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Whereas serious health consequences of widespread
consumption of groundwater elevated in As have been
documented in several South Asian countries, the mechanisms
responsible for As mobilization in reducing aquifers remain
poorly understood. We document here a previously unrecognized
andconsistent relationshipbetweendissolvedAsconcentrations
in reducing groundwater and the phosphate-mobilizable As
content of aquifer sediment for a set of precisely depth-matched
samples from across Bangladesh. The relationship holds
across nearly 3 orders of magnitude in As concentrations and
suggests that regional as well as local patterns of dissolved
As in shallow groundwater are set by the solid phase according
to a remarkably constant ratio of ∼250 µg/L dissolved As
per 1 mg/kg P-mobilizable As. We use this relationship in a
simple model of groundwater recharge to propose that
the distribution of groundwater As in shallow aquifers of the
Bengal Basin could primarily reflect the different flushing histories
of sand formations deposited in the region over the past
several thousand years.

Introduction

Despite more than a decade of research since it became
apparent that groundwater pumped from millions of tube-
wells tapping Holocene aquifers of the Bengal Basin contain
carcinogenic levels of dissolved As, a broad consensus on
the underlying mechanisms has yet to emerge. The hypothesis
that As mobilization is linked to microbially mediated
reduction of Fe oxyhydroxides (1–6) currently enjoys con-

siderable support, but a number of critical issues have yet
to be addressed. First, the basic question of the origin of the
organic matter that drives Bengal Basin aquifers toward
reducing conditions conducive to As mobilization remains
unresolved. Proposed sources have included plant material
deposited along with aquifer sands, dissolved organic matter
released by peat deposits, or younger dissolved organic matter
drawn from the surface by irrigation pumping (2, 4, 7, 8). A
second open question is the extent to which As contained
in shallow deposits, possibly in the form of sulfides, could
have been recently mobilized and contributed to the broad-
scale maximum in groundwater As concentrations centered
at depths of 20–30 m in several regions of Bangladesh (9).

The present study focuses on the fate of As in shallow
(<30 m) aquifers of Holocene age that are tapped by
approximately half the existing ∼10 million tubewells in
Bangladesh (2). This is an appropriate depth interval for
exploring the mechanisms of As mobilization because the As
content of groundwater from these wells spans the 1–1000
µg/L range, i.e. from one-tenth to 100-fold the World Health
Organization (WHO) guideline for As in drinking water of 10
µg/L. It is also an important interval from a practical
perspective because millions of households have switched
their water consumption to the subset of wells identified as
low in arsenic during a massive field campaign conducted
over several years under the auspices of the Bangladesh
Arsenic Mitigation and Water Supply Program (10). A large
fraction of these low-arsenic wells are shallow and the
likelihood that they will remain safe in the face of human
perturbation of the hydrological cycle in Bangladesh, pri-
marily through irrigation pumping, needs to be determined.
A distinguishing feature of the present study is the use of a
simple device, the needle-sampler, that simultaneously
collects groundwater and aquifer sediment from precisely
the same depth horizon (11). The device was deployed across
three regions of Bangladesh to determine if a consistent
relationship between As concentrations in the dissolved and
particulate phase could be identified from well-matched
samples, following previous unsuccessful attempts to do so
by the usual practice of separately collecting groundwater
by pumping wells and collecting aquifer sediment by drilling.

Methods
Site Selection. A landmark survey of ∼3500 tubewells
distributed across the country (2) shows that shallow sandy
aquifers, defined here somewhat arbitrarily as aquifers <30
m deep, are not accessible everywhere in Bangladesh (Figure
1). The two main regions where shallow tubewells predomi-
nate are the northwestern alluvial plains of the Jamuna River
(named the Brahmaputra in India) and the Tista River, as
well as the southern delta-plain and coastal aquifers at the
confluence of the Padma (Ganges), Jamuna, and Meghna
rivers. Most shallow wells in northwestern Bangladesh
contain<5 µg/L As, with the exception of a band of tubewells
along the course of the Jamuna containing 50 µg/L or more
As (Figure 1). In contrast, groundwater As concentrations in
shallow tubewells are nearly uniformly high in southern
Bangladesh, with the exception of a strip of recently reclaimed
land close to the coast. In this report, we present two new
profiles of groundwater and sediment properties from each
of these two regions (Birganj and Lakshmipur, respectively)
and compare these results with existing data from Araihazar,
within the floodplain of the Old Brahmaputra River 30 km
east of Dhaka, where much of our previous arsenic-related
work has been concentrated (12). Within each of the three

* Corresponding author e-mail: avangeen@ldeo.columbia.edu.
† Lamont-Doherty Earth Observatory of Columbia University.
‡ Queens College, City University of New York.
§ Earth & Environmental Sciences, Vanderbilt University.
4 Barnard College, Columbia University.
⊥ Department of Geology, University of Dhaka.

Environ. Sci. Technol. 2008, 42, 2283–2288

10.1021/es702316k CCC: $40.75  2008 American Chemical Society VOL. 42, NO. 7, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 2283

Published on Web 02/27/2008



areas, we selected a pair of profiles that span the entire range
of conditions that were encountered.

The three sampled regions, Birganj, Araihazar, and
Lakshmipur, reflect a typical downstream sequence of fluvio-
deltaic settings beginning with an alluvial fan, transitioning
into a lowland floodplain, and eventually a tidally influenced
estuarine delta-plain. These geomorphically distinct envi-
ronments give rise to a systematic change in surface elevation
and topographic relief, which decreases from 45(7 to 7(4
and 3(2 m among the three sites, respectively (13). Despite
differences in surface morphology, the stratigraphy of shallow
aquifers in the three sampled regions is comparable. At each
site, extensive sand deposits comprising the shallow aquifer
were formed by braided river channels at Birganj and
Araihazar and by high-energy fluvio-tidal channels at Lak-
shmipur (14). As these channels subsequently were aban-
doned, muddy overbank sediment capped the sandy deposits
in all three areas with a relatively impermeable layer 1-10
m thick. Radiocarbon dating in Araihazar (15) and Laksh-
mipur (2) and optically stimulated luminescence dating in
Birganj (unpublished data, A. Singhvi) indicate that shallow
aquifer sediments are a few thousand years old at all three
sites.

In Birganj, profile NS19 was collected near one of the very
few wells in the region sampled by BGS/DPHE (2) that
contained As concentrations slightly over 50 µg/L (Figure 1).
NS20 was obtained in an area 15 km to the west of NS19
where not only As but also dissolved Fe concentrations in
shallow wells were systematically very low (<0.1 mg Fe/L).
In Lakshmipur, profiles NS21 and NS23 are only a few
hundred meters apart and are located in the core of the region
where As concentrations in shallow wells are particularly
high (Figure 1). The two sites in Araihazar, NS6 and NS7,
encompass the wide spectrum of conditions previously
documented in this area (12), and nearly span the range of
physical characteristics observed between Birganj and Lak-

shmipur. Profile NS6 is located in a village where nearly all
wells are very low in As, and NS7 in a village where shallow
groundwater concentrations are particularly high (12). To
document the geological context of the different sites, and
specifically the grain size of the sandy aquifers, wash borings
were collected while drilling at all 6 sites. These samples
represent the high-end of the grain-size distribution of the
underlying aquifers because the material is recovered by
settling.

Sampling and Analyses. Groundwater obtained with the
needle sampler was filtered under nitrogen immediately after
collection (11). Acidified samples of filtered groundwater from
the 6 needle-sampler profiles were analyzed for As, Fe, Mn,
S, Na, Mg, Ca, and K by high-resolution inductively coupled
plasma-mass spectrometry (HR ICP-MS; (16)). On the day of
collection, sediment recovered from each deployment of the
needle sampler was subjected to two different extractions :
(1) a hot 10% HCl leach for 30 min (17) and (2) an extraction
at room temperature in a N2-purged 1 M NaH2PO4 solution
(pH∼5) for 24 h (18, 19). The acid leachate was analyzed
immediately for dissolved Fe(II) and Fe(III) by colorimetry.
The phosphate extract from all 6 profiles was analyzed for
As by HR ICP-MS. The grain-size distribution of the wash
borings was measured in triplicate using a Malvern Mas-
tersizer 2000 laser-diffraction particle-size analyzer.

Results
Dissolved As and Fe. The depth profiles of As in groundwater
obtained with the needle sampler are consistent with the
general characteristics of the three study areas (Figure 1). In
Birganj, As concentrations in groundwater averaged 6(7 µg/L
(n ) 14, see Supporting Information). The highest dissolved
As concentration of 27 µg/L was measured in groundwater
from profile NS19 collected beneath an 18-m-thick layer of
fine silt and clay (Figure 2a). At NS20, dissolved As concen-
trations did not exceed 4 µg/L even though dissolved Fe
concentrations as high as 10 mg/L were measured in some
of the same intervals.

At the other end of the spectrum, dissolved As concen-
trations collected with the needle sampler in Lakshmipur
averaged 500 ( 260 µg/L (n ) 14). Groundwater As con-
centrations were >400 µg/L in all but 3 samples, which still
contained ∼100 µg/L (Figure 2c). The groundwater profile
at NS21 indicates a rapid increase in As concentrations to a
maximum of 920 µg/L at 6 m depth. At NS23, the rise in
groundwater As concentrations is more gradual and reaches
750 µg/L at 17 m depth.

In the intermediate area of Araihazar, As concentrations
were <10 µg/L for all but one sample at NS6 (Figure 2b).
Profiles of dissolved As and Fe concentrations at this location
bear a strong resemblance to those of NS19 in Birganj. At
NS7, instead, As concentrations exceeded 200 µg/L in all but
1 out of 8 samples. In this second location within Araihazar,
As and Fe profiles more closely resemble the situation
documented at NS23 in Lakshmipur.

Redox Conditions. Dissolved Mn concentrations >0.1
mg/L (Supporting Information) measured in all but the three
shallowest groundwater samples from NS6 indicate that
anoxia prevails in shallow aquifers of all three regions.
Reducing conditions are also suggested by dissolved S
concentrations in groundwater of all three areas that are
well below that in rivers of the region (2), with the exception
of a few outliers in Araihazar (Supporting Information).
Reducing conditions are confirmed by acid-leachable Fe(II)/
Fe ratios >0.3 in the solid phase at all sampled intervals,
with the exception of the three shallowest intervals at NS6
(Figure 2b). There is no systematic regional trend between
average leachable Fe(II)/Fe ratios of 0.68(0.1 (n ) 17) in
Birganj, 0.56(0.2 (n ) 17) in Araihazar, and 0.79(0.1 (n )

FIGURE 1. Map of dissolved As in shallow groundwater of
Bangladesh based on a survey of 1500 tubewells <30 m deep
out of a total of 3500 sampled across the country (2). The
location of tubewells >30 m deep is indicated by white circles.
Labeled triangles indicate the location of 6 needle-sample
profiles collected in Birganj (NS19 and 20), Araihazar (NS6 and
7), and Lakshmipur (NS21 and NS23). Only in Birganj can the
locations of the two profiles be distinguished at this scale.
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14) in Lakshmipur that is related to the regional pattern of
groundwater As in the same shallow aquifers.

Sediment Properties. In contrast to redox conditions,
which do not vary regionally, there are clear trends in the
grain size as well as the As content of aquifer sediments. The
grain-size data are represented by the median grain diameter
(d50) defined as the size of the sieve that separates 50% of a
sample (20). The median grain diameter of wash borings
collected from sandy intervals decreases more than 3-fold
from 520(90 µm (n ) 7) in Birganj to 170(70 µm (n ) 18)
in Lakshmipur (Figure 2). Average concentrations of As in
the solid phase extractable in a 1 M phosphate solution, taken
here to represent the fraction of As that is available for
mobilization, span an order of magnitude, starting from
0.1(0.1 mg/kg (n ) 15) in the northwest and increasing to
1.1(0.4 (n ) 14) mg/kg in the south (Figure 2). Whereas
average downcore values of P-mobilizable As concentrations
and median grain-size for paired profiles within Birganj and
Lakshmipur are not markedly different, this is not the case
for the two contrasting profiles spanning the range of
conditions observed in Araihazar. In this more variable area,
shallow aquifer sands are considerably coarser at NS6 than
at NS7 (320(60 µm vs 180(40 µm) and the P-mobilizable As
concentrations are correspondingly lower at NS6 than at NS7
(0.3(0.2 vs 0.7(0.4 mg/kg).

Discussion
Partitioning of As Phases. The observations reported here
establish two new and significant relationships between
dissolved As and other aquifer characteristics across a broad
range of conditions. Most revealing are covarying mobilizable

As concentrations in aquifer particles and dissolved As
concentration in groundwater from the same horizon (Figure
3a). The depth-matched samples show a remarkably con-
sistent trend across 3 orders of magnitude in concentrations
between dissolved As in groundwater and mobilizable As in
aquifer particles across the three regions, between pairs of
profiles within each region, and often within a single profile
(Figure 3a).

The outliers that do not fit this relationship are all relatively
shallow samples from NS6 and NS20 that contain<0.2 mg/L
dissolved Fe (Figure 3b). Sediment from half of these intervals
is also characterized by Fe(II)/Fe ratios <0.5, which are
indicative of less reducing conditions (17). Linear regression
of the log transform of dissolved As in groundwater as a
function of the log transform of P-mobilizable As in aquifer
particles (the log transform weighs the data more equally
across the spectrum) indicates an essentially fixed ratio of
∼250 µg/L dissolved As per 1 mg/kg P-mobilizable As across
3 orders of magnitudes: log (diss As) ) 1.00(0.07 log (P-extr
As) + 2.42(0.06 (r2 ) 0.88 for 29 paired samples). The
relationship, which is equivalent to a linear adsorption
isotherm, excludes 6 less reducing intervals characterized by
Fe(II)/Fee 0.5 and another 7 pairs of samples with dissolved
Fe <0.2 mg/L and diss As <10 µg/L (the combination of low
Fe and high As concentrations do not indicate less reducing
conditions). The inferred ratio is equivalent to 3% of the As
in the aquifer being present in the dissolved phase, assuming
a typical porosity of 0.25.

The observed relationship suggests adsorptive equilibrium
of As between the dissolved and the particulate phase that
is rapid relative to the time scale of groundwater flow. This
is consistent with independent observations of release of As
from Bangladesh aquifer material without addition of organic
substrate (7, 9, 21, 22), as well as the rate of increase of
groundwater As concentrations with groundwater age in
shallow aquifers determined by 3H-3He dating (23). It is
noteworthy that our field data show that concentrations of
As in Bangladesh groundwater cross the 10 µg/L health
threshold without any clear change in Fe chemistry in the
solid or dissolved phase. As noted previously (2), there is no
consistent relationship between dissolved As and Fe con-
centrations: Fe concentrations span essentially the same
0.01–20 mg/L range for groundwater containing 10 µg/L and
>100 µg/L As in the three regions (Figure 3b). The overall
pattern supports the notion that reduction of Fe hydroxides
is a necessary but not a sufficient condition for elevated As
concentrationsingroundwaterinHoloceneaquifers(12,17,24).
The lack of a correlation between As and Fe concentrations
in groundwater may indicate that both elements are initially
associated in the solid phase but that a new Fe(II)-containing
phase acts as a sink for Fe and not for As (7, 12, 22, 24–26).

Effect of Grain Size. Our second significant observation
is the general inverse relationship between As concentrations
and the median grain size of aquifer sediments (Figure 2).
This association could be interpreted as an indication that
the initial As content of aquifer particles is determined by
grain size and/or differences in depositional environment
reflected by grain size (2, 8). There are, however, no obvious
mineralogical differences between the sampled regions that
might account for the variability in dissolved As concentra-
tions. The coarser wash borings collected at Birganj contain
more quartz and less plagioclase (61(4 and 14(3%; n ) 6)
compared to Araihazar and Lakshmipur (48(3 and 23(1%;
n ) 12), but the chemical composition of wash borings from
all sites does not differ enough to discern distinct provenances
(see Supporting Information). Significantly, the mineralogy
and elemental composition of wash borings from site NS6
in Araihazar, where groundwater As concentrations are low,
is not systematically different from that of sites NS21, 23,
and 7, where dissolved As is elevated. A potential effect of

FIGURE 2. Vertical profiles of 3 groundwater and 2 aquifer-solid
properties in (a) Birganj, (b) Araihazar, and (c) Lakshmipur
obtained with the needle sampler. Median grain-size data were
obtained from wash borings collected during drilling (the larger
connected symbols indicate samples with a median grain size
>50 µm collected within 1 m depth of a groundwater sample
collected with the needle sampler). Beyond the ranges selected
for presenting the profiles are data for the 33-m interval at
NS19, major cation concentrations of 55 and 47 meq/L for the
6-m interval at NS7 and the 22.5-m interval at NS21,
respectively, and a P-mobilizable As concentrations of 7.1 mg/
kg for the 4.5-m interval at NS21 (see Supporting Information).
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grain size on surface area and therefore As adsorption cannot
be ruled out, but it is worth noting that the concentrations
of P-mobilizable As vary across 3 orders of magnitude in the
three study areas whereas the surface area of median-sized
aquifer particles varies by only a factor of 9. The alternative
explanation we wish to put forth is that grain size affects
hydraulic conductivity and groundwater flow and, therefore,
the rate at which mobilizable As is flushed out of an aquifer.

The difference in median grain size from Birganj to
Lakshmipur alone corresponds to a 6-fold difference in
hydraulic conductivity, assuming the sandy deposits are well-
sorted (20). Add to this the likely effect of differing topography
and local relief (45(7 m vs 3(2 m) on the hydraulic gradient
at these sites (2) and it is entirely reasonable to expect that
the rate of flushing of shallow aquifers differs by at least an
order of magnitude between northern and southern Bang-
ladesh. In the case of Araihazar, a wide range of recharge
rates has actually been documented for villages separated
by only a few kilometers on the basis of 3H-3He dating of
shallow groundwater (23).

According to the observed ratio between As in the
dissolved and particulate phase, and assuming rapid ex-
change, a simple calculation shows that reducing dissolved
As by a factor of 100 requires flushing of an aquifer with
∼150 pore volumes of water that does not contain As.
Assuming similar initial concentrations of As in aquifer
particles and comparable aquifer ages, more flushing of
shallow aquifers in northwestern Bangladesh over the past
several thousand years could therefore have plausibly
depleted the amount of mobilizable As much sooner than
in southern Bangladesh. Within Araihazar, such differences
in local hydrogeology appear to dictate the As content of
aquifer particles and thefore groundwater As on even smaller
spatial scales (12, 23).

Difference in hydrogeological regimes of the three sampled
regions and within each region are consistent with a broad
relation between grain size and the concentration of dissolved
major cations. The build-up of major cation concentrations
in groundwater is often interpreted as an indication of the
extent of weathering and therefore, to a first approximation,
an indication of groundwater age relative to recharge (27).
In Birganj, the sum of major cation concentrations averages
1.3(0.3 meq/L (n ) 14), with no detectable difference
between NS19 and NS20 (Figure 2a). In Araihazar, the
concentration of major cations in groundwater is significantly
lower at the site with low As concentrations (NS6: 2.4(1.5
meq/L, n ) 9) than at the site elevated in dissolved As (NS7:
8.0(1.9 meq/L; n ) 7), even if a potentially anomalous very
high cation concentration at the shallowest sampled depth
is excluded. In Lakshmipur, the combined concentration of

major cations is much higher than in either of the two other
regions (21(16 meq/L; n ) 14), but due to the local imprint
of seawater. However, the intervals with generally lower As
concentrations at NS23 are nevertheless associated with
relatively low major cation concentrations. Major cations
concentrations in groundwater therefore provide supporting
evidence for both regional and local contrasts in hydrogeology
that impact the distribution of As in shallow aquifers.

Flushing Model. We use a one-dimensional advection-
dispersion model to show that flushing history, combined
with a linear isotherm dictating the equilibration of As
between the dissolved and particulate phases, could explain
regional as well as local patterns in the distribution of As in
shallow aquifers. We start from the governing equation for
steady state:

R
∂C
∂t

)D
∂

2C

∂x2
- v

∂C
∂x

(1)

where C is the concentration of As in the dissolved phase,
x is the distance along the flow path, v is the advection
velocity, D is a hydraulic dispersion coefficient, and R is the
retardation factor, which is related to the distribution
coefficient Kd by the following expression:

R ) 1 + FKd/θ (2)

where F is the aquifer bulk density, Kd is the ratio of the As
concentration in the solid phase per mass of sediment divided
by the As concentration in the dissolved phase, and θ is the
aquifer porosity. Assuming that dissolved and solid-phase
As concentrations are initially equilibrated along the entire
flow path at a concentration Ci and that recharge water
entering the aquifer at one end of the flow path contains no
As, the solution (28) for a point at a distance x along the flow
path and at time t is

C(x, t))Ci[1- 1
2

erfc
(Rx- vt)

2(DRt)
1

2

+ 1
2

exp(vx ⁄ D)erfc
(Rx+ vt)

2(DRt)
1

2
]

(3)

We consider a generic flow path leading from an area of
recharge to the depth range of shallow aquifers and eventually
to a discharge area, typically a local stream (2, 7, 23, 29). The
50–500 m range is a plausible range of lengths for flow-paths
through shallow (<30 m) aquifers. The central scenario
assumes a groundwater flow velocity along this path of 5
cm/d (5.8 × 10-7 m/s), which corresponds to a hydraulic
gradient of 0.5 × 10-3, a hydraulic conductivity of 3 × 10-4

m/s, and a typical porosity of 0.25 (2, 23). As a sensitivity test,

FIGURE 3. Scatter plots of groundwater and aquifer-solid properties for material collected with the needle sampler in three regions
of Bangladesh. Note the logarithmic scale of all properties, with the exception of leachable Fe(II)/Fe. Grey symbols identify 16 out of
45 less reducing intervals characterized by either leachable Fe(II)/Fe <0.5 or dissolved Fe <0.2 mg/L and dissolved As < 10 µg/L
that were excluded from the regression.
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we also explore the effect of increasing and reducing this
velocity by a factor of 10 to reflect the dependence of hydraulic
conductivity on grain size and a regional decline in hydraulic
gradients from north and to south (2). To estimate the
dispersion coefficient D ) 5.8 × 10-6 m2/s for the central
scenario, the velocity is multiplied by a dispersivity of 10 m,
which is representative of sandy aquifers across spatial scales
of ∼100 m (30). The effect of increasing or decreasing this
parameter by a factor of 10 is also explored. The retardation
factor R ) 36.8 is calculated from an aquifer bulk density of
2.24 g/cm3, derived in turn from a porosity of 0.25 and a
particle density of 2.65 g/cm3, and a Kd of 4 cm3/g, which
corresponds to a ratio of 1 mg/kg As in the solid phase to 250
ug/L As in groundwater.

A dissolved As concentration of 1000 µg/L was selected
to represent the upper limit in Bangladesh groundwater
today. The corresponding concentration of P-mobilizable
As dictated by the model is 4 mg/kg along the entire flow
path. We start by comparing the predicted distributions of
As along the flow path under the central scenario after 50,
500, and 5000 years of flushing (Figure 4). The model suggests
that only the shallowest layers of the aquifer in an area of
recharge are significantly flushed of a portion of their As
content after 50 years. After 500 and 5000 years, however, As
concentrations are reduced to <10 ug/L within the first 100
and 2000 m of the flowpath, respectively. The implication is
that flow-paths at the low end of the 50–500 m range
corresponding to shallow aquifers could be significantly
depleted of As by 500 years and almost entirely so by 5000
years.

Additional calculations show that the distribution of As
along the flow path after 500 years is only moderately sensitive
to variations in the dispersion coefficient. The effect of
changing the groundwater velocity is to a first approximation
inversely proportional to that of changing the flushing time.
For instance, the distributions of As after flushing at 5 cm/d
for 500 years or 0.5 cm/d over 5000 years are comparable
(Figure 4). There is a second-order effect of increasing the
flushing time at a lower velocity, however, that is akin to
increasing the dispersion factor by a factor of 10 and therefore
a spreading of the transition from low- to high-As aquifers
along the flow path (Figure 4). Conversely, increasing the
velocity to 50 cm/day produces a distribution of As after only
50 years that is comparable to that after 500 years at 5 cm/d,
but with a steeper transition.

The purpose of these calculations is to show that a wide
range of As distributions in the shallow aquifers of Bangladesh
can be reached by simply using the new constraint on
partitioning between dissolved and P-mobilizable As derived
from the needle-sampler data and a plausible range of
hydrogeological conditions. If a velocity of 50 cm/d is
representative of northwestern Bangladesh, the model sug-

gests that As concentrations in shallow aquifers of that region
may have dropped to systematically low levels only a few
centuries after their deposition. The same model suggests
that, in contrast, flushing As out of the shallow aquifers of
Laksmipur at 0.5 cm/d may require another several thousand
years (Figure 4). The model can also explain how tubewells
within adjacent villages where the rate of local recharge is
known to differ by an order of magnitude can result in very
different As concentrations in shallow aquifers (12, 23).

The notion that flushing by recharge could over time
deplete an aquifer of its mobilizable As content is not new
(2, 4, 6, 15, 31). Our main contribution here is to quantify a
surprisingly consistent relationship between dissolved and
particulate As levels over a wide range of conditions that
allows us to translate this hypothesis into a prediction of
changes in groundwater As over time. We do not claim to
understand the precise nature of partitioning of As between
the dissolved and particle phases. We do believe, however,
that small-scale spatial variability in a complex fluvio-deltaic
setting, combined with the traditionally separate sampling
of sediment and groundwater, may be one reason why such
a relationship has not been recognized previously. At this
point, we cannot rule out that aquifer particles may initially
contain different levels of As when deposited in different
environments (8). However, we do show that such a mech-
anism is not needed to explain regional as well as local
patterns in the distribution of As in shallow groundwater. It
is sufficient to consider plausible groundwater flow velocities
as well as the geological history and physical character of
shallow aquifers at the local to (102 m) and regional (104 m)
scales (4, 6). Finally, the notion that codeposition of As and
organic matter, acting as a reductant, plays a dominant role
in controlling the distribution of As (8) does not seem to
apply to shallow aquifers of Bangladesh, where comparable
redox conditions are observed in the northwestern and
southern portions of the country but the distribution of As
is very different.

Implications. Besides providing an alternative explanation
for regional and local patterns in the distribution of As in
shallow aquifers, our observations have two practical im-
plications. The first is that even if groundwater withdrawals
were to result in an enhanced supply of organic matter to
shallow aquifers (7, 31), the biogeochemical impact on As
mobilization could be offset by increased flushing resulting
in lower As concentrations in aquifer particles and therefore
in groundwater (23). Second, our observations suggest that
groundwater As concentrations in reducing aquifers can be
predicted within an order of magnitude from the P-mobi-
lizable As content of aquifer sands. Under the reasonable
assumption that the composition of wash borings is related
to that of aquifer sands at the bottom of a drill hole, analysis
of wash borings for mobilizable As with a field kit while drilling
might help drillers more successfully install wells that provide
groundwater that is low in As.
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the needle sampler, as well as grain-size and XRF and XRD

FIGURE 4. Predicted decrease in groundwater As concentrations
according to the analytical solution of the advection-dispersion
transport model (28). The various scenarios corresponding to a
range of flushing times, advection velocities, dispersion coeffi-
cients, and retardation factors are described in the text. Note the
logarithmic scale of distance along the flow path.
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data for wash borings. This information is available free of
charge via the Internet at http://pubs.acs.org
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