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12.1 EVOLUTION OF THE GROUNDWATER ARSENIC
PROBLEM IN THE BENGAL BASIN

In this chapter we discuss the possible mechanisms by
which the Bangladesh groundwater arsenic problem may
have arisen. Central to this are the concepts of sorption
and transport. There are many uncertainties and much of
what is discussed below is speculation that needs to be
tested. We begin by reviewing some of the more firmly
established conclusions from our work and that of others.

12.1.1 Established background information

While it is too eatly to be able to say unequivocally how the
high arsenic concentrations in groundwater in the Bengal
Basin have evolved, enough is known to be able to specu-
late on the likely processes. The following observations are
now reasonably well supported by data and can form a
basis for such speculation.

* Arsenic is not that rare in the natural environment. It is
found in all sediments, typically at total concentrations
from a few mg kg1 up to about 10-15 mg kg1. Bang-
ladesh sediments do not appear to be exceptional in
this respect. Furthermore, groundwaters with high As
concentrations are now being found under broadly
similar conditions to those of the Bengal Basin in many
places in the world.

* Arsenic, especially As(V), is strongly sorbed by Fe(III)
oxides — this is known from laboratory studies with
pure oxides and can also be inferred from the analysis
of iron oxides from Bangladesh sediments. There is
often a good correlation between the iron and arsenic
concentrations in the sediments, both in terms of ‘total’
concentrations and ‘oxalate-extractable’ concentra-
tions. Limited sediment data suggest that areas of
arsenic-contaminated groundwaters in Bangladesh tend
to be found in areas with sediments containing rela-
tively high concentrations of extractable Fe (and associ-

ated As).

* As(V) sorption by iron oxides is quite similar to that of
phosphate and in the absence of other specifically
adsorbed ions is characterised by a highly nonlinear
sorption isotherm. This means that even at very low
arsenic concentrations in solution, the loading of
arsenic on the surface can be relatively high. This fea-
ture is responsible for maintaining the very low con-
centration of As usually found in natural waters. As a
consequence of this, even a small disturbance to this
equilibrium can release relatively large quantities of As
to the surrounding water.

* High arsenic concentrations in groundwaters from the
Bengal Basin are always associated with strongly reduc-

ing conditions and there is some evidence that the
more reducing, the greater the concentration but the
relationship is far from perfect and is of itself not good
enough for predicting groundwater arsenic concentra-
tions. The groundwaters also have relatively high con-
centrations of bicarbonate and of other redox-sensitive
species such as iron, manganese, ammonium and
nitrite. They also contain relatively low concentrations
of sulphate and nitrate.

High-arsenic groundwaters are often associated with
high-iron groundwaters but the correlation is far from
perfect and is not sufficiently good to be generally use-
ful for predicting groundwater arsenic concentrations.
Correlations with other water quality parameters such
as bicarbonate, sulphate and phosphate may be locally
significant but tend to be weaker than with iron.

While some groundwaters do contain relatively high
concentrations of sulphate, particularly in northern
Bangladesh, these do not correlate with the high-As
groundwaters. If sulphide oxidation were the main
mechanism for As release, sulphate and arsenic con-
centrations would also be expected to be greatest in the
more oxidised zone close to the soil surface. The
results from our piezometers do not demonstrate this —
arsenic concentrations tend to be somewhat smaller in
the shallowest groundwaters. Therefore sulphide min-
eral oxidation is unlikely to be the source of the As in
the high-As groundwaters.

The low concentrations of sulphate, typically
< 5mg L1 sulphate, tend to be associated with the
strongly-reducing high-As groundwaters. There is evi-
dence for the precipitation of iron sulphides in some
sediments. Framboidal, authigenic pyrite is occasionally
observed. This would account for the disappearance of
residual seawater sulphate. Some As would have been
scavenged from the pore water during the formation of
these sulphide minerals.

The range of As concentrations in Bangladesh ground-
waters is large (more than four orders of magnitude).
There is a good deal of short-range variation, for exam-
ple within a village, but there are also very distinct
regional patterns. The same can probably also be said
about the sediments: much local variation but regional
differences too.

The depth of the well is very important which in turn
may reflect the importance of the age of the sediment.
Groundwater from deep wells usually has a low As
concentration even in areas where the shallow wells are
heavily contaminated. While the original deep well data
was for only a relatively small region of Bangladesh,
recent drilling in other areas (and in West Bengal)
seems to confirm this observation more broadly.
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Figure 12.1. Block diagram showing the basic geology and hydrogeology of the Bengal Basin.

12.1.2 Source of the arsenic in Bangladesh groundwa-
ters

Nature of the sediments

The following hypothesis provides a plausible explanation
of many of the features observed in the groundwaters of
the Bengal Basin. We stress that this is only a hypothesis
and needs more data and more detailed studies to confirm
it. The hydrogeological processes envisaged are shown in
Figure 12.1 and the basic geochemical processes leading to
arsenic release are summarised in Figure 12.2.

Others have speculated that the high concentrations of
arsenic in the groundwaters of the Bengal Basin are due in
some way to an exceptionally large source of As in the
rocks somewhere upstream of the problem areas, but this
does not appear to be the case. Indeed, the very large area
affected, which includes sediments derived from all three
of the major rivers of Bangladesh, indicates that there can
be no single discrete source of the arsenic. The very large
quantity of As involved also points away from a single
source. It would have to be very large. Rather we believe
that the sediments and their source rocks are typical of
such alluvial and deltaic environments. There will of
course be some source rocks, and particularly some miner-
als, with larger than average As contents, but this is normal
and we can find no evidence that this is a critical factor in

the development of high As groundwaters in the Bengal
Basin (unlike the case in mining areas).

Indeed, no unusual high-arsenic source, such as a min-
eralised area, needs to be invoked since the release of only
a small fraction of the arsenic from the solid phase to
groundwater is sufficient to give rise to arsenic concentra-
tions in excess of 50 pg L-1. The primary attention should
therefore be focused away from attempting to locate a
unique, upstream source towards the geochemical and
hydrogeological processes involved in the release of As
from the sediments and the subsequent transport of As —
or lack of it — within the aquifers. This will need to include
a detailed characterisation of the nature of the labile As
within these sediments including its sorption behaviour.
The important sediment factors are likely to be rather
more subtle than revealed by bulk chemical analyses.

The iron oxides are believed to be critical in Bangla-
desh. These are common secondary minerals formed by
the weathering of iron-containing primary minerals. The
large concentration of fresh biotite in many Bangladesh
sediments provides a ready source of such iron. The rate
of weathering of biotite is greatest under oxidising condi-
tions since the mineral structure is destabilised by the oxi-
dation of structural Fe?*. The weathering in river
sediments and soils is therefore likely to be particularly
important for liberating iron.
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Figure 12.2. Block diagram showing the principal geochemical processes involved in the development of arsenic-contaminated groundwater in

the Bengal Basin.

Iron oxides as a sonrce of labile arsenic

‘Labile As’ is the As that can readily move reversibly from
the sediment phase to the groundwater, and vice versa,
given appropriate environmental conditions. It is distinct
from ‘non-labile As’ found within the structure of minerals
which has no possibility of being released rapidly because
it requires the dissolution of the mineral or some very slow
diagenetic reaction. This distinction is not ‘black-and-
white” but is nevertheless useful. Sorbed As tends to be
labile because it is located at the mineral surface. Iron(I1I)
oxides are a good source of labile As, because they often
have a very large specific surface area and a high capacity
and strong affinity for sorbing As. They are also unstable
in reducing environments, in highly acidic environments
and to a lesser extent, wherever there are large concentra-
tions of chelating agents, particularly ‘humic acids’, which
can lower the Fe3* activity and promote dissolution.

Iron oxides in soils and river sediments scavenge
arsenic from the soil solution and from river water building
up a store of sorbed arsenic. The arsenic in river water is
likely to be mostly present in its oxidised form, As(V), and
in oxidising environments, this is very strongly sorbed by
iron oxides. Typical concentrations of As in Bangladesh
rivers and soil solutions are not known, but if they are typ-
ical of other areas in the world, can be expected to be of
the order of 1 pgL-! (Smedley and Kinniburgh, 2001).

Even with just 1 pg L1 As(V) in solution, the amount of
arsenic sorbed by the iron oxides is relatively large. This
can amount to several thousands of mg As kg~! or ppm on
an iron oxide basis.

The iron oxides are very fine-grained, colloidal in size,
and are concentrated by the normal fluviatile processes in
the fine-grained sediments. Natural sedimentological proc-
esses will mean that there will be some areas with higher-
than-average concentrations of iron oxides than others,
especially in those places where fine-grained deposits tend
to have accumulated. Sometimes this will be in the pre-
dominantly sandy (aquifer) horizons. Relatively high con-
centrations of fine-grained sediments, including iron
oxides, are deposited in the low energy part of the delta in
south-eastern Bangladesh.

As the sediments are buried during the normal devel-
opment of the delta, they rapidly become reducing owing
to the microbial consumption of oxygen during the proc-
ess of organic matter oxidation. This is facilitated by the
presence of fresh organic matter from buried soils and the
relatively high ambient temperature, about 28°C. Only
small amounts of solid organic matter are required to
reduce the available dissolved oxygen, nitrate and sulphate
to trace concentrations. There is overwhelming evidence
that most of the arsenic-affected Bangladesh groundwaters
are reducing, and often strongly reducing. While occasional
peat layers are found in Bangladesh sediments and these
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may facilitate the development of strongly-reducing condi-
tions, there is no evidence that such concentrated sources
of organic matter are required in order to produce reduc-
ing conditions. Organic matter, albeit at low concentra-
tions, is widely disseminated in Bangladesh sediments.
Much of this is likely to be relatively young (on geological
timescales) and reactive.

Fine-grained overbank deposits of at least several
metres thickness are present over much of Bangladesh and
these surficial deposits, combined with the generally high
water table, limit the diffusion of oxygen to the underlying
sediments. Strongly reducing conditions and As release
appear to be established within 5-10 m of the redox
boundary. While the exact location of the redox boundary
is unknown, it is probably just below the water table which
is a few metres below ground level (bgl) in southern Bang-
ladesh to some 5-15 m bgl in northern Bangladesh. The
redox boundary probably shifts seasonally in response to
the change in water level.

When the sediments become reduced, a series of geo-
chemical reactions occur that lead to the release of some of
the arsenic into the groundwater. The exact processes
involved are not yet well understood but are likely to
involve one or more of the following: (i) reduction of
strongly adsorbed As(V) to maybe less strongly bound
As(III), leading to the overall release of arsenic; (i) iron
(III) oxides partially dissolve and release iron as well as
coprecipitated and adsorbed arsenic (and phosphate); (i)
the iron(IIl) oxides undergo diagenetic changes leading to
the desorption of adsorbed arsenic. We collectively
describe these processes as the zron oxide reduction hypothesis.
A more detailed discussion of these is given below.

While the dissimilatory reduction and dissolution of
iron oxides undoubtedly releases some atsenic, the As/Fe
ratio observed in tubewell water is frequently greater than
that found in the solid phase implying either that the disso-
lution is incongruent or that other processes such as des-
orption of As or precipitation of an Fe-mineral are
operating, Desorption releases arsenic without any con-
comitant release of iron while iron sulphide or iron cat-
bonate precipitation will reduce the concentration of
soluble iron. Movement of groundwater will also tend to
uncorrelate the released As and Fe as a result of chromato-
graphic separation. Therefore a combination of mineral
dissolution, precipitation, desorption and transport can
provide a wide range of As/Fe ratios in groundwater and it
is difficult to deduce much simply from the As/Fe ratio in
groundwater. It is also likely that the overall As/Fe ratio
released will change as the extent of dissolution increases.

If the iron oxide reduction hypothesis is correct, then
the greater the iron(III) oxide concentration in the original
sediment, particulatly of the more bioavailable Hfo-type,
then the greater the potential for the later release of arsenic
to groundwater will be. Young, iron-rich sediments are
therefore expected to be the most likely to provide sources
of high-arsenic groundwaters. However, these waters need
not necessarily be high-iron groundwaters. It is possible
for desorption of As to occur from iron oxides with little
or no release of iron although some exchangeable Fe?*
may be released. The solubility of iron oxides is in turn

controlled by their bioavailability and their solubility prod-
uct rather than by the amount of iron oxide present.

Therefore reductive desorption is different from reduc-
tive dissolution in terms of the expected ratio of As/Fe
released. This may account in part for the wide range of
As/Fe ratios seen in Bangladesh groundwaters. In practice,
under reducing conditions, dissolution and desorption are
likely to occur simultaneously and a range of availability
and solubility of the various forms of iron oxides means
that the dissimilatory iron-reducing bacteria (DIRB) will
utilise the most soluble (most amorphous) oxides first.
These kinetic factors may also introduce some dependence
of dissolution on the initial quantities of the vatious iron
oxides present.

12.1.3 Why is the deep aquifer low in arsenic?

As well as the release of As in the shallow aquifer, we have
to explain why the deeper aquifer is low in As, usually very
low. This will become much clearer when detailed studies
of the variation of pore water chemistry and the associated
sediment chemistry at different depths become available.
Two possible explanations are: (i) non-flowing system: there is
an increase in the As sediment-groundwater partition coef-
ficient for some reason (e.g. change in redox status, change
in surface chemistry), such that some of the As in the pore
water is either readsorbed or was never released in the first
place. The total amount of As in the sediment plus pore
water system does not change, just its partitioning; (i) flow-
ing systemr: As is steadily flushed from the aquifer by fresh
(low-As) groundwater. The rate of flushing in the past is
likely to have been greater than at present (see below).
These two possibilities are not mutually exclusive.

The frequent observation of As peaks in ocean and
lake sediment pore-water depth profiles (Smedley and Kin-
niburgh, 2001) suggests that there could be a process that
reduces the As concentration in deeper, older sediments
that is not related to pore water flushing since the hydrau-
lic gradients in such situations are unlikely to be favourable
for extensive flushing. Some kind of slow geochemical (e.g
redox) or diagenetic (mineral) reaction may be operating.
At present, there are few indications to be more specific.

There is also the possibility that the Dupi Tila sedi-
ments never contained large amounts of organic matter
and that in any case, as the sediments became older, their
labile organic matter content decreased and they became
less able to maintain strongly-reducing conditions.

It is therefore possible that the brown, oxidised sedi-
ments often found at depth may never have been strongly
reduced and that desorption of arsenic due to the various
reductive processes may not have occurred to a significant
extent. In other words, the most important drivers for
arsenic release seen in the Holocene sediments may have
not been operating. There are grey (reduced) sediments at
considerable depth that give low-arsenic groundwaters, as
in our deep well (LHTW?7) and 150 m deep piezometer
(LPW06) in Lakshmipur. However, while this groundwater
was still reducing, it was less strongly reducing than the
shallow groundwaters.



12.2 TRANSPORT OF ARSENIC IN BANGLADESH
AQUIFERS

12.2.1 Introduction

There must be a relationship between the concentration of
arsenic in groundwater and the groundwater flow since it
is not possible to maintain a high concentration in ground-
water in the face of high flows over a long period.

While the principles of solute transport in aquifers are
quite well understood, very little is known about how rap-
idly arsenic actually moves through Bangladesh aquifers, or
indeed in most alluvial and deltaic aquifers elsewhere in the
world. Historically, there has been little need for such
detailed and difficult-to-obtain information. This highly
variable sedimentology of the Bangladesh aquifers and the
uncertainties in the way in which groundwater has moved
through the aquifers in the past, and is doing so at present,
add to the complexity (Chapter 5). There is also a general
lack of understanding of how arsenic binds to alluvial sedi-
ments in anoxic environments. The rate of arsenic trans-
port is a result of the combination of the rate of water
movement and the retardation brought about by sorption.

The rate of water movement and flow patterns will be
influenced to some extent by the amount of pumping,
especially by large-capacity irrigation pumps (Chapter 5).
Therefore present flow patterns are not necessarily a good
guide to past flow patterns or future flow patterns. It is
clear from the large vertical and lateral variations in water
chemistry, including salinity, that mixing in the aquifers has
been limited. Indeed, this is characteristic of many of the
high-As aquifers in the world. This points to highly strati-
fied aquifer properties and/or sluggish groundwater
movement.

It is clear from the simple calculations of groundwater
flow made earlier (Chapter 5) that under past flow condi-
tions it could have taken some 2,000—6,000 years to move
one pore volume of water through the most permeable
parts of the shallow aquifer, and several times longer for
less permeable horizons. This is on a similar timescale to
the age of the sediments indicating that, at most, just a few
pore volumes of water have already been flushed through
the shallow aquifer. Certainly the normal processes of
groundwater flow will tend to slowly flush the arsenic and
other mobile solutes out of the aquifer. Salinity will be the
first component to be flushed (the ‘salt’ front) followed by
the weakly sorbed ions, and then the more strongly sorbed
ions (the retarded fronts). Slowly, the dissolved oxygen and
nitrate in the influent water will tend to oxidise the sedi-
ment and the groundwater will tend to become less reduc-
ing, and eventually even oxidising. Some of the arsenic will
return to the river as baseflow and will be re-oxidised and
readsorbed onto the iron(Ill) oxides in the sediments. The
sediment will gradually move downstream with the sedi-
ment load of the river, and some of it will ultimately be
buried in the Bay of Bengal. This gradual oxidation proc-
ess may involve reoxidation of the sediment iron(Il) and
increased adsorption of dissolved arsenic in a reversal of
the original desorption and dissolution process. This proc-
ess is likely to take hundreds of thousands of yeats.

Other groundwater will take a deeper flow pattern and
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may be discharged directly into the Bay of Bengal. Over
thousands of years, the arsenic will slowly be flushed away
or readsorbed and the Bangladesh aquifers will become
good sources of potable water. The flushing is particularly
slow because of the low hydraulic gradients in the delta.
The sealevel was much lower during the last glacial period
several thousand years ago and so flow to the sea was then
much faster. This will have helped to flush the arsenic out
of the older and deeper sediments. The much longer his-
tory of flushing in the deep aquifer may explain why it is
now practically arsenic-free in many places. These deeper,
older sediments are often oxidised (brown in colour) espe-
cially the Dupi Tila sediments, and have been through this
reduction-oxidation change perhaps shortly after deposi-
tion.

The rate of flushing of arsenic from the aquifers there-
fore depends on the extent of groundwater flow (present
and historic), the chemistry of the recharge water and the
strength of sorption of the arsenic to the sediments. This
may change with time as a result of sediment diagenesis.

With much deeper and older sediments, the extent of
flushing will have been correspondingly greater and may
have been sufficient to have flushed significant amounts of
arsenic from the aquifer. However, another important fac-
tor also comes into play. The sea level at present is as high
now as it has been for the last 120,000 years. Only 20,000
years ago, during the maximum of the last glaciation, the
sea level was some 130 m lower than at present. This
would have led to much lower water tables, deeper unsatu-
rated zones and greater hydraulic gradients. Therefore the
rate of movement of groundwater would probably have
been greater although the greater gradient must be offset
against the drier climate then prevailing — the monsoon
was not operating. The lower water table may have meant
that the sediments never became strongly reducing.

The speed with which arsenic is flushed from the aqui-
fer will depend in part on the arsenic sorption isotherm.
Some detailed transport calculations for arsenic were cat-
ried out eatlier (Volume S3, DPHE/BGS/MML, 1999)
using various assumptions about the arsenic sorption iso-
therm. These calculations were indirectly based on the dif-
fuse-layer model of Dzombak and Morel (1990) and wete
based on the assumption that some kind of iron oxide
analogous to hydrous ferric oxide (Hfo) was present in the
sediment. In fact, as discussed eatlier, it is possible that the
iron oxides present in the reduced sediments are signifi-
cantly different from Hfo. However, the critical feature is
the adsorption isotherm with its implied retardation.

A wide range of isotherms was used in these prelimi-
nary transport calculations (DPHE/BGS/MMIL, 1999)
because low- and high-Fe sediments were considered as
well as low and high groundwater phosphate concentra-
tions. Phosphate was included as a competitor and it is
quite likely that this overestimated the true competitive
effect thereby compensating to some extent for the possi-
ble overestimation of sorption by the iron oxides. Retarda-
tion factors vary with concentration because of the
nonlinearity of the isotherms but were typically estimated
to be 5-100 L kg~! for arsenite and 5-1000 L kg~! for arse-
nate (DPHE/BGS/MML, 1999).
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12.2.2 Sorption of arsenic by sediments

There is a considerable amount of information about the
interaction of arsenic with iron(IIl) oxides and other
model oxide compounds but it is not yet clear how this
relates to Bangladesh sediments. The greatest uncertainties
lie in the nature of the solid phases present in the sedi-
ments, and from a sorption point of view, the nature of the
As sorption isotherm for these phases, and their sensitivity
to variations in groundwater quality. The presence of other
major and minor ions in groundwater can both increase
and decrease As sorption but it is expected that the com-
petitive interactions leading to a reduction in As sorption
are most likely to predominate.

The amount of arsenic adsorbed is highly dependent
on many aquifer and groundwater parameters. These need
to be understood in order to provide reliable predictions.
The necessary theory for the competitive sorption of ani-
ons such as As(V)O,*, As(II)O;3-, PO, and HCOg, is
complex and critical laboratory data need to be gathered
and appropriate models and thermodynamic databases
developed.

Two broad approaches aimed at achieving a better
understanding of the transport of solutes such as arsenic in
aquifers are possible: (1) laboratory-based approaches — the
sorption isotherm is measured in the laboratory using
batch equilibration or column breakthrough experiments
and these results are combined with a watetr flow model to
predict field-scale transport; (i) field-based approaches — the
movement of arsenic (and other solutes) is measured in the
aquifer using tracer tests or some other form of monitor-
ing and the results fitted to the appropriate transport equa-
tions. The first approach has the disadvantage that of itself
it says nothing about groundwater movement (which is
itself difficult to characterise); the second approach over-
comes this problem to some extent, but usually requires
highly accelerated flow rates to make the changes observa-
ble within a short timescale and it does not provide a fun-
damental insight into how the transport might change
under different groundwater flow or quality conditions or
with different sediment characteristics. The best strategy is
probably therefore a combination of the two.

The laboratory approach is particulatly difficult for
Bangladesh sediments since the sediments are reducing
and will significantly change their sorption (and hence
transport) properties when oxidised on exposure to air.
Sediments would therefore have to be protected from oxi-
dation as soon as they are retrieved from the aquifer. Such
techniques have been quite widely used elsewhere, for
example when studying marine sediments, but it was not
possible to adopt such techniques within the scope of this
project. Others are presently carrying out such detailed
studies in Bangladesh (Foster et al., 2000).

Therefore while the mineralogical studies undertaken
on Bangladesh sediments within this study (Chapter 11)
are of value in defining the overall mineralogy and chemi-
cal composition of the sediments, they do not provide a
sound basis for establishing the sorption and transport
properties of the sediments. The ammonium oxalate
extracts of sediments described in Chapter 11 give some
indication of the concentration of iron oxides and other
relatively soluble minerals, and an upper limit on the

amount of ‘labile’ arsenic present. These data are also far
from ideal for sorption modelling but help to constrain the
modelling to some extent.

12.3 MODELLING ARSENIC SORPTION BY IRON
OXIDES

12.3.1 The sorption isotherm for iron oxides

The sorption isotherm describes the relation between the
concentration of arsenic in the sediment and the concen-
tration in the groundwater. It defines the extent to which
the solid phase buffers dissolved solute concentrations and
the slope of the isotherm is directly related to the retarda-
tion experienced by the solute during groundwater flow
(Appelo and Postma, 1994). Judging from work on other
sediments and pure minerals, particularly oxide minerals,
the form of the isotherm is likely to depend on many fac-
tors including the nature of the sediments and the chemis-
try of the groundwater, including pH, arsenic
concentration and speciation, and to a lesser extent the
concentrations of phosphate, silicate, bicarbonate, calcium,
magnesium and iron.

The classic and idealised sorption isotherm is the Lang-
muir isotherm. This is characterised by a linear isotherm at
low concentrations where the probability of a solute
adsorbing to the surface is directly related to its concentra-
tion in solution. At higher concentrations, there is a greater
possibility of the solute hitting an already occupied surface
site which leads to a reduced isotherm slope with an even-
tual flattening out as most sites become filled and the
probability of hitting an empty site becomes very low. This
plateau at high concentrations gives an estimate of the
number of sorption sites. In practice, sorption of charged
solutes (ions) on oxides normally does not follow this sim-
ple model because as the ions are adsorbed, they change
the surface charge appreciably. Normally this makes fur-
ther adsorption more difficult and results in an increase in
the curvature (nonlinearity) of the isotherm. Electrostatic
effects are very important for controlling the interaction of
ions on oxide surfaces and describing these interactions
forms the basis of most so-called ‘surface complexation’
models. Also, oxide surfaces can be intrinsically heteroge-
neous which will also lead to additional nonlinearity.

Iron oxides have a very strong and well-documented
affinity for arsenic, particularly As(V), but at high pH
(pH>9), As(11l) sorption can exceed that of As(V). Indeed,
the strong sorption of As(V) is the basis for many methods
of removing arsenic in water treatment. In our earlier
report (DPHE/BGS/MML, 1999), we estimated sorption
isotherms for As(V) and As(I1I) based on the assumption
that the arsenic was adsorbed to iron oxides which could
be approximated by hydrous ferric oxide (Hfo). The iron
oxide content of some Bangladesh sediments was esti-
mated by an ammonium oxalate extraction. These hypo-
thetical isotherms were then linked to a standard
groundwater flow model to provide estimates of the rate
of arsenic movement in typical Bangladesh aquifers subject
to a range of constraints.

In modelling the sorption of As by Fe oxides, the type
of iron oxide chosen is important. The iron oxides present
in Bangladesh sediments have not yet been well character-



ised and while this could include Fe(Ill)-oxides such as
Hfo, goethite (0-FeOOH) or hematite (A-Fe,O,), it is also
likely to include various mixed-valence oxides such as mag-
netite (Fe;O,) and possibly a green rust (eg
Fe(1I),Fe(1) ,(CO;)(OH),,.nH,0O) (Taylot, 1980; Génin et
al,, 1998). In the laboratory, dissimilatory iron-reducing
bacteria (DIRB) such as Shewanella putrefaciens have been
shown to reduce Hfo to various Fe(II)-containing minerals
including siderite (FeCO;), vivianite (Fe;(PO,),), fine-
grained magnetite and a green-rust type compound,
depending on conditions (Frederickson et al., 1998). Sul-
phate-containing green rusts have been most widely stud-
ied (Hansen and Poulsen, 1999) but are not likely to be the
dominant form in Bangladesh because of the generally low
sulphate concentrations. Heron et al. (1994) found that
most of the 0.5M HCl-extractable iron (= FeS, FeCO; and
‘Fe(OH)3) in the sulphate-reducing part of a sandy aquifer
in Denmark was present as Fe(II) not Fe(III).

The arsenic-affected sediments are often dark grey in
colour (when wet) and the small amount of colloidal mate-
rial sometimes found when filtering the groundwaters usu-
ally has a grey-green colour characteristic of reduced Fe
minerals. Bicarbonate-stabilised green rusts are therefore a
possibility. The surface chemical properties of such oxides
are not known.

Most of the sorption data in the literature is for the
Fe(IlI) oxide minerals: Hfo, goethite and hematite. There
is very little information for magnetite, for example,
although its point of zero charge is believed to be about
pH 6.5, some 1.5-3 pH units lower than for the Fe(IlI)
oxides.

It is a major exercise to characterise all the surface
interactions of importance, especially for redox-sensitive
minerals, and developing general chemical models of such
interactions on oxides is an active area of research. The
iron oxides found in Bangladesh may be very fine-grained
(colloidal-sized) and may therefore not be easily visible or
characterised by traditional mineralogical techniques. Many
are probably present as coatings. Significantly, acid ammo-
nium oxalate is known to partially extract non-Hfo forms
of iron oxide (such as magnetite, akageneite and green
rusts) and so there is necessarily much uncertainty as to the
exact form of the iron oxides extracted (Heron et al., 1994;
Kostka and Luther, 1994). It is also known that in reducing
sediments, acid ammonium oxalate may be able to partially
dissolved crystalline iron oxides since Fe?* is known to cat-
alyse the dissolution of these iron oxides (Heron et al.,
1994). It will also displace exchangeable Fe2* but this is
expected to be relatively small. Judging by the amount of
magnesium and aluminium dissolved (Chapter 11), it is
also likely to dissolve some clays.

Nevertheless, since sorption reactions ate likely to play
a role in the groundwater arsenic problem in the Bengal
Basin (and elsewhere), it is useful to explore at a semi-
quantitative level some of the important features given our
current level of understanding, We suspect that the iron
oxides are the most important oxides in Bangladesh sedi-
ments because of their relative abundance and because the
geochemical associations observed with arsenic tend to be
stronger for iron than for manganese or aluminium.
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12.3.2 Arsenic sorption by hydrous ferric oxide (Hfo)
Existing models

Below we use Hfo as a ‘model’ iron oxide for some exam-
ple sorption calculations but we do not want to imply by
this that Hfo is necessarily the only, or even the main, form
of iron oxide in Bangladesh sediments. Hfo has the advan-
tage that it has been widely studied and there is a readily-
available thermodynamic database for many of the key
reactions and so is easy to model (approximately). It is
likely that many of the interactions shown by Hfo will also
be shown by other oxides albeit to a quantitatively differ-
ent extent.

Dzombak and Morel (1990) critically reviewed the
sorption data for a wide variety of cations and anions by
hydrous ferric oxide (Hfo) and fitted the results to a simple
model, the diffuse layer model (DLM). More sophisticated
models have also been proposed, of which the most suc-
cessful is the CD-MUSIC model of Hiemstra and van
Riemsdijk (1999). However, a comprehensive database of
model parameters for the CD-MUSIC model is not yet
available. Therefore while the DLM undoubtedly has limi-
tations, especially when it comes to modelling competitive
interactions, it is probably sufficiently accurate to provide a
semi-quantitative insight into the scale of the interactions
that are likely to be found.

The DLM and the accompanying database have been
included in a number of general-purpose geochemical spe-
ciation programs including PHREEQC, the Geochemist’s
Workbench, ECOSAT and MINTEQAZ2. Thete was not
much arsenic sorption data available for Hfo in 1990 when
Dzombak and Morel published their compilation, and the
data from the principal datasets available then showed
some inconsistencies. However, subsequent measurements
of As(V) and As(Ill) sorption by Hfo (Wilkie and Hering,
1996) have shown that the published database and model
are reasonably reliable, and probably sufficiently good for
making initial estimates of sorption by Hfo.

Therefore below we present some model calculations
to demonstrate the basic features of As sorption by Hfo.
We used PHREEQC (Parkhurst and Appelo, 1999) and
ECOSAT (Keizer and van Riemsdijk, 1998) for our calcu-
lations. These calculations are for a pure Hfo-As system
with a background electrolyte of approximately 0.01M
NaCl. In the calculations, the concentration of Hfo is
expressed in terms of the total Fe concentration in the sys-
tem (1 mg I-1 Fe as Hfo is equivalent to 1.60 mg 1.1 Hfo).

Since an Hfo-like compound is produced when Fe?* is
precipitated during air oxidation, the calculations below
also give a guide to the possible efficiency of As removal
by ‘passive’ oxidation of Fe-rich groundwaters. This will
depend to some extent on the ratio of As(III) to As(V) and
the pH and concentrations of other ions present.

PpH dependence

Given an initial As(V) concentration of 100 ug L-1, the
expected sorption or ‘removal’ of As(V) depends strongly
on the pH and the total amount of Fe (as Hfo) present
(Figure 12.3). As(V) is very strongly sorbed below pH 7
and decreases quite rapidly above that pH. The pH of the
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Figure 12.3. Calculated petrcentage of arsenic(V) sorbed by hydrous
ferric oxide from a 100 pg As(V) L1 solution as a function of the
amount of Fe as Hfo present.

desorption edge depends quite strongly on the solid/solu-
tion ratio and so these pH’s are not fixed — the higher the
solid/solution ratio, the smaller the desorption at a given
pH and the sorption edge shifts to a higher pH.

At the iron concentrations typical of Bangladesh
groundwaters and used in arsenic removal plants (a few
mg Fe L-1), As(V) sotption decreases with increasing pH
especially when the pH is above pH 7 and the As(V) con-
centrations are low. Therefore any upward shift in pH,
especially above pH 7, could give rise to significant desorp-
tion of As from Hfo and in a closed system would result in
an increase in As in solution. The magnitude of this shift
depends on the solid/solution ratio. The position of the
curves is also dependent on the total As concentration.
The curves shift to a higher pH at lower As concentrations
and are quite sensitive to uncertainties in the model param-
eters. However, at pH 7 and in the simple Fe-rich systems
(those with more than 3 mg Fe L-1), a significant amount
of the As(V) should be sorbed on Hfo precipitated by the
oxidation of the Fe(II).

The sorption behaviour of As(IIl) is quite different,
especially the pH dependence (Figure 12.4). In particular,
over the pH range 638, the sorption is independent of pH
and depends primarily on the solid/solution ratio. At pH's
and iron concentrations typical of Bangladesh groundwa-
ters, As(I1I) sorption on Hfo precipitated during the oxida-
tion of Fe?* is likely to be only partial, and substantially
less than for As(V). At high pH's (>pH 9), As(I1I) is more
strongly sorbed than As(V). The sorption-pH curves have
been calculated for ‘simple’ systems in the absence of
other interacting ions. Strongly sorbed ions such as phos-
phate can have an important effect. This is shown in the
adsorption isotherms at constant pH illustrated below:
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Figure 12.4. Calculated percentage of arsenic(III) sorbed by hydrous
fertic oxide from a 100 ug As(IIT) L~! solution as a function of the
amount of Fe as Hfo present.

Sorption isotherms at constant pH

Calculated As(V) adsorption isotherms at constant pH
show that the isotherms depend strongly on the presence
or absence of phosphate (Figure 12.5). In the absence of
phosphate and above about 10-7mol L1 (7.5 ug As L-1)
As in solution, the isotherms at pH 6, 7 and 8 are approxi-
mately linear on a log-log scale with a slope of about 0.13.
This indicates that the isotherms are very nonlinear (when
plotted on a linear scale as sorbed amount against concen-
tration) with the consequence that even at very low con-
centrations (a few pg L1 or less) there is a considerable
amount of arsenic adsorbed to the Hfo. For example, at
pH 7 and an As(V) concentration of 10-M (equivalent to
0.075 pg As L), the calculated amount of As sotbed is
about 0.1 mol As kg=! Hfo. This is equivalent to some
7500 mg kg~ Hfo. At greater concentrations, the arsenic
content of the Hfo is correspondingly greater. At pH 7-8,
As(V) loadings can be as large as 1 mol kg~! Hfo or some
75,000 mg kg-!. Hfo therefore has both a large affinity and
a large capacity for sorbing As(V) from natural waters. It
should come as no surprise when iron oxide-rich sedi-
ments are found to contain large concentrations of arsenic.

The near-linearity of the isotherms on a log-log scale
indicates that they can be approximated by a pH-depend-
ent Freundlich isotherm. The high degree of non-linearity
results from strong electrostatic interactions on the surface
of the Hfo: as more and more As is adsorbed, the net neg-
ative charge of the oxide is increased, decreasing the sur-
face potential (i.e. it becomes more negative) and leading
to an increasingly unfavourable electrostatic environment
for the sorption of more As.

The situation changes dramatically in the presence of
phosphate. Phosphate competes very effectively with
As(V) for sorption sites and reduces As(V) sorption
greatly (Figure 12.5). The NHS showed that the median P
concentration in As-contaminated shallow groundwaters
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Figure 12.5. Calculated sorption of As(V) by Hfo as a function of
As(V) concentration and pH in 0.01M NaCl background electrolyte.
Calculated in the absence (red) and presence (blue) of an equilibrium
dissolved phosphate-P concentration of 1 mg L-1.

(greater than 50 pg As L-1) was 1.1 mg P L-1. We have
therefore calculated the As(V) sorption isotherms for pH
6, 7 and 8 in the presence of an equilibrium (final) dis-
solved P concentration of 1 mg I-! (3.23e-5 mol L-1).

At low As(V) concentrations, the high As/P molar
ratios mean that P outcompetes As very effectively and is
calculated to reduce the sorption by one to three or more
orders of magnitude (Figure 12.5). The isotherm is now
linear at low As concentrations and is close to being a
Langmuir isotherm overall. This is because the surface
potential is now governed by the phosphate sorption and
is essentially independent of the As(V) concentration over
much of the isotherm. The pH dependence of the iso-
therms has been reversed from the no-P situation and
there is a rather small pH dependence between pH 6-7.
For typical groundwater As concentrations, increasing pH
from 7 to 8 is calculated to increase As sorption slightly
rather than decrease it.

As expected, the sorption isotherms for As(II) differ
greatly from those for As(V) both in terms of the basic
isotherms and the effect of phosphate (Figure 12.6). The
plateau regions at near neutral pHs seen in Figure 12.4 (in
the absence of phosphate) mean that As(Ill) sorption is
essentially independent of pH in the region of interest for
Bangladesh groundwaters, i.e. near neutral. This is con-
firmed in Figure 12.6 where the three isotherms are super-
imposed. The resulting pH-independent isotherm is
nonlinear and conforms closely to a Langmuir isotherm.
However, in the range of As concentrations relevant to
most groundwaters, the isotherm has a slope of one on the
log-log plot indicating a linear isotherm.

This difference in behaviour between As(V) and
As(IIl) largely reflects differences in the importance of
electrostatics. The dominant As(III) species in near-neutral
pH solutions is the neutral H;AsOj species and in the
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Figure 12.6. Calculated sorption of As(IIl) by Hfo as a function of
As(III) concentration and pH in 0.01M NaCl background electro-
lyte. Calculated in the absence (red) and presence (blue) of an
equilibrium dissolved phosphate-P concentration of 1 mg L-1.

Dzombak and Morel (1990) model, this neutral species is
the only form of As(IlI) sorbed. This sorption involves lit-
tle change in surface charge. Hence, the conformity to the
idealised Langmuir isotherm.

In the presence of 1 mg I phosphate-P, the competi-
tive effect is much less than for As(V) but As(III) sorption
still decreases by up to an order of magnitude. The pres-
ence of phosphate has also induced some pH dependence
with somewhat greater sorption at pH 6 than at pH 7 or 8.
Comparing As(V) and As(III) sorption in the presence of
1 mg L1 P, we can see that over the pH range of interest,
As(I1II) is now calculated to sorb more strongly than As(V),
the reverse of the situation in the absence of P. The situa-
tion is indeed complicated, and this is without considering
HCOj4, SiO, >, DOC, Ca?*, Fe?* and Mg?*!

One interesting point suggested by this modelling is
that in the presence of phosphate, the sorption isotherms
for both As(V) and As(IIl) are essentially linear isotherms
over the range of As concentrations typical of Bangladesh
groundwaters (107 to 10~* mol L-1). If true, this greatly
simplifies transport modelling since it implies that a simple
‘Kd’ or constant retardation factor approach can be used.

12.3.3 Desorption of arsenic from iron oxides and the
formation of high-arsenic groundwaters

Anything that causes significant dissolution or precipita-
tion of As-containing minerals or a change in the As sorp-
tion isotherm of the aquifer material will tend to be
reflected by a mirror change in the As concentration of
groundwater, i.c. desorption will lead to an increase in
groundwater concentration, and wice versa. Both Fe(llI)
oxides and Fe(II) sulphide minerals are well-known scav-
engers of trace elements and so these are likely to be
important minerals in this respect in Bangladesh in terms
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Figure 12.7. Schematic diagram showing how the consequences of
a high solid/solution ratio on pote water arsenic concentrations.
Complete dissolution of even small amounts of arsenic (1 mg kg1
here) from a sandy Bangladesh aquifer sediment would give rise to
extremely high concentrations of arsenic in the groundwater.

of dissolution/precipitation and sorption reactions. Clays
may also be important.

Groundwater chemistry is particularly sensitive to any
shifts in the sediment chemistry because of the very large
solid/solution ratios found in aquifers (Figure 12.7). For
example, assuming a porosity of 25% and a crystal density
of the aquifer minerals of 2650 kg m> (typical of quartz)
gives a solid/solution ratio of 7.95 kg L-1; a porosity of
30% decreases this to 6.2 kg L-1 which is still very large. If
an aquifer has a porosity of 25% and the sediment contains
say 1 mg As kg1 of labile As, the complete dissolution of
that As would lead to a groundwater As concentration of
7950 pg As L1, far in excess of any drinking water stand-
ard. The oxalate-extractable As in Bangladesh sediments
can exceed 1 mgkg! (see Table 11.14, Chapter 11) and
while all, or even most, of this may not be labile, it demon-
strates the sensitivity of the groundwater to changes in
sotption. It only takes a small shift (less than 0.01 mg kg)
in the amount of labile As from the solid phase to the solu-
tion phase to give a significant groundwater As problem.
These shifts are too small to be reflected accurately in
‘total’ sediment As determinations or even in oxalate-
extractable determinations. Analysing sediments for total
As is not necessarily a reliable indicator of a potential
groundwater As problem.

From the calculations given above, groundwater pH
increases in the presence of Hfo could provide one route
for the formation of high As groundwaters. This is unlikely
to be the driving force in Bangladesh since groundwater
pH values are invatiably near neutral. As discussed earlier,
other processes giving rise to desorption of As are also
possible (Table 12.1) and it is useful to explore some of

these in a semi-quantitative way in order to estimate the
magnitude of the changes expected and the relative sensi-
tivity of these changes. The As-rich groundwaters fre-
quently contain high phosphate concentrations and high
bicarbonate concentrations, for example. It is often diffi-
cult to separate ‘cause’ from ‘effect’ since desorption reac-
tions will result in the partial desorption (and increase in
solution concentration) of many sorbed ions and so it can
be difficult to identify the ‘driving force’ controlling the
desorption reaction amongst the many correlated varia-
bles.

In order to make the calculations relevant to the Bang-
ladesh situation, we assume the following scenatio for the
formation of high-As groundwaters. Many of the details
are as yet unsubstantiated and so at present this is just a
hypothesis but it is plausible and is consistent with existing
data.

(@) Freshly-formed Hfo is formed in soils and in river
sediments by the oxidative weathering of primary minerals
such as biotite. As a result of soil erosion and the rework-
ing of older sediments, this Hfo is slowly transported
down the river. Formation of Hfo as opposed to the more
crystalline iron oxides, will tend to be favoured because of
numerous phases of precipitation and dissolution as a
result of successive redox cycles following burial and expo-
sure of the sediments. In this way, the iron oxides are con-
stantly kept ‘young’ (McGeehan et al., 1998). Hfo tends to
be most abundant in young soils and sediments and
because it is colloidal in nature, will tend to be quite readily
transported. It will therefore be concentrated in the lower
parts of the delta, along with other fine-grained material.

(ii) While in the river bed, this Hfo sorbs As from the
passing river water. We assume for the sake of the calcula-
tions that this As is present entirely as As(V) but this is
unlikely to be strictly the case. As we have shown above,
substantial amounts of As(V) can be accumulated on the
sediment by sorption, even while the As concentration in
the river water is small. This is a consequence of the high
affinity of Hfo for As(V). The concentration of As in the
river water will reflect the various As sources upstream,
including mineralised areas, and the extent of adsorption
by the upstream sediments. The river water will approach a
steady state concentration of As. The pH of the river water
will primarily depend on whether there are free calcium
and magnesium carbonates in the sediments, on the effect
of biological activity and the degree of reacration. In Bang-
ladesh, the river pH is probably about pH 7.5-8.0 (Datta
and Subramanian, 1997) but could be lower in carbonate-
free areas. The lower the pH, the greater the sorption of
As(V) by the sediments is likely to be.

(iii) River sediment is continuously being deposited
either as overbank deposits during times of flood or at the
distal end of the delta as the delta advances. As soon as the
sediment is buried, dissolved oxygen will be depleted from
the pore water by microbial oxidation of the small
amounts of fresh organic matter present in the sediments.
When the sediment is buried beyond a certain depth, the
rate of oxygen diffusion from the surface will be insuffi-
cient to maintain dissolved oxygen in the water and the
pore water and sediments will become anaerobic. This
change occurs at the redox boundary which in many natu-
ral environments is quite sharp. Further oxidation of
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Table 12.1. Geochemical processes that can cause an increase of the arsenic concentration in groundwaters

Process

Comments

Solution complexa-
tion

Recent data suggest that carbonate ions form stable complexes with As(III) and As(V) in solution. This will lower the
activity of free arsenic ions in solution and will tend to increase the solubility of any As minerals and cause the desorption
of As from oxides. Both of these mechanisms will tend to increase the concentration of As in groundwater. Bicarbonate
concentrations in many As-affected groundwaters are relatively high (compared with surface waters) as a result of the oxi-
dation of fresh organic matter and the dissolution of carbonate minerals and so while this mechanism of arsenic release
might be correlated with sediment burial and reduction, it does not require such reduction and could also occur in high
bicarbonate groundwaters in oxidising environments — there can be a good correlation between arsenic and bicarbonate in
such oxidising environments (Smedley et al., 2001a).

Reductive dissolu-
tion of iron oxides

Reduction of Fe3* leads to the (partial) dissolution of Fe(IIT) oxides and the release of Fe?*. This will lead to the co-release
of both adsorbed solutes (including As) and structural (solid solution) components. Details of the mechanisms involved
are not well understood quantitatively but the amount of co-release by pure (congruent) dissolution should be propor-
tional to the amount of dissolution, i.c. to the release of Fe?*. Dissolution (and As telease) will continue untl all the oxide
has dissolved, with the least crystalline oxides dissolving first. Some of the teleased Fe?* is readsorbed on iron(III) oxide
surfaces. Specialised dissimilatory iron-reducing bacteria have been identified.

Reductive desorp-
tion due to reduc-
tion of As(V) to

As(1II) in solution

Since As(I1I) is less strongly sorbed than As(V) by oxides under near neutral pH conditions (Figures 12.3 and 12.4), the
reduction of As(V) to As(III) may lead to the release of As. For iron oxides, this is independent of any Fe released as a
result of mineral dissolution. Reductive desorption can also occur on aluminium oxides and clays. Once the system has
adjusted to the new redox conditions, there should be no further As release, i.c. it is essentially a one-off process. There is
as yet little experimental evidence to support this hypothesis directly and calculations suggest that there can be a reversal in
the presence of other specifically adsorbed ions such as phosphate. Some recent laboratory results (Langner and Inskeep,
2000) demonstrate that reductive desorption does not necessarily occur rapidly. A different type of reductive desorption
could also occur through the change in oxidation state of the structural Fe(III) ions (see below).

Competitive des-
orption of As(IIT)
and As(V)

Anything that leads to an increase in the concentration of strongly sorbed anions such as phosphate, silicate and bicarbo-
nate could lead to the desorption of As(IIT) and As(V) through competitive sorption reactions. This also applies to AsO 3~
and AsO5;> competition. The most likely competitor anions in Bangladesh groundwaters are phosphate, bicarbonate
(example calculations by CAJ Appelo, personal communication, 2000; www.xs4all.nl/~appt/co2_hfo.html suggest that
bicarbonate-induced desorption could be important), silicate and dissolved organic matter (humics). Unlike the reductive
dissolution of iron oxides, there will be no corresponding release of large quantities of dissolved Fe. Weakly-bound ions
such as chloride and nitrate have little effect. These competitive desorption effects will be counteracted to some extent by
any specific adsorption of multivalent cations. Ca®", Fe?t and Mg?* are the most likely candidates in Bangladesh ground-
waters. Oxidation of organic matter can lead to increased concentrations of bicarbonate and phosphate while mineral dis-
solution can lead to increased bicarbonate, silicate and phosphate concentrations.

pH changes

An increase in pH will tend to lead to the desorption of As(V). As(IlI) sorption is little affected by pH changes at the pH
of most groundwaters. The presence of competing specifically adsorbed anions will affect the pH dependence of sorption
and the nonlinearity of the As isotherm — it tends to decrease the nonlinearity of the isotherm.

Diagenesis of iron
oxides

Freshly-precipitated iron oxides are unstable and tend to crystallise with time. This invariably leads to an increase in parti-
cle size and a reduction in specific surface area, and probably a reduction in the number of sorption sites pet unit mass.
This could lead to the desorption of adsorbed solutes including any sorbed As. However, some ions may be incorporated
as a solid solution into the evolving structure which will reduce the impact on solution concentrations. There may also be
a change in crystal structure, generally an increase in structural order or ‘crystallinity’ say from ferrihydrite to goethite. This
will also change the mineral surface structure and alter the sorption isotherm — this could lead to an increase or decrease in
sorption through its impact on the intrinsic binding affinities (log K's). Some of these diagenetic changes have been
observed in Atlantic ocean pelagic sediments from below the sediment redox boundary (Haese ez 4/, 1998).

Reduction of solid
phase Fe(l1I) to
Fe(II)

Another form of diagenesis found under reducing conditions is that some of the Fe(IlI) in iron oxides and other Fe(I1I)-
containing minerals will be reduced to Fe(IT). With oxides, this leads to a change in coordination of the Fe and is a precur-
sor to the detachment of Fe(II) as part of the reductive dissolution process (Stumm and Sulzberger, 1992). The change in
oxidation state is therefore likely to lead to a change in the surface structure of the iron oxides and a consequent change in
the sorption isotherm for the (partially) reduced surface. It could increase or decrease sorption but electrostatic considera-
tions suggest that a decrease in sorption is more likely because of the reduction in positive charge in the solid phase. This
is consistent with the change in the point of zero charge of oxidised iron oxides which varies from about pH 8.1 for Hfo
to about 9.5 for goethite while that of magnetite is about pH 6.5. Therefore, all other things being equal, a change from
Hfo to magnetite could lead to a more negatively-charged surface and desorption of both As(III) and As(V). Solid state
diffusion of electrons is relatively fast and so reduction of deeper-placed structural Fe(IIT) could also take place leading to
minerals with a magnetite or green-rust structure. Ultrafine-grained authigenic magnetite has been identified in recent sed-
iments and soils (Maher and Taylor, 1988). Fe(IIl) in other minerals, such as phyllosilicates, could also be reduced. This
may be accompanied by a colour change and can be very rapid. Vermiculite rapidly changes colour from a light brown to a
steel grey when reduced. This too affects the layer charge.
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Table 12.2. Arsenic and major element chemistry of some Bangladesh rivers

Sa::)}.) le Description L::lr(llii_ f‘;;: Saf:;ﬁf d As; Na K Ca Mg Si Fe Mn SO, P
pg L1 mg L1

9901552 Ezﬁlﬁ;’u 124(";‘}%2) 90.8932 229110 26/11/99 1.0 122 23 40 47 09 022 0055 07 <02

9901553 f\{i gﬁfﬁzzzr 90.7110 23.5304 22/11/99 <05 60 20 72 37 64 011 0028 23 <02

9901554 Jamuna Ronear Bang- oo 2530 940004 3/12/99 07 40 24 254 59 66 003 0002 134 <02

abandhu bridge
9901555 R. Ganges, Rajshahi

R. Mahananda at
9901556 Chanlai bridge,

Nawabganj

R. Mahananda at
9900389 Chanlai bridge,

Nawabganj

Wapda canal,

9900414 Kamalpur, Lakshmi-  90.8422 22.9040 3/4/99 1.7

pur

88.5705 24.3622 2/12/99 1.8

88.2565 24.5994 2/12/99 2.7

88.2537 24.5993 22/3/99 29

139 79 364 103 72  <0.01 0.014 138 <0.2

150 27 221 59 158  0.06 0.046 46 <02

229 45 229 149 165 004 0153 47 <02

09 80 09 233 7.4 0.09 0.036 46.1 <0.2

organic matter will lead to the reduction of nitrate to nitrite
and ultimately to nitrogen gas (denitrification), formation
of ammonium, and eventually to the reduction of sulphate
to sulphide. The reductive dissolution of manganese and
iron oxides will also occur with iron being released more
slowly than manganese (Williamson et al., 1994). As a
result, Fe(II)-containing minerals such as siderite (FeCO5)
or iron sulphides may form. The most readily ‘available’
iron oxides will be reduced first. The pore water pH will
tend to be stabilised close to pH 7.

This change to anaerobic conditions will lead to the
reduction of As(V) to As(Ill) both in solution and in
adsorbed forms. The kinetics of these reactions are slow
on laboratory timescales but probably not on geological
timescales. At present, opinions vary about the degree to
which the As(III)—As(V) couple is in redox equilibrium in
groundwaters. This reduction could lead to desorption of
As since As(V) is often, but not always, more strongly
sorbed than As(IIl). A decrease in pH, say from pH 8
(tiver) to pH 7 (butied sediment), may also affect the sorp-
tion of As(V).

12.4 MODELLING THE DEVELOPMENT OF ARSENIC-
RICH GROUNDWATERS

12.4.1 Approach

While it is too eatly to model the evolution of the arsenic-
rich groundwaters in Bangladesh with much confidence, it
is possible to carry out some simple modelling to show
what might happen if the sequence of events described
above takes place. We concentrate on the dissolution and
desorption of As by iron oxides but qualitatively similar
arguments could be applied to other oxides and clays. The
key reactions appear to be between arsenic species and
oxides or oxide-like minerals. While manganese oxides are
significant for arsenic sorption and release in some envi-
ronments, we have not seen any data that suggest this is

true in Bangladesh.

The following parameters are assumed to change in the
groundwater and aquifer following sediment burial: (i) pH
(pH 8 to pH 7); (i) phosphate increases in concentration
(0.03 to 1 mgPL-1); (iii) redox potential (oxidising to
reducing) with As(V) changing to As(lll); (iv) reduction in
specific surface area of iron oxide (600 to 300 m? g~! or
less), and (v) reduction in As(III) binding affinity on the
iron oxide (log K decreased by 1 or 2 units). The first three
changes probably occur rapidly, the last two more slowly.

We have not attempted to model the entire evolution
of the groundwaters at this stage. It is relatively straightfor-
ward to account for the development of the major-ion
chemistry in terms of the oxidation of organic matter,
reduction of sulphate, dissolution of carbonates, silicates
etc. Rather we concentrate on how the As-rich groundwa-
ters may have developed.

12.4.2 River water quality

Since we take as a starting point iron(III) oxide in equilib-
rium with river water, we need to know the average chem-
istry of Bangladesh river water. There are few As analyses
of Bangladesh rivers but the indications and expectations
are that it is generally low, especially in the major rivers. We
analysed seven surface waters mainly collected from major
Bangladesh rivers (including the Ganges, the Brahmaputra
and the Meghna), mostly sampled during Novem-
ber—December 1999. This time of sampling corresponds
to the eatly part of the dry season. The results (Table 12.2)
show that, with one exception, the As concentration in the
sampled river waters was less than 3 ug I-! and in three
cases was 1 ug L1 or less. The most notable exception was
for the River Mahananda which runs through the Chapai
Nawabganj As hot spot area and in March 1999 had a con-
centration of 29 ug I-1. However, a second sample taken
from the same location in December 1999 gave an As con-
centration of only 2.7 ug L1, some ten times lower. It is



not known why there was this large change, whether it is
real or not, or in general how the surface water As concen-
tration varies with river flow and time.

Most of the samples were from large rivers, some very
large rivers, and had correspondingly large flows. Concen-
trations in small rivers and near-stagnant ponds may be
different and more variable. The As speciation was not
determined in the river water samples. We assume for the
sake of the modelling a river water As concentration of
1 ug L1 and that all of this is present as As(V). We have
not studied any modern river sediments in the laboratory.

12.4.3 Sorption of arsenic by river sediments

Calenlated arsenic loading of the active river sediment

While the CD-MUSIC model of Hiemstra and wvan
Riemsdijk (1999) is the most promising of the oxide
adsorption models presently available, there is as yet no
database for Hfo-cation and anion interactions available.
The CD-MUSIC model is available in ECOSAT (Keizer
and van Riemsdijk, 1998) and ORCHESTRA (Meeussen,
2000) but not in PHREEQC. Some preliminary calcula-
tions trying to fit the existing Hfo-As experimental data to
CD-MUSIC were carried out but these brought up too
many inconsistencies in the experimental data to make the
results usable within the scope of this project.

In the following calculations, we assume that a fraction
of the extractable iron in Bangladesh river sediments
behaves like Hfo and that this fraction interacts with
arsenic and other ions according to the Dzombak and
Morel (1990) diffuse layer model. The model itself, and the
way in which it accounts for competitive interactions
(Wilkie and Hering, 1996), involve many important simpli-
fications that have not been verified over the wide range of
conditions required. Indeed it is likely that some of the
assumptions will be subsequently be shown to be incor-
rect. The results must therefore be viewed with caution.
The modelling has been carried out to give a first guide as
to the order of magnitude of the interactions expected and
to guide further modelling and data collection.

We assume that an average sediment has a crystal den-
sity of 2650 kg m3, a water-filled porosity of 25% and
contains 0.2% Fe_, (2 mg Fe_  kg~! sediment), an oxalate-
extractable Fe content typical of that found in the Faridpur
sediments (Figure 11.14). This is equivalent to 3.19 g Hfo
kg1 sediment or 25.4 ¢ Hfo L of groundwater. If we fur-
ther assume that the river water has: a pH of 8.0; a dis-
solved phosphate-P concentration of 0.03mgL-1; a
dissolved As(V) concentration of 1 pg L1 and an ionic
strength of 0.05 mol L1, then using Dzombak and Morel’s
default parameter values, the Hfo will have an As(V) load-
ing of 34 mmol kg~! Hfo or 8.2 mg kg~! sediment. This is
about an order of magnitude greater than the observed
As,, concentrations of about 0.5-2 mg kg~! in the depth
range 15-50 m (Figure 11.13). The river PO,—P concentra-
tion is probably less than 0.03 mg L-! but this value com-
pensates to some extent for the omission of bicarbonate
and silicate competition (Swedlund and Webster, 1998).

We can reduce the calculated sediment loading with As
by reducing either the sediment iron concentration or the
river As concentration, or by converting some or all of the
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As(V) to As(Ill) or by increasing the river phosphate con-
centration. Here we assume that only 10% of the oxalate-
extractable Fe is present as an Hfo-like oxide since it is
known that oxalate overestimates Hfo-like material in
reduced sediments. Cleatly, this is an important and some-
what arbitrary assumption.

With this reduced Fe oxide concentration, the As load-
ing of the sediment is reduced accordingly and is now
plausible. More than 99.9% of the arsenic in the system
(adsorbed plus solution) is adsorbed. The high value used
here for the ionic strength (made up from NaCl) and
throughout these simulations meant that small differences
in ionic strength had little influence on the results. While
changes in ionic strength do have some effect on As sorp-
tion, the effect is relatively small and should be included
later when a more complete model of all the major
changes in groundwater chemistry has been derived.

This river sediment with the above adsorbed atsenic
load is assumed to be buried, after which various changes
occur. Below we calculate the impact that these changes in
the ‘groundwater’ and sediment may have on the arsenic
concentration in the groundwater. These impacts are cal-
culated sequentially and cumulatively in steps in order to
show their separate impacts. In practice, they may not take
place in the order given and probably will take place in par-
allel, at least to some extent. Calculations were made using
PHREEQC (Patkhurst and Appelo, 1999) and ECOSAT
(Keizer and van Riemsdijk, 1998). The calculations are
meant to be demonstrative rather than definitive. Cleatly
others sets of assumptions would be equally valid.

Change in pH (Step 1)

There is likely to be a reduction in pH in going from river
water to groundwater principally due to the increase in
PCO,. The median pH of Bangladesh groundwaters is
close to pH 7 (Chapter 7, Hydrogeochemistry of three Special
Study Areas). Therefore a pH change of one pH unit or
more is possible, say from pH 8 to pH 7. In our simula-
tions, the pH was adjusted by the addition of HCI since we
did not want to simulate all proton reactions. Redox status
was controlled by maintaining the partial pressure of oxy-
gen at atmospheric levels.

In the presence of the baseline 0.03 mg L-1 dissolved P,
the ‘groundwater’ As concentration actually increased by
changing from 1 pg L' to 1.5 ug -1 as the pH changed
from pH 8 to pH 7. Phosphate was added to maintain the
given dissolved P concentration. This change is the reverse
of that expected in the absence of phosphate. This effect
of P in reversing the pH dependence of As(V) sorption
was noted eatlier (Volume 4; DPHE/BGS/MML, 1999).
This inversion in the pH dependence has not, to our
knowledge, been demonstrated to take place in practice.

Competitive interactions: phosphate increase (Step 2)

Increasing the dissolved phosphate-P concentration to
1 mg L' at pH 7 by adding phosphate to the system
increased the dissolved As concentration to 266 ug L' due
to species competition and electrostatic effects. Adding
even more phosphate would further increase the ground-
water As concentration. This P concentration is not excep-
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Figure 12.8. Change in the calculated arsenic concentration in groundwater as a result of changes in the amount of As adsorbed to iron oxides.
The stepwise changes in groundwater chemistry or model parameters leading to this adsorption/desorption are indicated. The starting
condition is tiver sediment with iron oxide in equilibtium with river water containing 1 pg L. The changes are assumed to be sequential and
cumulative from left to tight. A log K is the change in the intrinsic As(IIT)-Hfo binding constant. All calculations are based on the Dzombak and
Morel (1990) diffuse layer model and their default thermodynamic database for Hfo. The calculations indicate that the indicated adsorption/
desorption reactions can ‘magnify’ the initial water concentration of 1 pug I-1 by more than three orders of magnitude.

tional for Bangladesh groundwaters. Weathering of
phosphate minerals such as apatite, decomposition of
organic matter, desorption of adsorbed P, fertilizers and
even pollution could all increase P concentrations.

Redox changes (reduction) (Step 3)

Changing from oxidising to reducing conditions by reduc-
ing log pO, to —70 converts all of the As(V) to As(III). A
constant total dissolved P concentration of 1 mg L1 was
maintained by adding phosphate to the system and a pH of
7 and ionic strength of 0.05 were maintained as before.
The net effect of this redox change was to decrease the
groundwater As concentration to 45 pg L1, a somewhat
surprising result and again the reverse of the trend
expected in the absence of phosphate. In other words, the
presence of reductive desorption of As due to a change in
arsenic speciation may depend on the phosphate concen-
tration present. Phosphate is expected to be a better com-
petitor for As(V) than As(III) (Figures 12.5 and 12.0).
Again, whether this reflects reality remains to be seen.
Anecdotal information suggests that the removal of
As(I1I) by iron precipitation in Bangladesh groundwaters is
less effective than might be ‘expected’ because of the pres-
ence of As(IIl) rather than As(V) which suggests that it

might not be true (or is this simply a phosphate effect?).
Congruent dissolution (during Step 3)

Reductive dissolution of iron oxides is clearly an important
process in Bangladesh aquifers. It produces high dissolved
iron concentrations. Although the concept of congruent
dissolution of solids with adsorbed species is not a
straightforward one, it is informative to calculate the mag-
nitude of As release that might be expected if it is assumed
that the arsenic is uniformally distributed in the oxide
phase and that the oxide dissolves congruently. We do this
by assuming that the As/Fe mole ratio in the initial solid
phase is preserved during dissolution.

Using the As and Fe data from the oxalate dissolution
of Bangladesh sediments (Figure 11.17), we estimate that a
sediment with 1% Fe_ has an average As_, of 4 mg kg1
In a 4mgFe L1 groundwater, congruent dissolution
would only be expected to release 1.6 pg L1 As. This is a
minimal contribution to the observed As load of contami-
nated groundwaters and is insufficient to account for the
high As concentrations observed.

If the calculated As concentration in the Hfo just
before the reduction step (3.3e-2 mol As kg=! Hfo) is used,
then the congruent release of As in the case of 4 mg L



would be 16 pg I-1 As, an order of magnitude greater but
still insufficient to account for the observed high As con-
centrations.

Reduction in specific surface area (Step 4)

The specific surface area of Hfo used in Steps 1-3 above
was 600 m? g1, It is likely that with ageing, the Hfo will
show a gradual reduction in specific surface area and an
increase in particle size as a result of crystallisation to a
more stable mineral structure. Haese et al. (1998) found a
decrease in specific surface area of iron oxides below the
redox boundary in pelagic sediments from the eastern and
western equatorial Atlantic. This is a form of diagenesis. In
our calculations, we assume that the surface site density
(sites per nm?) and binding constants remain unchanged.
As can be seen from Figure 12.8, Step 4, a decrease in
the specific surface area to 300 m? ¢! has resulted in an
increase in As concentration to 92 pg L1, Under these
conditions (high P), the dissolved As concentration
increases nearly linearly with decreasing surface area.

Reduction in binding affinity of the arsenite ion (Steps 5 and 6)

A second possible impact of diagenesis is a change in the
bulk (mineral) and surface structure with a consequent
change in the binding affinity for all adsorbed ions includ-
ing arsenic species. This could reflect the formation of
mixed Fe(II)-Fe(III) oxides including green rusts. As dis-
cussed in Table 12.1, this could lead to a reduction in bind-
ing affinity which would trigger an additional release of As.
For example a reduction by one log K unit in the binding
constant of As(III) (i.e. log K from 5.41 to 4.41) increases
the calculated groundwater arsenic concentration to
813 ug L. A reduction by two log K units gives a ground-
water arsenic concentration of 3820 pg L-1. Changes to the
As(V) binding constant in these calculations are not rele-
vant since all of the As is assumed to be As(IlI). However,
if As(V) were present, then a similar reduction in the affin-
ity of those binding constants would have a similar effect.

Conclusions from the model calcunlations

» Starting with a river sediment containing Fe(III) oxides
and in equilibrium with river water containing 1 pg I-!
As(V), calculations show that it is possible to produce
groundwaters containing hundreds or even thousands
of ng L1 of As by desorption processes.

* Many factors affect the scale of this ‘magnification’ in
As concentrations including the chemistry of the river
watet and groundwater and the nature of the sediments
in both the river and after burial in the aquifer.

* Competitive interactions at oxide surfaces (e.g. with
phosphate) can lead to modelled reversals in pH and
redox dependence, and to important changes in the cal-
culated slopes of the As adsorption isotherms which
tend to become more linear.

* It is the difference between the amount of sorption by
the river sediment when initially buried and the
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present-day sediment that is important, not the abso-
lute magnitudes of their sorption.

* An important factor could involve various diagenetic
changes to the structure of the iron oxide minerals fol-
lowing burial. These could include a change in compo-
sition towards a mixed Fe(II)-Fe(l1I) oxide, a reduction
in specific surface area and a change in binding affinity
for As(V) and As(I1I).

* Therefore model calculations have demonstrated that,
providing the correct conditions are met to promote
As desorption, it is not necessary to invoke any form of
exceptional ‘arsenic contamination’ in the original sedi-
ments in order to give groundwater As concentrations
greatly exceeding the WHO drinking water guideline
value — it can occur with ‘average’ sediments containing
a few mg kg1 of arsenic.

* The adsorption/desorption reactions can be desctibed
using the Dzombak and Morel diffuse layer model
(DLM) but at present there are insufficient experimen-
tal data over the relevant range of conditions to be con-
fident that the predictions are reliable. Furthermore,
other minerals such as clays may also be important for
adsorption and the DLM has not been tested ade-
quately for these.

* The CD-MUSIC model of Hiemstra and van Riemsdijk
is the most promising model for a quantitative descrip-
tion of these competitive interactions but the required
model parameters need to be established for all of the
important reactions.

* The calculations above have shown that adsorption/
desorption reactions are very sensitive to may parame-
ters including other basic water quality parameters.
Since we know that the Bangladesh groundwater qual-
ity is highly variable, it is likely that the role of adsorp-
tion/desorption reactions will be similatly variable, and
consequently particularly difficult to model accurately.

» Laboratory experiments need to be carried out urgently
to quantify these sediment—water interactions in detail.
This will lead to an improved understanding of the
processes involved, better models and databases, and
ultimately improved predictions. Such models are
needed to inform water resource planners of the possi-
ble impacts and sustainability of the future use of deep
and shallow tubewells in Bangladesh.

12.4.4 Reductive codissolution

We have demonstrated above that reductive (congruent)
dissolution of As-rich iron oxides alone is insufficient to
account for the development of the high-As groundwater
concentrations observed. In principle, adsorption-desorp-
tion reactions probably could. In reality, dissolution and
desorption reactions occur simultaneously in just the same
way that during the precipitation of a new solid phase trace
lons are incorporated into the phase, a process called
coprecipitation.

Sometimes coprecipitation is indistinguishable from
adsorption onto the evolving solid phase, as in the case of
the coprecipitation of many divalent cations during the
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formation of Hfo (Kinniburgh and Jackson, 1981), i.e. it
makes no difference whether the trace ions are added
before the precipitation of the major mineral phase or
afterwards. In contrast, coprecipitated ions ate irreversibly
incorporated into the bulk solid structure and become
increasingly less accessible to exchange with the surround-
ing solution ions as diffusion and reaction proceeds. This
leads to the formation of a solid solution. In this case, the
sequence of mixing is important. This is likely to be true
with anions such as phosphate, arsenate and arsenite.

The incorporation of impurities during coprecipitation
can itself alter the mineral properties and affect the rate of
‘ageing’ or recrystallisation of the mineral, usually by slow-
ing it down. For example, when arsenic was coprecipitated
with Fe to form an As-containing Hfo, more As was incot-
porated than when a similar amount of As was added to a
preformed Hfo precipitate because of the larger surface
area (smaller particle size) of the coprecipitated Hfo sam-
ple (Waychunas et al., 1993). The presence of As ‘poisons’
the Hfo surface and slows down recrystallisation.

The science of coprecipitation is rather ‘murky’ but is
of undoubted importance in the natural environment — it
is probably the rule rather than the exception. Natural
minerals contain a wide range of trace impurities. The
reverse process, which we can call codissolution, is likely to
be equally important. Where this dissolution is driven by
reducing conditions we have reductive codissolution.

Therefore a more realistic model for the release of
arsenic, phosphate and other anions in Bangladesh
groundwaters might involve both reductive dissolution and
desorption and will lead to the simultaneous release of Fe
and other coprecipitated ‘metals’. Desorption occurs
through competitive and electrostatic interactions at the
mineral surface. In the case of arsenic, changing from oxi-
dising to reducing conditions may of itself lead to the des-
orption of arsenic as a result of a change in the interactions
of arsenate and arsenite species and the reductive dissolu-
tion of As-containing minerals.

12.5 TRANSPORT OF ARSENIC
12.5.1 Simple 1-D model of flushing

There are too many uncertainties at present to make a reli-
able model of the transport of arsenic in Bangladesh aqui-
fers but it is instructive to begin to think about it by
making some simple calculations. We consider a 50 m col-
umn of aquifer sand divided into five 10-m thick layers, i.e.
0-10 m, 1020 m, etc. All the sand material has been
assumed to be derived from river sediment in equilibrium
with 1 ug As L1 in the same way that was assumed in the
preceding calculations and then the pH dropped, the phos-
phate increased and the sediment reduced as before (Step
3, Figure 12.8). The sediment in the depth interval
20-30 m is assumed to contain five times as much iron
oxide as the other layers and unlike the other layers is
assumed to have undergone diagenesis to Step 5 (Figure
12.8). This gives an initial pore water concentration of 45
ug As L1 from 0-20 m and 30-50 m, and 905 pg As L-1
from 20-30 m. This is one way of generating a high-As
zone. It is important to remember that all of the sediments
have evolved from initial contact with a 1 ug As L1 tiver
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Figure 12.9. Five-layer model used to investigate vertical flushing of
arsenic from a middle As-contaminated iron-rich layer of sediments
(1% Fe compared with 0.2% Fe for the remainder). The numbers in
the boxes are the initial dissolved As concentrations in pg As L-1.

water, L.e. essentially ‘uncontaminated’ water.

Fresh tiver-type water containing 1pg As L' and
0.03 mg I-! phosphate-P was then infiltrated from the sut-
face at a rate of 100 mm a-1. This rate is of the same order
of magnitude as the rate of natural recharge (Chapter 5). If
we assume a water-filled porosity of 25%, then this means
that the water front will move at 400 mm a~! (2.5 years per
metre) or equivalently, it will take 25 years to cross one
10 m layer. (one pore volume) or 125 years to pass through
the entire 50 m sand column. The configuration is shown
in Figure 12.9. A uniform dispersivity of 0.5 m and a diffu-
sion coefficient of 10~ m? s were also assumed.

The results of 2000 years of flushing are shown in Fig-
ure 12.10. The highly-contaminated horizon decreases in
concentration from 905 pg L1 to 125 ug L1 in the first
200 years. The curve represents the classic desorption
front and its shape is related to the differential of the des-
orption isotherm (Appelo and Postma, 1994). The dimen-
sionless partition coefficient for As is 130 in the less
contaminated layers and 35 in the high groundwater As
layer.

As a result of the downward movement of As from the
highly contaminated layer, the layer beneath it increases in
As concentration from 45 to about 180 ug L1 after 140
years. The lowest layer at 40-50 m increases more slowly
and does not reach its maximum arsenic concentration
until after about 400-500 years. It also takes longer to
flush the As away from this deepest layer such that even



1000 T T T
Depth interval
0-20m
10—-20 m
800 I %0-30m 1
30—-40m
—— 40-50m
— 500 T . .
600 -
— 400 1
Q T
3 — 300
0 g
< 400 | o 200f 1
<
0 : : :
0 100 200 300 400
200 - Years N
0 i
0 500 1000 1500 2000

Years

Figure 12.10. Simulated flushing of arsenic-rich groundwater from
an Fe-rich layer at 20-30 m depth.The large groundwater arsenic
concentration in that layer reflects the simulated effect of sediment
diagenesis rather than an initially high level of sediment
contamination. The inset shows a close-up of the early stages.

after 2000 years and 160 pore volumes of 1 pg As L1
water, the As concentration in this layer is still 17
pg As L-1. By this time, the original heavily contaminated
hotizon has reduced to 3 pg As L-1. The high-As hotizon
is high primarily because the As partition coefficient is low,
not because it contained a lot of As. A corollaty of this is
that it is relatively easy to flush the arsenic from this hori-
zon.

Arsenic is also slowly flushed from the top 20 m as the
low-As ‘river’ water passes through these layers. The rate
of reduction is slow and even after 1000 years, the As con-
centration in the top 10 m exceeds 10 ug I-1. The arsenic
from the top 10 m is leached to the 10-20 m layer and as a
consequence, the As concentration in this layer reduces at
an even slower rate.

Exactly the same simulation as above was then carried
out with the only difference being that the affinity of
arsenic(IIT) for the iron oxide in the contaminated horizon
was decreased by a further factor of 10 (A log K=-2 from
the original value). This could be because the oxide had
undergone more diagenesis, for example. The dimension-
less partition drops from 35 to 3.5 in the highly-contami-
nated layer. The total quantity of As in the system remains
the same.

Reducing the strength of the arsenic binding induces a
large desorption of As. This results in a corresponding
greater initial peak As concentration of 7200 pug As L1 in
the contaminated layer (Figure 12.11). However, since this
As is only very weakly bound, it is readily flushed out.
After 75 years, the As concentration is below 70 pg As L1
It then remains close to that concentration for some time
thereafter. The lower layer becomes the most contami-
nated layer as it receives the arsenic released from the
higher layer.

Sorption and transport 229

8000 T T T
Depth interval
0-10m
—— 10-20m
| —— 20-30m |
6000 30—-40m
— 40-50 m
— 500
5 400 f
g 4000 |- T, 300k =
QD
2 2 200
<
100 |
2000 - 00 100 200 300 400 |
Years
0 A J 1
0 500 1000 1500 2000

Years

Figure 12.11. Simulated flushing of arsenic-rich groundwater from
an Fe-rich layer at 20-30 m depth with very weak As(III) binding.
Conditions ate the same as in Figure 12.10 except that the As(III)
binding constant has been reduced by an order of magnitude. The
inset shows a close-up of the early stages.

These calculations highlight some of the features that
can be expected to take place as arsenic is slowly leached
from the Bangladesh sediments. In particular, it will be a
period of slowly changing concentrations as the arsenic
moves through the aquifer. The calculations highlight an
important feature of the situation: are the variations in
concentration due to changes in the total amount of As
present or due to changes in binding affinity (or both)?
Both can give rise to high concentrations of As in ground-
water but their future evolution is quite different. The
oxalate extracts suggest that variations in the amount of
arsenic present are likely to be a factor.

While the above simulations are only indicative, i.e.
they are completely dependent on the natutre of the sorp-
tion isotherms assumed, they demonstrate several addi-
tional features: (i) during the natural flushing of the
aquifer, some highly-contaminated areas will decrease in
arsenic concentration while others will increase; (i) the
rate of change depends on the buffer capacity of the sedi-
ment and the distance from the contaminated region; (iii)
the indicated timescales are long in human timescales, and
(iv) the results are critically dependent on the adsorption
isotherms and the rate of groundwater flow. These factors
are themselves sensitive to many parameters and are sub-
ject to a great uncertainty at present. Therefore the times-
cales and concentrations observed above should not be
taken to represent any particular situation in Bangladesh.
Rather they should only be used to indicate the types of
behaviour that might be expected, and perhaps more
importantly, highlight what needs to be better understood
before reliable predictions of arsenic transport in Bangla-
desh aquifers can be made.

Mote realistic simulations will also need to take into
account the 3-D nature of the problem and include rivers



230 Arsenic contamination of groundwater in Bangladesh

and wells, as in a comprehensive hydrogeochemical con-
taminant transport model.

12.6 IS THE BENGAL BASIN GROUNDWATER
ARSENIC PROBLEM UNIQUE?

As described above, the release of arsenic is a natural geo-
chemical process that appears to be a response to the bur-
ial of ‘typical’ alluvial and deltaic sediments. Peaks of
porewater As concentrations a few centimetres thick are
often found in sediments. Indeed, the release of phosphate
and to a lesser extent arsenic following the establishment
of anaerobic conditions has been known since the 1970’.
Where the rate of sedimentation is especially large, as in
the Atlantic shelf region off the Amazon delta (Sullivan
and Aller, 1996), the depth of this high arsenic zone can be
up to a metre in thickness.

The large size of the Bengal Basin delta region and the
recent history of very rapid sediment accumulation means
that there is an unusually large volume and thickness of
young, reduced sediments undergoing the early stages of
diagenesis. This appears to be when the arsenic is released.
Because of the unusual thickness of such recent sediments,
the probability of drawing water from a highly contami-
nated zone is relatively high. In smaller deltas, the water
from high-As zones (peaks) will tend to be diluted with
water from low-As zones and the groundwater problem
will be correspondingly smaller.

For the reasons given above, large delta regions proba-
bly do face an increased risk of having a significant
groundwater arsenic problem compared with small delta
regions. This is ironic since many of these large deltas are
amongst the most densely-populated regions in the world
and they usually have highly productive and readily exploit-
able aquifers. However, given the present state of knowl-
edge, groundwater from all recent alluvial aquifers and
deltas regions of the world must be considered ‘at risk’
from arsenic contamination and need to be screened for
arsenic if they are to be used for drinking water.

Arsenic contamination of groundwater is also very
extensive in other non-delta areas with recent sediments
(e.g. the Argentine Pampas) but the population density in
these area is usually much smaller than in delta regions.

12.7 SUMMARY

* The high correlation between arsenic and iron in Bang-
ladesh sediments and the known strong sorption of
As(V) and As(II) by iron(III) oxides suggests that
these oxides play an important role in creating the high
arsenic groundwaters in Bangladesh.

* Significant loadings of As(V) and As(Ill) occur on
iron(I1l) oxides even at equilibrium concentrations of a
few pg L-1, a concentration which is probably charac-
teristic of the concentration found in large rivers in
Bangladesh. However, we could find no literature data
for As concentrations in typical Bangladesh rivers.

* When sediment is buried, the oxidation of fresh
organic matter rapidly leads to the development of
anaerobic conditions and, we suspect, the release of
arsenic.

The precise mechanism of arsenic release is still
unknown. It probably occurs by a variety of mecha-
nisms including the reductive desorption of arsenic due
to the transformation of As(V) to As(I1l), the reductive
dissolution of iron oxides, and a change in surface
structure and specific surface area of the iron oxides
due to diagenetic reactions. We collectively describe all
of these processes as the Zron oxide reduction hypothesis.
Arsenic release may also occur due to competition
from other strongly bound anions such as phosphate,
bicarbonate and silicate. Anything that causes an
increase in the concentration of these anions is likely to
lead to an additional desorption of arsenic.

Desorption reactions rather than (congruent) dissolu-
tion reactions appear to be dominant although the two
probably occur simultaneously in a process that can be
called ‘codissolution’ - the reverse of coprecipitation.

The As(V) and As(IlI) sorption isotherms for the oxi-
dised (brown) and reduced (grey) sediments are not yet
known and so it is not yet possible to calculate the
arsenic transport properties of the sediments accu-
rately. However, it appears that there must be a signifi-
cant increase in arsenic mobility in the reduced
sediments.

The high solid solution ratio in aquifers means that
immeasurably small changes in the amount of arsenic
in the sediment can lead to a large change in the
groundwater arsenic concentration. Total sediment
arsenic concentrations are therefore not of themselves
a reliable guide to the potential of a sediment to give a
groundwater arsenic problem. This can occur with an
average sediment containing only a few mg kg of
arsenic.

The low hydraulic gradients and the strongly stratified
nature of the Bangladesh aquifers means that in the
absence of pumping, the flushing of the released
arsenic and other solutes is likely to be very slow
Although the calculations contain many uncertainties,
this rate of flushing is unlikely to be helpful in improv-
ing the situation on a human timescale.

Over many thousands of years, much of the arsenic will
be flushed away and groundwater concentrations
reduced. This may explain why high arsenic concentra-
tions tend to be found mainly in relatively young sedi-
ments. Once equilibrium with the new groundwater
environment has been achieved, there will be little need
for the further release of arsenic.

The generation of high arsenic groundwaters in Bang-
ladesh is therefore believed to occur as a result of a nat-
ural geochemical processes that probably occur to
some extent in all alluvial and deltaic sediments but ate
exacerbated in the Bay of Bengal because of the large
volume of young sediments. All similarly exploited
aquifers must be considered to be ‘at risk’ from arsenic
contamination and, where they ate exploited for drink-
ing water, need to be tested for arsenic by random sur-
vey.
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