 1428
28.96 109.8 0.85 1.75 10-12 0.10 —155 7.2 1087
13.72 56.6 4.63 2.00 30 <0.1 —145 7.0 738
21.34 65.9 345 2.25 15 <0.1 —150 7.1 891
18.29 47.5 2.97 1.75 5 0.10 —154 7.1 798
12.19 70.4 242 2.00 9-10 0.11 —149 6.7 857
24.38 172.6 3.66 4.25 8 <0.1 —161 7.1 2420
DTW 80.77 0.77 0.12 <mdl 0.5 0.8 —13 6.8 825
85.34 0.5 0.14 0.20 1 1.0 11 6.8 933
84.73 0.3 0.31 0.17 3 0.7 -10 7.0 1217

85.34 0.55 0.39 0.32 3 1.0 —6 7.1 941
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Table 1. Cont.

Depth As Fe PO, Age DO Eh(mV) pH EC
(m) (ng/L) (mg/L)  (mg/L) (yrs) (mg/L) (nS/cm)
SW pond 0.4 - 0.125 - - - 6.9 -
pond 0.8 - 0.25 - - - 7.3 -
pond 0.6 - 0.05 - - - 7.2 -
pond 3.0 - 0.125 - - - 7.0 -
canal 5.0 - 0.125 - - - 6.9 -
canal 0.8 - 0.25 - - - 7.1 -
canal 0.7 - 0.05 - - - 6.8 -

Note: STW: shallow tubewell; DTW: deep tubewell; SW: surface water; mdl: maximum detection limit; Eh:

oxidation-reduction potential, EC: electrical conductivity, DO: dissolved oxygen.

Figure 2. Correlations of arsenic with (a) iron, (b) EC, (¢) phosphate and (d) Eh in
groundwater of shallow tube wells (upper aquifer) in Daudkandi.

7 -
2 —
6 2a,R?=0.14 .
&
5 - .
.
S
& o
<&

E 5
= o

5 .

- .

0 T T T T 1

0.0 500  100.0 1500  200.0  250.0

As (ug/L)
(@)

3000 -

2500 - 2b, R2=0.85
‘S 2000 -
R
% 1500 - .
Q
= 1000 - 4

o
500 -
O T T T T 1
0.0 500  100.0 1500  200.0  250.0
As (ug/L)
(b)



Water 2011, 3 1057

Figure 2. Cont.
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The deep tube well waters with depths of 81-85 m have Eh values ranging from slightly negative to
positive indicating oxic to sub-oxic conditions of the deep aquifer along with relatively very low
concentrations of As (<6 pg/L) and dissolved iron (Table 1). Sutton et al. [26] identified the bacteria
species of the genera Aquabacterium, Limnobacter, and Roseomonas in deep aquifers as indicative of
aerobic conditions. By contrast, the upper aquifers (12-29 m) have more negative Eh values indicating
reducing conditions and high concentrations of As and dissolved iron (Table 1). Arsenic correlates
inversely with Eh values in the groundwater of upper aquifers (Figure 2d), whereas in deeper aquifers
no relationship is found between these variables (not shown). The present study and previous
reports [14,19,26] show that groundwater in the contaminated reducing upper aquifers of the Holocene
delta is characterized by high concentrations of As, Fe, PO43_, NH,', and DOC with a high EC, and
low concentrations of DO, NO;'~ and SO4>", whereas the deeper aquifers in the Pleistocene terrace
deposits are characterized by low concentrations of As, DOC, NH,', Fe and PO437, along with a rather
low EC, but higher DO [20]. Similar to the present investigation, many previous studies have noticed



Water 2011, 3

1058

similar occurrences of high- and low-As concentrations in groundwater depending on the depth of the

tube well and the redox conditions in the different areas of Bangladesh [4,6,25,40].

4.2. Sediment Characteristics

Arsenic, iron, manganese and aluminum oxides, total organic carbon content, lithological

characteristics, pH, moisture content and grain size distributions of core samples from Daudkandi have

been analyzed to establish the relationship between aqueous and solid phase geochemistry (Table 2).

Arsenic contents in sediments varied from 0.27 to 13.26 mg/kg, with the mean value of 4 mg/kg. In

surface soils As ranged from 2.79 to 7.45 mg/kg with the mean value of 4.2 mg/kg (Table 2).

Table 2. Content of As, Fe, Mn and Al oxides, along with lithological characteristics, pH,

moisture content and grain size distributions (%) of cores, pond and paddy soils

from Daudkandi.
Sample Depth As Fe;03 MnO ALO; TOC Moisture Grain Grain size
No. (m) (mg/kg) Lithology = pH %) size<0.125 0.125-<2
(Wt %) mm mm

D-2 4.6 5.88 5.47 0.1 15.74 1.895 Silty sand  6.74 3.52 100 0
D-4 7.6 5.87 6.25 0.13 13.8 3.528 Silty sand  6.03 4.76 88.16 11.84
D-5 9.1 2.48 4.42 0.09 11.95 2.29 Sand 7.22 3.54 73.70 26.3
D-6 10.7 3.44 497 0.09 13.44 5.733 Silty sand  6.55 4.24 94.74 5.26
D-8 13.7 4.61 5.35 0.11 13.73 2.641 Silty sand ~ 7.22 3.53 90.9 9.1
D-9 15.2 0.78 2.72 0.05 9.69 0.513 Sand 7.23 3.57 45.04 54.96
D-10 16.8 2.35 4.34 0.1 10.48 1.638 Silty sand  7.58 5.72 81.08 18.92
D-11 18.3 0.72 2.18 0.04 10.57 1.247 Sand 7.42 4.65 60.82 39.18
D-12 19.8 1.86 4.39 0.08 11.59 3.583 Sand 7.24 5.42 80.92 19.08
D-13 21.3 1.99 3.9 0.07 11.82 1.181 Sand 7.37 5.62 80.66 19.34
D-14 22.9 2.02 3.26 0.06 11.04 0.883 Sand 7.38 4.95 64 36
D-15 25.0 3.45 471 0.08 12.81 2.068 Silty sand  7.25 5.21 80.18 19.82
D-16 26.5 0.74 1.92 0.03 9.28 2.342 Sand 7.53 3.24 20.43 79.57
D-17 28.0 2.65 3.51 0.06 11.4 6.726 Sand 6.90 3.70 27.03 72.97
D-18 29.6 0.27 3.02 0.06 10.4 1.13 Sand 6.95 3.84 56.67 43.33
D-19 31.1 10.74 7.24 0.13 19.22 6.37 Silty sand  6.90 5.26 100 0
D-20 32.6 13.26 8.94 0.16 22.13 6.72 Silty sand  6.96 6.27 100
D-21 34.1 1.30 2.53 0.05 10.37 2.742 Sand 6.72 3.37 62.96 37.04
D-22 35.7 9.52 7.3 0.13 20.2 7.179 Clayey silt ~ 7.12 5.65 100
D-23 37.2 11.05 7.45 0.134 19.77 6.535 Silty sand  7.15 4.65 100 0
D-24 38.7 1.22 3.27 0.07 10.03 1.162 Sand 6.94 3.34 54.35 45.65
D-25 40.2 3.85 3.95 0.08 11.45 2.264 Fine sand  7.09 3.56 68.75 31.25

P1 upto25 2.8 3.89 0.06 12.89 - Silty mud - - - -

P2 upto25 2.79 3.22 0.06 11.92 - Silty mud - - - -

P3 upto25 3.73 5.37 0.1 14.49 - Silty mud - - - -
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Table 2. Cont.

Sample Depth As Fe;0; MnO  ALO; TOC Moisture Grain Grain size
No. (m) (mg/kg) Lithology  pH %) size<0.125 0.125—<2
(Wt %) mm mm
P4 upto25 6.49 6.22 0.09 16.33 - Sandy mud - -
Pad5 upto25 3.93 5.46 0.1 15.11 - Sandy mud
Pad6  upto25 3.27 4.81 0.07 14.13 - Sandy mud
P7 upto25 5.28 5.78 0.1 16.25 - Silty clay - - -
Pad8  upto25 4.26 4.81 0.06 15.16 - Silty clay - - -
P9 upto25 3.21 5.28 0.07 15.45 - Silty clay - - -
Padl0  upto25 3.92 5.62 0.07 16.38 - Silty clay - - -

Note: D-Daudkandi core; P-Pond soil; Pad-Paddy field soil; upto25 = 15-25 cm; OC-Total organic carbon.

The pH values, moisture content, lithology, concentrations of As and major elements in sediments
of Marua village are given in Appendix: Table Al and Table A2. Arsenic content ranged from
non-detectable to 36.87 mg/kg, with the average value of 5.6 mg/kg. Core samples collected adjacent
to a highly As contaminated tube well show that high As concentrations (from 7.0 to 36.87 mg/kg) are
found down to 44.5 m, with the highest content at 44.5 m. Below that, the sediments are mainly
medium to coarse sand, and As concentrations decrease abruptly down to stable low concentrations
(4.0 to 2.0 mg/kg) down to 61 m depth (Appendix: Table 1a,b). The middle units (layers) of upper
aquifer (31.1-37.2 m in Daudkandi and 43—44.5 m in Marua village) have the highest As content in
sediments. It is, therefore, postulated that the vertical leakage and translocation, controlled by electrical
conductivity, dissolved organic matter, and land gradient, play a key role in the distribution of As from
the upper aquifer to the middle one [35,41]. The present study and previous studies in Bangladesh and
West Bengal, India, have shown that the source(s) of As seems to be locally distributed in lenses of
fine-grained sediments (e.g., silty sand, clayey silt, clay), and peat in the Holocene deposits of the
upper aquifer, which contain also high concentrations of Fe, Mn and Al oxides and organic matter
[14,33,42-44]. The sand coated by iron-oxyhydroxides, residual magnetite, ilmenite, illite, iron
hydroxides-coated  grains,  biotite, and  siderite = concretions  contain  also  high
As content [43,45], whereas channel deposits of coarser sediments (mostly sand) in the deeper aquifer
during the Pleistocene are low in As and organic matter. The distribution of As is extremely
heterogeneous, and consequently, the “patchy distribution” has often been explained in terms of “local
variations in sedimentary characteristics, and hydrogeochemical conditions” [20,25,40].

The inter-relationships of As with Fe, Mn, and Al oxides and organic carbon content in Daudkandi
core samples have shown that As strongly correlates with the concentration of Fe (R* = 0.91), Mn
(R* = 0.82) and Al oxides (R* = 0.96); and a statistically significant correlation is found with organic
carbon (R* = 0.59) (Figure 3a—d). Arsenic contents in core samples of Marua also correlate strongly
with the concentrations of Fe (R* = 0.65), Al oxides (R® = 0.65) and loss on ignition
(R? = 0.80), and weakly with Mn oxides (R* =0.42) (Figure 4a—d). Excluding a high As outlier in the
Marua core, associated with the highest organic content in Figure 4, did not affect the correlations
significantly. The high concentration of As (36.87 mg/kg) in sediment at a depth of 44.5 m is
associated with the presence of a peat layer. Therefore, the results of this study and those of
Anawar et al. [14] show that the sources of As are presumed to be Fe and Mn oxyhydroxide,
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phyllosilicate minerals, and organic matter (peat layers). The correlations of As with Fe oxides and Al
oxides indicate that phyllosilicate minerals are one of the sources and the sink of As in sediments.
Furthermore, sequential extraction also showed a significant amount of As in the silicate phase (see
below). Sequential chemical leaching of As from sediments has shown that As is mainly present in
three phases including (1) Fe and Mn oxides, (2) organic matter and (3) silicate-sulfide phase
(Figure 5). Rowland et al. [46] also reported similar results with strong correlations between As, Fe
and organic matter from analysis of aquifer sediments.

Figure 3. Relationships of As with (a) iron, (b) manganese, (¢) aluminum oxides and (d)
organic carbon content in Daudkandi core samples.
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Figure 5. Results of sequential extraction analysis of arsenic in different phases in selected
sediment samples of Marua village.
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4.3. Scanning Electron Microscope (SEM)

The mineralogical study of core samples shows that quartz, micas (biotite and muscovite),
feldspars, chlorite, amphibole and clay minerals are major constituent minerals. Seddique et al. [33],
Itai et al. [34] and Mitamura et al. [35] speculated that reduction of Fe oxyhydroxide is not the only
mechanism of As mobilization. In addition, chemical weathering of biotite and/or other basic minerals
induced by infiltration of oxic surface water in the Holocene aquifer could be important as a primary
cause of As mobilization, because the biotite minerals contained high As concentrations. The present
study investigated the biotite minerals separated from the Holocene sediments by SEM (Figure 6a).
The results showed that most of the biotite minerals have changed, and have higher contents of Fe than
the unaltered natural biotite minerals (Table 3). This is due to the presence of Fe oxyhydroxide on the
inner sites and the cleavage surfaces of biotite [47]. High concentrations of As found in biotite could,
therefore, mainly be due to adsorption or precipitation of As-rich Fe oxyhydroxide on the surface and
cleavage surfaces [47]. Arsenic in sediments may thereby exist as a precipitated phase in biotite
mineral intragrain microfractures with nano- to micro-scale widths where ion diffusion is a major
mechanism leading to preferential element concentration in the microfracture regions [48]. The SEM
study proved the presence of Fe oxyhydroxide in the finer fractions of sediments (Figure 6b,c) wherein
As can be associated with amorphous, poorly crystalline and well crystallised Fe oxyhydroxide.
However, due to the very low contents of As in sediments, the SEM-EDS (energy dispersive spectrum)
did not show the peak of As. Therefore, the EDS spectrum is not shown here.
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Figure 6. SEM image of (a) biotite, (b) and (¢) Fe oxyhydroxide in sediments of Daudkandi.
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Figure 6. Cont.

Gc. SEM image of Fe oxide

(©)

Table 3. Elemental composition of biotite, muscovite and altered biotite in sediments
of Daudkandi.

Elemental composition (%)
Biotite Muscovite Altered biotite-1  Altered biotite-2

Major elements

Mg 3.02 0.41 6.00 4.73
Al 4.15 18.30 6.20 7.82
Si 10.70 21.24 14.29 14.20
K 3.91 8.64 2.36 1.08
Ti 1.59 0.21 0.56 0.87
Fe 15.23 1.01 21.53 18.41

4.4. Adsorption Isotherm

Two adsorption isotherms were used to describe the thermodynamics of As adsorption by soils
(Figure 7(a,b)). The thermodynamic adsorption data for As followed the Linear adsorption isotherm
(Equation 1) and the Langmuir isotherm (Equation 2) expressed as follows:

ra =k C, (1)
Cera=1/ (b Ta, max) + C¢/ T'A, max (2)

where C. is the equilibrium concentration of As in the solution (ug/L), T4 is the amount of As adsorbed
at equilibrium (ng/g soil), b is constant, and T, max is the maximum possible adsorption at equilibrium
in the Langmuir equation (pg/g soil). The results show that surface soils and sediments have a strong
affinity for As adsorption; and adsorption increased significantly as the equilibrium concentration (Ce)
increased. Arsenic adsorption isotherms did not reach maximum adsorption under the experimental
condition in this study. The maximum possible adsorption at equilibrium (Ta, max), deduced from the



Water 2011, 3 1066

Langmuir equation was 39 pg/g soil. The amount of As adsorbed at equilibrium (png/g soil) exhibited a
strong correlation with iron oxide (Fe;Os3) in soils (Figure 8) indicating that As is mainly adsorbed on
iron oxide in soils.

Figure 7. Best-fitted adsorption isotherms of As on the surface soil and sediment:
(a) linear isotherms of As adsorption; (b) Langmuir isotherms of As adsorption (4 is the
amount of As adsorbed at equilibrium (ng/g soil), Ceis e equilibrium concentration.).
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Figure 8. Correlation between the amount of As adsorbed at equilibrium and iron oxide
(Fe,03) in soils.
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4.5. Role of Agricultural Activity

The widespread use of agrochemicals (fertilizers including phosphate, urea, potash and pesticides)
and organic waste in the agricultural fields may be an important source of As and promoter of
microbial activity creating reducing conditions and ion exchange reactions resulting in mobilization of
As in groundwater. High concentrations of As are accompanied by high concentrations of PO, in
groundwater, while surface water has very low concentrations of PO,’” and As (Table 1); and the soils
from paddy fields, ponds and canal are low in As (2.79-6.49 mg/kg). The surface soils should have
had high concentrations of As if the agrochemicals were the main source of As, however, the soil and
water results show low As contents (Tables 1 and 2). It is instead speculated that the high
concentrations of NH," and PO,> in groundwater might be derived both from the agricultural
application of fertilizer as suggested by the small variation of ** NH, (mostly 2—4%o) [30,31,34] as
well as reductive dissolution of Fe and Mn oxyhydroxide containing As [49]. Arsenic content of
phosphate fertilizer, used by the farmers in Bangladesh, ranges from 2.42 to 6.79 mg/kg. Hence, the
application of phosphate fertilizers to the agricultural fields and subsequent infiltration into the upper
aquifer could elevate the As concentration by direct dissolution instead of the competition replacement
by PO, ions.

4.6. Mechanism of Arsenic Mobilization

The high concentrations of As and Fe in groundwater are found in reducing aquifers along with
typically dark colour of sediments, while low concentrations of As and Fe are found in oxic to
sub-oxic condition. These findings reflect that reductive dissolution of iron oxyhydroxide throughout
the Holocene alluvial aquifers of Bangladesh and West Bengal, India, are responsible for mobilization
of adsorbed and co-precipitated As [14,19,21-23,49]. The reducing conditions are generated due to
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biodegradation of organic matter by metabolism of the common anaerobic iron reducing bacteria
(FeRB) such as Geobacter associated.

The moderate to strong spatial correlations between As, Fe, P, HCO; and NH,", and DOC
are consistent with As release predominantly via microbially mediated reductive dissolution of As
bearing Fe(Ill) oxides [20,25,46,50]. Indications of reducing conditions due to microbial activity
and reaction of the Fe and Mn oxides with organic matter, as seen by higher inorganic C, PO,>~, NH,",
and Fe concentrations and the absence of NO; were markedly more prominent in shallow
tube wells as compared to deep tube wells [26]. The contaminated aquifers are confined to the
GBM delta plains of the Holocene period, whereas the uplands of the Pleistocene period are
uncontaminated [14,19,28,35,49,50].

That reduction of Fe and Mn oxides, a governing process for As mobilization has not been fully
supported is due to several controversial points; e.g., weak relationship between dissolved As and
Fe [5,14]; source of organic matter —either sedimentary organic matter or infiltration of labile organic
carbon [4,46,51], dissolved Fe, chemical form of reduced Fe oxyhydroxides [24,42], and transportation
process of As [52]. Given the previous studies and the present results, we conclude that the spatial
variation of redox conditions and the subsequent inconsistent distribution of As and dissolved Fe in
groundwater of the upper aquifer are attributable to a range of pressures. The most important are due to
localized variations in subsurface permeability, the recharge of groundwater, variable agricultural
activities, biogeochemical reactions and the precipitation/dissolution of Fe (oxy)hydroxide and
siderite [5,8]. Ultimately, a complex array of geochemical processes may impact the fate of As [44].

Other anthropogenic influences, viz. recent inflow of labile organic C into groundwater due to
pumping for irrigation to shallow aquifers containing As-bearing iron oxyhydroxide, can cause
significant release of As to groundwater [4,32,52]. Arsenic leached out of the upper muddy layer is
translocated to the lower sand (aquifer) that may be expedited by infiltrated PO,’ fertilizer-enhanced
movement of As from the muddy layer [27,31]. There are no significant differences between the
concentrations of As in agricultural surface soils and subsurface sediments, except the case of the peat
layer and the clayey silts in the middle unit (30-50 m) of subsurface aquifers. No known dissimilatory
Fe(IIT) or As(V) reducers as bacteria are found in shallow aquifers by the study of Sutton et al. [26],
however, other bacteria associated with biodegradation of organic matter may develop the reducing
conditions, resulting in reductive dissolution of iron oxyhydroxide and As mobilization.

5. Conclusions

The results of groundwater and sediment chemistry and mineralogical study show that Fe and Mn
oxyhydroxide in silty sand, and clayey silt in the middle unit of the upper aquifer contain the highest
concentrations of As; and that organic matter and phyllosilicate minerals are the second sources and
sinks of As. Anthropogenic activities such as agricultural activities (especially use of phosphate
fertilizers) and domestic wastes may directly contribute As to groundwater. Moreover, such activities
contribute to the inflow of labile organic C, NO; and PO,’~ fertilizer to the upper aquifer, and thereby
stimulate the activity of microbial communities, leading to anoxic conditions, and reductive dissolution
of iron oxyhydroxide and subsequent As release into the aqueous phase. SEM studies indicated that the
chemical weathering of biotite and/or other basic minerals in the Holocene aquifer could not be a
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primary cause of As mobilization. Adsorption and co-precipitation of As-rich Fe oxyhydroxide in the
microfracture of biotite is the main cause of As enrichment in biotite minerals.
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Appendix

Table Al. Physico-chemical characteristics and arsenic contents in cores of Marua.

Depth (m) Lithological facies As (mg/kg) pH Moisture content (wt %)

3.5 Silty sand, yellowish 7.99 8.27 5.16
5 silty clay, brownish 7.76 8.53 5.42
6 clayey silt 7.15 8.15 4.35
7 Silty sand 3.13 8.16 4.84
8 Silty sand 5.05 8.28 4.68
9 Silty sand 6.01 8.13 4.62
9.5 clay 10.48 8.09 5.34
10 clayey silt 8.57 8.02 3.70
11-12 silt, trace sand & clay 8.21 8.26 4.96
13 very fine sand 4.16 8.47 3.29
14 Silty sand 6.26 8.13 4.26
15 Silty sand 6.74 8.23 4.75
16 Silty sand 5.81 8.34 5.26
17 Silty sand 7.00 8.04 5.78
18 very fine sand 1.72 8.34 4.09
19 clayey silt 8.81 8.26 8.67
20 clay 10.48 8.26 6.59
21 very fine sand 4.03 8.48 4.26
22 very fine sand, trace silt 4.49 8.20 3.76
23 very fine sand, trace silt 5.11 8.19 4.61
24 very fine sand 4.03 8.38 4.35
25 very fine sand, trace silt 1.25 8.37 5.06
26 very fine sand 4.27 8.45 5.18
27.3 very fine sand 3.81 8.27 3.63
28 very fine sand, trace silt 5.48 8.43 4.39
29 very fine sand, trace silt 4.21 8.45 4.58
30 clay 11.89 8.12 6.36
31 clayey silt 11.47 8.19 5.67
32 clayey silt 10.89 8.24 3.75
33 Sand, 4.71 8.49 4.73
34 Sand 3.91 8.64 4.07
35 Sand, brownish 6.35 8.43 3.68
36 Sand, yellowish 5.03 8.35 3.97
37 Fine to medium sand 3.33 8.31 4.72
38 Fine to medium sand 1.63 8.49 5.27
39 Fine to medium sand 3.04 8.57 4.33
40 Fine to medium sand 2.49 8.62 547
41 Fine to medium sand 2.27 8.56 4.72
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Depth (m) Lithological facies As (mg/kg) pH Moisture content (wt %)
42 Fine to medium sand 1.29 8.54 4.61
43 clay 15.78 7.78 5.12

43.2 clay 13.85 7.84 4.25
44 Fine to medium sand 1.67 8.46 4.24
44.5 clay 36.87 7.58 4.37
45 clay 7.86 7.68 5.19
46 Fine to medium sand 1.96 8.59 5.12
47 Sand 3.79 8.45 3.24
48 very fine sand 2.66 8.19 4.22
49 Fine to medium sand 1.85 8.62 5.27
50 Medium sand 0.29 8.36 5.35
51 Fine to medium sand 1.34 8.28 4.93
52 Fine to medium sand bdl 8.74 4.18
53 Fine to medium sand 0.57 8.46 4.38
54 Fine to medium sand 1.45 8.32 5.73
55 Fine to medium sand bdl 8.21 4.36
56 Fine to medium sand bdl 8.28 5.14
57 Fine to medium sand bdl 8.26 4.72
58 Fine to medium sand 0.29 8.14 4.61
59 Fine to medium sand 0.44 8.23 5.12
60 Fine to medium sand 4.36 7.76 4.25
61 Fine to medium sand 1.09 8.52 4.72

Table A2. Concentrations of arsenic (mg/kg) and major elements (%w/w) in core samples

of Marua.

Depth SiO, TiO, ALO; FeO MnO MgO CaO Na,O K,O0 P,0s LOI Total As
(m) (%) (mg/kg)
35 6775 070 11.82 428 0.07 227 349 1.12 260 0.12 554 99.76 7.99

5 63.17 0.77 1347 509 0.08 265 396 098 283 0.12 7.14 100.3 7.76
6 6480 0.74 1291 463 0.08 251 373 107 284 0.11 6.53 9995 7.15
7 7433 055 983 299 006 144 3.00 125 229 024 350 9948 3.13
8 71.06 0.62 1052 3.65 0.07 1.82 316 1.18 233 0.14 457 99.12 5.05
9 67.8 0.68 11.73 419 007 2.12 350 1.13 252 0.12 559 9948 6.01
9.5 59.6 079 1481 6.64 0.15 249 316 084 296 0.15 8.13 99.74 10.48
10 63 0.76 1344 498 0.09 251 365 105 289 0.12 6.73 99.21 8.57
12 63.6 074 1296 477 009 247 404 1.03 280 0.12 6.67 99.30 8.21
13 752 053 935 281 005 142 290 125 215 0.17 3.67 9953 4.16
14 689 0.65 1085 372 007 191 350 1.14 238 0.17 631 99.62 6.26
15 672 0.65 1140 411 007 210 347 114 254 0.12 550 98.29 6.74
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Table A2. Cont.
Depth SiO, TiO, ALO; FeO MnO MgO CaO Na, O K,O P,0; LOI Total As
(m) (%) (mg/kg)
16 66.7 0.71 1276 4.44 0.07 241 3.71 1.30 279 0.12 5.67 100.63 5.81
17 67.6 0.69 11.79 430 0.07 2.17 341 1.15 258 0.13 587 99.74 7
18 77.1  0.48 8.78 235 0.05 1.26 3.02 134  1.97 0.13 3.02 99.45 1.72
19 63.5 0.75 1326 483 0.09 247 393 1.01 2.87 0.12 7.00 99.79 8.81
20 623 0.77 1380 5.16 0.10 257 410 097 296 0.13 793 100.79 10.48
21 743 057 9.82 321 0.06 1.58 2.82 1.22 228 0.17 3.75 99.81 4.03
22 739 0.63 1024 330 0.07 1.59 316 128 234 031 250 99.36 4.49
23 71.8  0.61 9.54 3.03 0.06 .51 324 126 214 021 6.14 99.56 5.11
24 73.1  0.63 992 329 0.06 1.60 3.00 126 225 0.19 420 99.46 4.03
25 75 0.55 9.00 2.73 0.06 1.38 3.06 124 2.01 0.16 457 99.74 1.25
26 732 056 1037 3.57  0.06 1.68  2.58 1.24 249 0.16 3.77 99.67 4.27
27.3 70.3  0.58 10.18 3.85 0.06 1.78 296 124 241 0.16 578 99.28 3.81
28 71.3  0.62 1031 3.53 0.07 .72 3.28 122 238 0.17 453 99.10 5.48
29 73.2 059 9.78 321 0.06 1.59  3.08 1.24 223 0.18 422 9937 4.21
30 594 0.83 1497 562 0.11 275 383 085 3.08 0.13 812 99.71 11.89
31 61.5 080 14.00 523 0.10 263 394 092 298 0.13 737 99.64 11.47
32 63.2 0.76 13.11 475 0.08 249 3.82 1.06 2.80 0.12 731 99.48 10.89
33 73.6 047 1033 338 0.05 1.68 2.60 130 250 0.09 345 9943 4.71
34 77 040 884 243 0.05 .25 279 129 207 0.15 3.16 99.4 391
35 719 052 11.00 4.13 0.06 1.95 214 125 271 0.09 3.39 99.1 6.35
36 76.5 054 933 298 0.07 1.35 2.57 1.25 2.06 0.16 2.63 99.5 5.03
37 77.1  0.45 9.44 322 0.11 1.16  2.63 1.28 1.94 0.13 242 99.86 3.33
38 788 036 913 218 006 097 230 138 211 0.13 230 99.70 1.63
39 774 040 898 258 0.08 1.01 264 130 193 0.14 2.89 99.38 3.04
40 81.1 0.29 8.86 201 0.06 082 2.12 143  2.03 0.09 226 101.0 2.49
41 789 030  8.63 1.99 0.07 084 264 136 2.00 0.11 279 99.67 2.27
42 825 022 906 145 004 064 166 157 232 0.06 216 101.67 1.29
43 541 0.89 1866 737 0.10 3.00 191 055 339 0.14 9.76 99.9 15.78
43.2 56.8 0.86 17.13 659 0.10 288 238 069 336 0.12 893 99.81 13.85
44 78.5 0.25 9.05 1.92 0.08 0.74 2.72 1.42 220 0.09 3.00 99.94 1.67
44.5 46.5 055 1524 580 0.09 250 9.09 0.60 325 0.11 1554 99.26 36.87
45 60.1 0.78 17.69 588 0.05 253 104 082 373 0.10 636 99.04 7.86
46 783 032 920 2.02 0.04 1.03 216 149 218 0.09 242 99.28 1.96
47 75.3 045 870 2.67 0.09 134 344 126 1.86 0.18 4.12 99.4 3.79
48 748 046 938 282 0.06 145 279 125 218 0.16 394 99.29 2.66
49 794 032 927 238 0.06 094 215 1.49 2,00 0.06 1.85 100 1.85
50 81.6 028 9.17 1.79 0.04 063 1.57 1.63 217 0.05 0.51 99.4 0.29
51 81.9 0.23 9.75 1.63 0.03 0.67 1.42 1.67 252 0.06 0.96 101 1.34
52 804 028 931 1.79 0.04 0.78 1.95 1.63 218 0.07 1.14 99.6 0
53 80.4  0.25 9.15 1.63 0.04 0.71 1.86 1.67 2.11 0.05 1.09 99.0 0.57
54 80.7 026 9.15 1.82  0.05 0.71 1.77 1.60 2.03 0.05 0.89 99.1 1.45
55 81.6 0.19 932 134 0.02 048 1.22 .72 236 0.04 0.76 99.02 0
56 81.5 0.18 8.68 1.19 0.02 040 1.11 1.56 225 0.04 4098 101.9 0
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Table A2. Cont.
Depth . . As
Si0, TiO, ALO; FeO MnO MgO Ca0O Na,O K,O P,0s; LOI Total

(m) (mg/kg)
57 81.5 035 899 213 005 059 159 154 205 0.04 045 99.32 0
58 80.2 035 958 209 005 064 155 161 221 0.05 091 99.3 0.29
59 83.6 025 940 1.61 003 054 129 155 221 0.04 087 1014 0.44
60 733 047 1042 270 003 070 1.01 098 2.08 0.06 741 99.17 4.36
61 835 021 879 139 003 045 125 149 215 0.04 0.71 100.1 1.09
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