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Abstract

Detailed hydrochemical measurements, §>*Sgos and *H analyses were performed on 37 groundwater samples col-
lected during February 1999, January and March 2000 from 6 locations in eastern and southeastern Bangladesh to
examine redox processes that lead to As mobilization in groundwater. The study sites were chosen based on available
nation-wide As surveys to span the entire spectrum of As concentrations in Bangladesh groundwater, and to represent
3 of 5 major geological units of the Ganges-Brahmaputra Delta: uplifted Pleistocene terrace, fluvial flood plain and
delta plain. Arsenic was found to be mobilized under Fe-reducing conditions in shallow aquifers (<35 m depth), pre-
sumably of Holocene age. It remained mobile under SO4-reducing conditions, suggesting that authigenic sulfide precipita-
tion does not constitute a significant sink for As in these groundwaters. The redox state of the water was characterized by a
variety of parameters including dissolved O,, NO3, Mn2?*, Fe?* concentrations, and SO3~/CI~ ratios. High dissolved [As]
(> 50 pg/l; or > 0.7 uM ) were always accompanied by high dissolved [HCO3] (> 4 mM), and were close to saturation
with respect to calcite. Groundwater enriched in As (200-800 pg/l; or 2.7-10.7 uM) and phosphate (30—-100 uM) but rela-
tively low in dissolved Fe (540 uM) probably resulted from re-oxidation of reducing, As and Fe enriched water. This his-
tory was deduced from isotopic signatures of §3*Sgo4 and *H>O (P*H) to delineate the nature of redox changes for some of
the reducing groundwaters. In contrast, As is not mobilized in presumed Pleistocene aquifers, both shallow (30-60 m) and
deep (150270 m), because conditions were not reducing enough due to lack of sufficient O, demand.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Arsenic is a highly toxic and ubiquitous metalloid
(Cullen and Reimer, 1989), and realization is growing
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that water-borne As now poses a significant threat to
human and ecosystem health worldwide (Nriagu, 1994).
The recent decision by the US Environmental Protec-
tion Agency that the Maximum Contamination Level
(MCL) for As in drinking water will be lowered from 50
pg/l (0.7 uM) to 10 pg/l (0.1 uM) reflects re-evaluation
of health risks associated with ingestion of this metal-
loid (NRC, 1999). Because of this threat, it is critically
important to understand the factors controlling As
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mobilization, both to assess risks posed by As-enriched
natural waters and to design more effective remediation.

A striking and tragic example of the threat that As
can pose is provided in the Ganges Brahmaputra Delta
(GBD) region of Bangladesh (Dhar et al., 1997) and
West Bengal, India (Chakraborty and Saha, 1987; Bagla
and Kaiser, 1996). In the past 30 years, millions of tube
wells have been drilled to provide reliable, mostly
pathogen-free domestic water to villagers. Groundwater
has also been used extensively for irrigation (Raven-
scroft et al., 2002), greatly increasing agricultural pro-
ductivity in the region. Unfortunately, the groundwater
is often laden with As of natural origin, and chronic As
poisoning is now widespread in the local population
(Smith et al., 2000). Arsenic concentrations above 50 pg/
1 (0.7 uM), the current MCL in Bangladesh, are found in
over 30% of the wells (Fig. 1), placing an estimated 20-50
million people (BGS and DPHE, 2001) at risk of devel-
oping cancer and other serious diseases (Chen and Lin,
1994; Chen et al., 1997). About 50% of the wells tested so
far exceed the World Health Organization (WHO) MCL
of 10 pg/1 (0.1 uM; BGS and DPHE, 2001).

A detailed analysis by the British Geological Survey
(BGS) has shown that water from shallow aquifers with
recent alluvial sediments carries distinctly higher (As)
than does water from deeper aquifers with presumed
pre-Holocene sediments: only 1% of wells in the depth
range of 150-200 m have aqueous As above 50 pg/l (0.7
uM; BGS, 1998). The BGS study reveals relationships
between the occurrence of aqueous As, the geology,
geomorphology and hydrogeology of the area, as well as
land and water use. Together, these observations
demonstrate that As concentrations in groundwater are
controlled by a complex set of conditions and processes.

Of several proximate sources proposed for elevated
As in GBD groundwater, two that appear most plau-
sible are: (1) As-rich materials that occur in discrete
layers, as suggested by As-rich pyrite particles found in
aquifer sediments (Chatterjee et al., 1995); and (2) dis-
persed As associated primarily with Fe oxyhydroxides
(Bhattacharya et al., 1997; Nickson et al., 1998). The
first is known as the “‘oxidation hypothesis”, whereby
As-rich Fe-sulfide may be dissolved through oxidation
driven partly by increased groundwater withdrawal. The
second is known as the “‘reduction hypothesis’, whereby
the reduction of As-rich Fe-oxides results from
increased O, demand possibly related to human dis-
turbances, or buried peat (McArthur et al., 2001) and
other organic deposits. The solid phase As is generally
believed to be of natural origin. Because dissolved As,
Fe, and HCO; are positively correlated in some
groundwaters, and because organic C is abundant in
GBD sediments, reduction of Fe oxyhydroxides and
release of As may be coupled with organic C oxida-
tion (Nickson et al., 2000). Although the correlation
of aqueous As and Fe in some wells is an important

consideration, elevated As levels could possibly be the
result of additional source materials and release
mechanisms as well (McArthur et al., 2001).

In this study, the authors report a number of obser-
vations that extend examination of As mobilization
processes beyond the broad categories of “oxidation”
and “‘reduction” hypotheses. By analyzing a suite of
constituents in samples covering a wide range of
groundwater conditions at 6 locations (Fig. 1), it is
confirmed that redox processes, particularly reduction
of Fe-oxyhydroxides, play a key role in the release of As
to groundwater. To the authors’ knowledge, this study
is the first to measure §**Sgos in GBD groundwater.
Tritium concentration data are also presented. It is
demonstrated that hydrological factors and the nature
of the GBD sediments are closely linked to the dynamic
redox processes of groundwater that control As mobili-
zation, and warrant further investigation.

2. Materials and methods
2.1. Study sites

The study sites located in eastern Bangladesh, were
chosen based on a nation-wide As survey to span the
entire spectrum of observed As groundwater concentra-
tions (Fig. 1), hence presumably a wide range of redox
conditions. The Sripur and Dhaka sites are located
within the uplifted Pleistocene Madhupur tract (Morgan
and Mclntire, 1959). The Araihazar and Sonargaon
sites are located on the margin of the Holocene Mehgna
fluvial floodplain where the transition occurs from the
Madhupur tract to much younger, incised Meghna river
channel deposits from west to east, resulting in a thicker
sequence of Holocene deposits to the east of the study
area. The Ramganj and Senbag sites are on the Holo-
cene GBD delta plain (BGS and DPHE, 2001).
Although the total number of samples is relatively
small, they represent major geologic units found in large
areas of Bangladesh, with the exception of the Sylhet
Basin and the Mountain Front Fan Delta in the north-
ern part of the country.

Much of the aquifer system in the GBD has not been
stratigraphically classified in detail, but basin-wide stra-
tigraphic reconstructions suggest that the uppermost
30-100 m thick strata mostly consists of a coarse to fine
sandy deposit underlying a fine-grained silty or clayey
surface floodplain deposit. This sequence has accumu-
lated within the last 11 ka (Umitsu, 1993; Goodbred and
Kuehl, 2000), with rapid transgression advancing the
delta seaward during the mid-Holocene climatic opti-
mum period (Goodbred et al., 2003). In addition to
sea level changes, other factors influenced the thicknesses
of the Holocene strata: (1) tectonic activities favoring
fine-grained sediment deposition; and (2) high-energy
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Fig. 1. Locations of 6 sampling sites representing a range of As concentrations in groundwater. The Sripur and Dhaka sites are
located within the uplifted Pleistocene Madhupur tract (Morgan and Mclntire, 1959). The Araihazar and Sonargaon sites are located
on part of the Holocene Mehgna fluvial floodplain, where the transition from the Madhupur tract to incised Meghna river channel
deposits from west to east occurs. The Ramganj and Senbag sites are on the Holocene GBD delta plain (BGS and DPHE, 2001).
Color-coding reflects As levels in Bangladesh well waters based on a survey of ~6000 samples in 60 districts (Chakraborti et al., 1999).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



204 Y. Zheng et al. | Applied Geochemistry 19 (2004) 201-214

fluvial events favoring coarse-grained deposits, led to
variable thickness of Holocene strata in the GBD
(Goodbred and Kuehl, 2000). These basin-scale strati-
graphic reconstructions suggest that shallow ground-
water samples from Araihazar (<32 m), Sonargaon
(<23 m), Ramganj (9 m) and Senbag (<35 m) are from
the Holocene strata. Deep groundwater samples from
Araihazar (152 m) and Ramganj (274 m) are most likely
from Pleistocene, or perhaps even Pliocene strata. It is
difficult to determine the age of strata from Sonargaon
(91 m) from which two samples were obtained.

2.2. Sampling and field analysis protocols

Thirty-seven groundwater samples were collected
from existing tube wells (locations determined with a
GARMIN handheld GPS unit, depths obtained through
interviews because it is time-consuming to remove the
hand-pump) in Sripur (n=2), Dhaka (n=3), Araihazar
(n=17), Sonargaon (n=9), Ramganj (n=2) and Senbag
(n=4) upazilas. Groundwater was siphoned during
steady pumping from the hand-pump head, after block-
ing the flow at the tube well outlet to minimize dissolved
gas loss. After pumping continuously for 15-30 min
until the temperature, conductivity, pH and oxidation/
reduction potential (ORP) reading had stabilized, the
following steps were performed:

1. Dissolved O, was measured with a CHEMet kit
(Cole-Parmer).

2. Alkalinity was obtained by Gran titration
(Gran, 1952) using ~120-180 ml of sample.

3. Inorganic As speciation was obtained following
an anion exchange method (Ficklin, 1983) using
~120 ml of groundwater filtered with a 0.45 pm
membrane syringe filter (Gelman Acrodisc).

4. Dissolved Fe(Il) was determined by a ferrozine
method (Stookey, 1970).

5. Hydrochemical samples: a set of 4 samples were
collected in 60 ml HDPE bottles, that were (1)
filtered and acidified (to 1% HCI with Fisher
Optima), (2) filtered but not-acidified, (3) not-
filtered and acidified, and (4) not-filtered and
not-acidified. Dissolved ions including Ca?™,
Mg2*, Na®, K™, SiO,, As, Fe, Mn, PO3~ and
SO3~ were measured on the acidified samples.
Dissolved NO3 and Cl~ were measured on the
not-acidified samples. Initially, both filtered and
not filtered samples were measured, but little
difference was found between the filtered and
not filtered samples for all ions except for Fe and
PO;~. Filtration often resulted in rapid ferrihy-
drite precipitation that removed PO3;~ but not
As; hence the not-filtered sample results are
reported for Fe and PO3~, and filtered sample
results for other ions including As.

6. For §**Sgp4 analysis, up to 4 1 of groundwater
samples were collected in HDPE bottles and
acidified to 1% HCI (Fisher Optima). Sample
containers were then vigorously shaken, and in
most cases purged with N, gas to eliminate any
dissolved sulfide.

7. Samples for *H analysis were collected in 250 ml
glass bottles or ~1 cm O.D., 50 cm long Cu
tubes with stainless steel pinch-off clamps
(Weiss, 1968).

2.3. Laboratory analytical methods

Conventional methods were applied for dissolved ion
concentrations. Arsenic was determined by graphite
furnace atomic absorption spectrometry, with a subset
of samples also analyzed by High Resolution Induc-
tively Coupled Plasma Mass Spectrometry (HR ICP-
MS). Dissolved Fe was determined by flame atomic
absorption spectrometry, and dissolved Mn by Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS).
Dissolved Cl—, NO3, SO7~ and PO3~ were determined
by ion chromatography. Dissolved Ca?*, Mg?>*, K+,
Na* were measured by Inductively Coupled Plasma
Atomic Emission Spectrometry (ICP-AES). Dissolved
SiO, was determined by colorimetry and ICP-AES.
Standard calibrations were based on standard addition
for all dissolved ions analyzed. A NIST Standard
Reference Material 1640 (Trace Elements in Natural
Water) were analyzed and results were found within 5-
10% of the certified values for As, Fe, Mn and other
dissolved ions. The measurement precision differed for
different methods, but usually was within 5-10% based
on repeated analysis of several internal laboratory stan-
dards, including an Evian water internal standard
spiked with trace elements, and several Bangladesh
groundwater samples.

A conventional method of isotope ratio gas mass
spectrometry was employed for §3*Sgos analyses on
samples containing >2 mg/l SOy, after precipitating the
SO, as BaSO4 and converting it to SO, on a S vacuum
line (Coleman and Moore, 1978). The reproducibility on
a frequently run internal laboratory standard is £0.2%o,
similar to the precision of the analyses as determined on
NBS-127. Samples with low SO4 content (<2 mg/l)
were analyzed by thermal ionization mass spectrometry
(TIMS). The TIMS procedure is based on the method of
Paulsen and Kelly (1984) as modified by Gavrieli for
groundwater that allows analysis of less than 100 pg of
SO4. Measured ratios were corrected for mass fractio-
nation based on comparison with the NBS-127 stan-
dard, which was loaded on filaments and run under the
same conditions. The external reproducibility based on
the NBS-127 standard (20; n=7) is better than 0.7%o.
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The 3H analysis was performed on either ~40 cm? of
water collected in glass bottles or on ~ 16 cm? of water
collected in Cu tubes using the 3He in-growth technique
(Bayer et al., 1989; Ludin et al., 1998). The precision of
the 3H data is about 42-3%.

3. Results and discussion
3.1. Chemical composition of GBD groundwater

The total dissolved ion concentrations based on elec-
trical conductivity (EC) varied by a factor of 35, ranging
from a minimum EC value of 60 pS/cm in Sripur to a
maximum EC value of 2070 puS/cm in Senbag (Fig. 2).
This large range of total dissolved ions primarily reflects
the variations of Cl~ (0.03-10.7 mM) and HCO3
(~0.5-11 mM) concentrations, with a very strong linear
correlation (not shown; R>=0.97) between conductivity
and [HCO3]+[Cl7]. But [HCOz3] are, on average, about
10 times greater than [C17] in samples with EC values of
<1000 pS/cm, suggesting that the increase of [HCO3]
contributes more to the EC increases (up to 1000 uS/cm)
than does the increase of [Cl~]. Waters with low dis-
solved [HCO3] were also found to be under-saturated
with respect to calcite (Fig. 3a). These samples fre-
quently contained dissolved O, (Fig. 3b, samples with
non-detectable dissolved O, concentrations were plotted
with assigned values of 0.01 mg/l, the detection limit of
the CHEMet oxygen kit). Samples from Senbag, which
display the highest [HCO3] but also show detectable
amounts of O,, will be discussed later (Section 3.2).

Concentrations of dissolved HCO3 reflect the degree
of water—rock interaction in groundwater systems as
well as integrated microbial degradation of organic
matter. Groundwater alkalinity, or HCOs3, originates
from weathering of silicate and calcite minerals by
atmospheric or respired CO, that leads to secondary
mineral formation (Garrels, 1967). With the exception
of one sample at 91 m from Sonargaon, samples with
high dissolved [HCO3] (> 4 mM) are O, free, suggest-
ing that the source of dissolved inorganic C includes a
component of respired CO, derived from the oxidation
of organic matter either during infiltration through soil
or along the flow path of the water. The rather negative
813C values in other GBD groundwater samples repor-
ted by McArthur et al. (2001) support this concept.
Respired CO, from oxic and anoxic organic matter
degradation then reacted with primary silicate minerals
or calcite to release Ca’>*, Mg?", Na® and K* to the
water (data not shown).

Most of the samples from shallow depths (<35 m)
are characterized by high [HCO3], close to saturation
with respect to calcite, and low in dissolved O» (Fig. 3).
They frequently contain detectable amounts of 3H
(Fig. 4). Tritium concentrations are mostly <20 TU

(Fig. 4) as expected from reconstructions of *H con-
centrations in precipitation in Bangladesh (Stute, 2001),
with the exception of one sample with a value of 462
TU, which was probably due to contamination. Tritium is
an anthropogenic tracer primarily released to the atmo-
sphere by atmospheric bomb tests that began in the early
1950's and peaked around 1963 (IAEA, 1992). Tritium
becomes part of the water molecule and when detected in
groundwater generally indicates recharge during the past
40 a. Together, these characteristics suggest that O,
demand and consumption in shallow groundwaters ( <35
m) is high despite a residence time of less than 40 a.

In contrast, several deep ground water wells in Arai-
hazar (152 m), Dhaka (168 m) and Dhaka (274 m) are
not as chemically evolved, with less than 4 mM dis-
solved [HCOj3] (Fig. 3), despite isolation of these sam-
ples from the atmosphere for longer periods of time, as
indicated by not-detectable *H concentrations (Fig. 4).
These deep waters contain readily detectable amounts of
dissolved O, (Fig. 3), suggesting that O, demand, or the
labile organic matter content is low along the flow path
from recharge. Samples from Dhaka (76 m, 146 m) and
Sripur (32 m, 67 m) containing detectable amounts of
*H (Fig. 4) and high dissolved O, concentrations (> 1
mg/L), can also be explained by low O, demand and
consumption during infiltration and transport, which
presumably does not generate enough respired CO, to
yield chemically mature water in the relative short time
since the water has been recharged. It is also noted that
two samples collected at 91 m in Sonargaon have dis-
tinctly higher dissolved [HCO3] than waters from a
comparable depth range (76274 m) in other locations.
At present the authors do not have an explanation for
this difference, except to note that the age of the strata
of these samples is not well constrained and that these
two samples also have distinctly higher Na™/Ca?™
ratios, which may imply marine influence as discussed
below.

Elevated [Cl7] and higher proportions of Na* rela-
tive to other cations (Ca?*, Mg?*, K*) in groundwater
suggest that these samples are influenced by a source of
Na* and Cl~. The highest Cl~ concentration (~10
mM) observed in Senbag is ~270 times higher than the
average [C17] of the Brahmaputra and Meghna Rivers
(0.04+£0.02 mM; Sarin et al., 1989; Galy and Frace-
Lanord, 1999). It is unlikely that evapotranspiration can
increase recharge water [CI7] to > 1 mM because
extensive evaporation in Bils on Barind tracts (an uplif-
ted Pleistocene terrace in northeastern Bangladesh) ele-
vates Bil water [CI7] to ~0.7 mM (Ahmed and Burgess,
1995). Bils are saucer-shaped depressions that are per-
ennially flooded, with some becoming completely dessi-
cated towards the end of the dry season. Furthermore,
8'80 and 2H variations of groundwater in the region
were shown to closely follow that of the meteoric water
line, suggesting recharge during the wet season without
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Fig. 2. Redox chemistry of groundwater samples collected in 6 locations (Fig. 1) spanning a wide range of redox conditions existing in the GBD. Samples were ordered in a sequence
of decreasing O, and for O, <0.1 mg/l, increasing dissolved Fe, except for samples from Senbag (triangles). Senbag samples were assessed as the most reducing based on the presence
of CH4 and were ranked by decreasing Fe concentrations. The same symbols for each site were used for Figs. 3-5.
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contamination source.

much evaporation (Ahmed and Burgess, 1995). Thus,
this groundwater must gain some of its Cl~ from water—
rock interaction, and possibly from NaCl if excess Na™
is also found relative to other cations.

Water—rock interaction, weathering of either silicate
or calcite minerals, generates groundwater that is more
enriched in Ca’>" and Mg?™" relative to Na™* (Garrels,
1967). Samples from Senbag, and two 91 m samples
from Sonargaon show Na™/Ca?* molar ratios that are
distinctly higher than that of the trend expected from

silicate mineral weathering, which ranges from 1 to 10
and decreases with increasing HCO3/SiO, ratio (Gar-
rels, 1967). The samples with Na™ /Ca?* molar ratios of
>10 also display Na®/(Na® +2Ca?" +2Mg>* +K ™)
molar ratios greater than 0.4 (not shown), as well as
high Cl~ concentrations (> 1 mM, Fig. 5). Since these
samples are from relatively shallow depths (14 and 34
m), it is possible that seawater intrusion, sea salt acrosol
deposition, or remnant seawater could have caused the
elevated Na* and CI~ concentrations.
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general water-rock interaction (indicated by the thick line) with decreasing Na™/Ca?* ratios with increasing HCO3/SiO, ratios
(Garrels, 1967), except for those with distinctly high Na™/Ca2™" ratios, probably having inputs of marine salts.

3.2. Conditions under which As is mobilized

Arsenic in natural waters occurs primarily as the
inorganic oxyanions of As(V), or arsenate, and As(III),
or arsenite, although metallic and methylated forms are
also known (Cullen and Reimer, 1989). Aqueous As is
controlled primarily by sorption and precipitation:
adsorption of As(V) onto Fe oxyhydroxides appears to
control both As mobility in lake sediments (Takamatsu
et al., 1985; Edenborn et al., 1986; Aggett and Krieg-
man, 1988; Belzile and Tessier, 1990) and diel cycles of
dissolved As in stream water (Fuller and Davis, 1989).
The extent of adsorption is strongly influenced by the
As oxidation state and the inorganic and organic solutes
present (Wilkie and Hering, 1996; Hering et al., 1997).
Under sufficiently reducing conditions, however, pre-
cipitation of As sulfides such as arsenopyrite can control
aqueous As levels (Moore et al., 1988; Vink, 1996). In
light of the above, it is understandable that redox reac-
tions involving As, Fe, and S appear to be essential fac-
tors in As fate and transport both in the GBD region
and in numerous other As-contaminated environments
(Kuhn and Sigg, 1993; Spliethoff et al., 1995).

Redox processes, particularly the reduction of Fe-
oxyhydroxides (Nickson et al., 2000; Bhattacharya et
al., 2001), play a key role in the release of As to
groundwater as shown by a suite of constituents in
samples covering a wide range of groundwater chemical
conditions at 6 locations (Fig. 1). High aqueous As
concentrations are accompanied by reducing conditions,
particularly those in which reduced Fe is high as well

(Fig. 2). The reasons for water containing high As but
little Fe (e.g., GB 125, 158, 165, 163 and 172; Fig. 2) are
discussed later in this section. In contrast to previous
observations (Nag et al., 1996), samples with high As
concentrations were dominated by As(III) (70-100%)
and contained <0.1 mg/l dissolved O,. Samples from
Araihazar and Sonargaon were assayed by ferrozine
colorimetry, hence the high concentration of dissolved
Fe (up to 270 uM) was Fe(II). The data show that the
onset of NO3 and Mn(IV) reduction, as reflected in
their respective decrease and increase (Mnll) in con-
centrations, is insufficient to mobilize As. Samples with
high As also displayed elevated PO3~ concentrations
(20-100 uM, Fig. 2), possibly as a result of reduction of
Fe-oxyhydroxides onto which both arsenate and phos-
phate had been adsorbed. Competitive sorption of PO3~
onto limited Fe-oxyhydroxides surface may also con-
tribute to the release of As under certain conditions and
is discussed later in this section.

Arsenic remained mobile under SO3~-reducing con-
ditions (Fig. 2) and perhaps into the methanogenesis
field. Significant enrichment of §%*Sgos (up to 53%o)
along with elevated As and Fe concentrations in several
samples from Araihazar and Sonargaon (Fig. 1) suggest
that the very low SOZ~/Cl~ ratios (mostly <10 puM/
mM) result primarily from SO3~ reduction (Fig. 2) and
are not due to recharge of low SO3~ water. Surface
waters show SOZ~/Cl~ ratios ranging from hundreds to
3000 uM/mM (Sarin et al., 1989; Galy and Frace-
Lanord, 1999). The §%*Sso4 composition derived from
monsoonal rains is ~10%o (Jacks et al., 1994) whereas 2
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samples collected from the Meghna River in Araihazar
had low SO37/CI~ ratios (170 pM/mM) with initial
8348504 compositions of ~3 and 12%.. Higher SO3~/Cl~
ratios were inferred by Galy and Frace-Lanord (1999)
to originate from oxidation of pyrite upstream of the
Ganges and Brahmaputra Rivers, consistent with more
depleted S isotopic compositions observed for river
waters than that of rain water. Some of the oxic
groundwater samples had S isotopic compositions
(83*Ss04: 6.5, 7.2, 8.3%o; Fig. 2) similar to those expected
for surface waters, indicating that extensive sulfide oxi-
dation or SO3~ reduction had probably not occurred.
Elevated As concentrations found in Senbag (Fig. 1)
probably fall into the range of the most reducing condi-
tions once achieved by these waters (Fig. 2) because wells
from this region contain combustible gases, presumably
reaching the methanogenesis state (Ahmed et al., 1998).

One plausible explanation of why As remained mobile
in SO3~ reducing groundwater is because there was
insufficient authigenic sulfide precipitation to remove all
the As. This probably resulted from relatively low initial
SO3~ content in the groundwater. Groundwater sam-
ples from Araihazar, Sonargaon and Senbag with low
SO3~/CI- ratios and enriched 8°*Sgo4 all contained dis-
solved sulfide that was barely detectable by colorimetry
(< 1-2 uM). Therefore, the GBD aquifer system may
represent a situation of limited S availability relative to
an abundant supply of Fe. This contrasts wih the sit-
uation where trapping of As in reducing sediments in a
reservoir on the Clark Fork River could occur where the
SO, supply was not limited even though Fe was abun-
dant (Moore et al., 1988).

Sulfur isotopes can also help to explain why not all
As-rich waters are elevated in dissolved Fe. One valu-
able aspect of §%*Sgpy is that it reflects the integrated
effects of SOF~ reduction history. The authors envisage
a re-oxidation scenario as follows: introduction of small
amounts of O, to SO7~-reducing groundwater with ele-
vated Fe, As concentrations plus enriched §°*Sgp4 alters
the redox state to mildly reducing, allowing dissolved
Fe?* oxidation and perhaps some arsenite oxidation.
Re-oxidation could lead to As and PO, co-precipitation
with or sorption onto newly formed Fe-oxyhydroxide
when As and competing anions, most importantly POy,
are not abundant relative to Fe (Hering et al., 1996).
However, when the As and PO, to Fe ratio is relatively
high such co-precipitation or sorption would not lead
to immobilization of most of the As and PO, (Meng et
al., 2000). The 6**Sgpy4 signature would remain highly
enriched as long as sedimentary sulfide was not oxi-
dized. This interpretation is robust because oxidation of
dissolved or sedimentary sulfide would introduce deple-
ted S into the water, resulting in lower §34Sgo4 values.

Re-oxidation followed by incomplete immobilization
due to high abundance of dissolved As and POy relative
to Fe would explain why GB125 (21 m) contains ~800

ug/l, or ~11 uM of As, and ~30 uM POy, yet has only
~10 uM dissolved Fe (Fig. 2). The enriched §**Sgo4
value of 36%o is consistent with this water having
reached reducing conditions capable of mobilizing As
and Fe at one time. Additional evidence supporting the
re-oxidation scenario is provided by the *H concen-
tration in GB125, which, at 17 TU, is the 2nd highest of
the entire data set (Fig. 4). Furthermore, this sample is
the only one for which the authors observed a sig-
nificant and gradual decrease from a positive ORP value
(+151 mV) to a stable negative ORP value (—105 mV)
after ~2 h of pumping at a rate of ~2 1/min, while all
the other samples reached stable ORP reading after at
most ~ 10 min of pumping at the same rate. Together,
they suggest that water from GB125 has had recent, and
perhaps even frequent periodic interaction with the
atmosphere.

The re-oxidation scenario described above could also
explain some of the characteristics of samples from
Senbag (GB172, 163, 158, 165), which contain small
amounts of dissolved Fe (5-40 uM), high As (200-700
ng/l; or 2.7-9.3 uM), and high PO, (50-110 uM), except
that here the balance of evidence is more ambivalent.
The SO, isotopic composition in Senbag is not enriched
(8%*Ss04 = 8%o). This could be reconciled if re-oxidation
also oxidized authigenic sulfide that was depleted in
8%Ss04, Which would have shifted the isotopic signature
of the water significantly towards less positive values
due to very low concentrations of SO,4. Presence of CHy
and very high dissolved [HCO3] (Fig. 3) are consistent
with the notion that these waters were once reducing
enough to release As. However, the presence of detect-
able amounts of dissolved O, (0.03-0.06 mg/l, Fig. 3)
implies that these once very reducing waters have been
slightly re-oxidized. At least in one sample (GB 163)~5
TU 3H was detected (Fig. 4); the highest *H concen-
tration of 462 TU in GB158 was probably due to con-
tamination in the field or during sample transport,
because it exceeds any reasonable environmental H
concentration in precipitation for this region (Stute,
2001). Together, most of the evidence is consistent with
a re-oxidation scenario.

These new observations allow the authors to postu-
late that a series of redox changes involving Fe-oxy-
hydroxide reduction, and subsequent oxidation, could
be key controls of As concentrations in some GBD
groundwater and explains why As can be enriched in
reducing groundwater with elevated Fe concentrations,
as well as in groundwater with only small amounts of
Fe. Limited As-rich secondary sulfide precipitation also
would allow groundwater [As] to remain high despite
SO, reduction. It is important to note that the possible
role of secondary sulfide formation indicated by the
water SO4 S-isotopic data goes beyond consideration of
sulfides only as a primary source of As. Instead, these
results suggest a coupled Fe-S—As cycle whereby the



Y. Zheng et al. | Applied Geochemistry 19 (2004) 201-214 211

mobility of As can be influenced by the behavior of both
Fe and S in the system.

3.3. Low As in deep groundwater

Although the cause of low [As] in deep groundwaters
can qualitatively be attributed to these waters not being
sufficiently reducing, this explanation is explored in
more detail. The striking chemical differences discussed
earlier (Section 3.1) between deep groundwaters (150—
300 m) occurring in presumed Pleistocene or older for-
mations and shallow groundwaters (9-35 m) occurring
in presumed Holocene formations in Araihazar and
Ramganj imply that the Pleistocene groundwater does
not become reducing enough to mobilize As due to lack
of O, demand, primarily liable organic matter. One line
of evidence that supports this explanation is that,
despite the absence of 3H (Fig. 4), which indicates
recharge more than 40 a ago, these waters remain che-
mically immature and oxic. Two 91 m groundwater
wells in Sonargaon are not included in the discussion
because their stratigraphic association cannot be con-
strained from regional stratigraphic reconstruction
(Goodbred and Kuehl, 2000). Additional supporting
evidence comes from order of magnitude calculations
that address the amount of time that it might take to
exhaust all reactive organic matter in a sedimentary
aquifer with oxidants (dissolved O, and SO4) supplied
through recharge.

It is assumed that the rate-limiting step of organic
matter oxidation is the supply of dissolved oxidants to
the aquifer, i.e. the rate of organic matter consumption
equals the rate of dissolved oxidants supply.

The supply of dissolved oxidant to the aquifer is:

Cox X F

Where C,:  dissolved oxidant concentration, mol/l
F: flux of recharged water, 1/a

The amount of organic matter that it can oxidize at a
given time is:

axX Cox X F'ax Cy
M tres

Where o stoichiometric ratio of oxidants, mole
reductant/mole oxidant
M: size of the aquifer, I3

tres: residence time of aquifer, t..s= M/F

Thus, the rate of organic matter consumption can be
estimated by:

dCore() @ % Cox

dr tres

Where Coyy: concentrations of organic C, mol/l
Integration over time gives a linear decrease of the
amount of C,,, with time:

a x Cox
Corg(t) = Corg(o) - t—o Xt

res

The dissolved oxidant concentrations include 0.2 mM
of dissolved O, based on solubility equilibrium, and 0.1
mM of dissolved SOy, a value representing the average
composition of GBD river waters (Sarin et al., 1989;
Galy and Frace-Lanord, 1999). Accordingly, with an
initial labile organic matter content of 1 or 0.1%, the
time it would take to exhaust labile organic matter is 60
or 2 ka if the groundwater residence time was 10 a, and
is > 100 or 16 ka if the groundwater residence time was
100 a, respectively. In this calculation, an aquifer por-
osity of 30%, and particle density of 2 g/cm? are
assumed. For simplicity, the stoichiometric ratio of oxi-
dants, «, is assumed to be 1 in the case of O, reduction,
and 2 in the case of SO4 reduction.

Residence times of groundwaters in aquifers under
the uplifted Pleistocene Madhupur terrace (Davis,
1994), such as sites in Sripur and Dhaka, are likely to be
approximately 10-100 a based on the observation that
groundwater in such systems contained detectable
amounts of *H (Fig. 4). Whereas the concentration of
reactive organic matter in such systems is not known,
the assumption that the system has a homogeneously
distributed concentration of 1% labile organic C is
probably a reasonable upper limit case. Such a calcula-
tion illustrates that one prerequisite for low As con-
centrations in the Pleistocene or Pliocene aquifers is that
these sediments probably need to have been previously
high-standing relative to sea level for a considerable
period of time to allow oxidation from relatively rapid
flushing of oxygenated groundwaters through the sys-
tem, i.e., water residence time <100 a. Such conditions
clearly existed during the Pleistocene when sea levels
were much lower than that of the present. Hydrological
factors, such as recharge, infiltration and flow rates of
aquifers, and the nature of the GBD sediments war-
rant more investigation to examine controls on redox
conditions of groundwater on different time scales, and
to investigate whether low [As] deep aquifers are likely
to be a sustainable source of domestic water supply.

4. Conclusions

After characterizing redox states of groundwaters by
a variety of parameters including dissolved O,, NO3,
Mn2", Fe?" concentrations, and SO3~/Cl~ ratios, it is
concluded that As in shallow groundwater (<35 m)
from eastern Bangladesh was primarily mobilized
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under Fe-reducing conditions and remained mobile
under SOy4-reducing conditions. The generally high Fe
content of the aquifer system should lead to Fe-sulfide
precipitation, resulting in sulfide concentrations of less
than 1-2 uM even in the most reducing groundwater
samples. Even if secondary sulfide constituted a sink for
As, the relatively small amounts of sulfide generated
from bacterial SO, reduction, which is limited by the
initial low SOy4 content of the groundwater, could not
immobilize much of the As. Most of the As in reducing
groundwater was in the reduced form As(III).

Isotopic signatures of §3*SO4 and 3H,O (*H) can be
used to delineate some aspects of the dynamic nature of
redox processes in the aquifer. Groundwater samples
enriched in As (200-800 pg/l; or 2.7-10.7 uM ) and PO,
(30-100 pM) but with relatively low dissolved Fe (540
UM), can be explained by a re-oxidation scenario. These
waters were once reducing enough to mobilize As, as
evidenced by enriched §3*SO,4 values (up to 40%o). Small
amounts of O, (0.03-0.06 mg/1) and high concentrations
of *H in some samples suggest that they have been in
recent contact with the atmosphere.

Striking chemical differences exist between ground-
water from the shallow (<35 m), presumed Holocene
aquifer and from the deep (150-300 m), presumed
Pleistocene aquifer. Deep waters containing low dis-
solved As (<50 pg/l; or 0.7 uM) are usually oxic, low in
dissolved HCO3 concentration (<4 mM), and under-
saturated with respect to calcite, with no detectable 3H.
In contrast, H concentrations display a wide dynamic
range (0-17 TU, with one value as high as 462 TU) in
shallow (<35 m), presumed Holocene aquifers. These
differences can be best explained by the nature of the
aquifer sediments, whereby the once uplifted Pleistocene
sediments are now depleted of labile organic C content
due to previous flushing of the aquifer and therefore
cannot produce sufficiently reducing conditions to
mobilize As.
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