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ABSTRACT
The vulnerability of low-arsenic aquifers in Bangladesh:
a multi-scale geochemical and hydrologic approach

Ivan Mihajlov

The worldwide natural occurrence of high levels of arsenic (As) in groundwater and its
deleterious effects on human health have inspired a great amount of related research in
public health and geosciences internationally. With >100 million people in South and
Southeast Asia exposed to >10 pg/L As in shallow groundwater that they use for
drinking, the installation of deeper, low-As wells has emerged as a major strategy for
lowering the exposure. As the magnitude of deep pumping continues to increase, this
work focuses on the geochemical and hydrologic questions surrounding the vulnerability
and sustainability of low-As aquifers in Bangladesh, the country most affected by As
crisis. In an effort to better understand the residence time of groundwater in low-As
aquifers at depth, radiocarbon (**C) and C in dissolved inorganic carbon, tritium (CH),
stable isotopes of hydrogen (*H) and oxygen (‘*0O), and noble gas concentrations were
measured across a ~25 km? area of Araihazar, ~30 km east of Dhaka. Groundwater from
>120 m depth is shown to be ~10,000 years old and its isotopic signatures indicate that
recharge occurred at the time of changing climate from the late Pleistocene to early
Holocene, with little recharge occurring since. In contrast, the intermediate depth low-As
aquifers (<120 m) have a heterogeneous distribution of groundwater chemistry and ages,
and contain groundwater recharged <60 years ago in certain locations. In one such area

surrounding a small village, the effects that subsurface clay layer distribution has on



recharge patterns and redox status of the intermediate aquifer was investigated. The
relevant hydrogeologic and geochemical processes that led to documented failures of a
community well at the site were assessed using a combination of solid and water phase
geochemistry with tritium-helium (CH/°He) dating, hydraulic head monitoring, and
pumping tests. Organic matter seeping from a compressible clay layer, which is subject to
a pumping-induced, downward hydraulic gradient, reduces iron oxides and helps release
As in the grey, upper part of the intermediate aquifer. No recent recharge was detected by
H measurements in the upper, grey sand layer, however a layer of orange sand beneath it
contains groundwater that was recharged 10-60 years ago. This groundwater laterally
bypasses the confining clay layer to recharge the middle of the aquifer and contains
dissolved As levels of <10 pg/L. In this particular case, the pore water that leaches from
clay layers contributes to As contamination, whereas the lateral recharge with shallow
groundwater coincides with the low-As depth. Thus, clay layers may not always protect
the low-As aquifers from As contamination, even if they can block direct vertical
recharge with shallow groundwater enriched in As and organics. Finally, the adsorption
of As to aquifer sediments, as a natural mechanism of the low-As aquifer defense against
contamination, was assessed in the field via a column study. The column experiments
were conducted by pumping shallow, high-As groundwater through freshly collected
sediment cores to quantify the retardation of As transport through the aquifer. This study
demonstrated an elegant method of assessing contaminant transport under nearly in situ
conditions that resulted in sorption estimates similar to those made by field studies using
more challenging methods or located at hard-to-find sites with convenient flow patterns.

My work, therefore, contributed to a better understanding of low-As aquifers in



Bangladesh from the perspectives of both the groundwater flow and water-sediment
interactions on various scales, and it integrated methods that can be employed elsewhere

to characterize aquifers and study contaminant transport.
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Chapter 1:

Introduction

1.1 Exposure to arsenic in groundwater

Arsenic is a toxic metalloid and a widespread contaminant of drinking water
causing public health problems in South and Southeast Asia, China and Taiwan, Chile,
Argentina, Mexico, and the USA (Argos et al., 2010). In South and Southeast Asia,
including Bangladesh, India, Pakistan, Nepal, Myanmar, China, Cambodia and Vietnam,
the number of people drinking shallow groundwater with arsenic (As) levels >10 pg/L,
the World Health Organization limit, has been estimated at >100 million, (Ravenscroft et
al., 2009). In Bangladesh alone, being the most severely affected country, an estimated 57
million people, comprising 46% of the total population in 1999, were exposed to >10
pg/L in groundwater from shallow tubewells (BGS and DPHE, 2001). The proliferation
of PVC-cased, hand-pumped, shallow tubewells (~5-20 m deep), relatively inexpensive
and simple to install, occurred since the 1970s when UNICEF concentrated its efforts on
providing pathogen-free water to prevent water-borne diseases associated with drinking
surface water from rivers and ponds. The resulting installation of >10 million shallow
tubewells in Bangladesh prompted, due to the exposure to As, what has been called “the
largest mass poisoning of a population in human history” (Smith et al., 2000). The effects
of exposure to As include skin lesions, liver problems, cancers of skin and internal organs
such as kidney, bladder, and lung, increased overall mortality rate, cardiovascular
disease, diabetes, and neurological issues, including effects on intellectual development
of children (Argos et al., 2010; Smith et al., 2000; Wasserman et al., 2007; Yu et al.,

2003).



The primary route of exposure is via drinking water, but exposure through eating
rice with elevated As concentrations in the grain can also be significant in the regional
cuisines where rice is a major source of daily carbohydrates (Duxbury et al., 2003;
Meharg and Rahman, 2003; Panaullah et al., 2009). Eating rice can in fact be a dominant
source of As exposure if the concentrations of As in drinking water are <50-100 pg/L
(Meharg and Rahman, 2003; Panaullah et al., 2009; van Geen et al., 2006). Pumping of
the same high-As shallow groundwater used for drinking to irrigate winter rice crops
during dry season has been responsible for the “green revolution”, which allowed
Bangladesh to be largely self-sufficient in food production, given that rice and other
crops could be harvested multiple times a year from the same field. However, due to
irrigation with high-As groundwater, soils in irrigated fields have been progressively
accumulating As (Dittmar et al., 2010), reaching up to 45-70 ppm in the most affected
zones (Meharg and Rahman, 2003; Panaullah et al., 2009). Despite the release by
monsoonal flooding of 13-62% of As added to the paddy soil during irrigation (Roberts et
al., 2010), the net accumulation of As in the soils continues and has been shown to reduce
rice yields by >50% in highly affected soil and greatly increase As content in the rice-
straw used to feed cattle (Panaullah et al., 2009). The reductions in rice yields and
increases in As content of food, therefore, call the sustainability of irrigation by shallow

groundwater into question (Ravenscroft et al., 2013).

1.2 Mechanisms of As release
The regions of South and Southeast Asia affected by high As in shallow

groundwater coincide with low-lying, topographically flat river floodplains and deltas of



major Himalayan rivers, including the Ganges, the Brahmaputra, the Meghna, the
Mekong, the Irrawaddy and the Red River, where major aquifers made of unconsolidated
sediments were deposited in the early Holocene (Fendorf et al., 2010; Ravenscroft et al.,
2009; Winkel et al., 2011). These sediments are not particularly high in total As content
compared to other locations in the world, but it is rather the specific geochemical
conditions that dictate the mobilization of As from sediment to groundwater (BGS and
DPHE, 2001; Fendorf et al., 2010). The primary source of As in the Himalayan rocks are
likely coal seams and sulfide minerals (Acharyya et al., 1999) that become oxidized when
exposed to the atmosphere and transfer their As to secondary mineral phases, such as Fe
oxides that coat sediment grains and accumulate especially in the fine-grained fraction
(BGS and DPHE, 2001; Dowling et al., 2002; Fendorf et al., 2010; Welch and Lico,
1998). Once deposited with riverine and deltaic sediments, these As-rich Fe oxides are
within an environment where groundwater flow is very slow due to the flat topography
and oxygen can be quickly depleted if sufficient organic matter is present to drive
microbial respiration. Under reducing conditions, As release is thought to occur by
microbial reduction of Fe oxides coupled to oxidation of available organic matter (BGS
and DPHE, 2001; Harvey et al., 2002; Islam et al., 2004; McArthur et al., 2001; Nickson
et al., 2000). High As in groundwater does not necessarily always correlate with high
dissolved Fe, possibly due to the formation of new Fe phases that preferentially retain Fe
or As (Horneman et al., 2004; Tufano and Fendorf, 2008; van Geen et al., 2004). The
release of As may also be enhanced by concomitant reduction of As(V) to more mobile
As(IIT) (BGS and DPHE, 2001; Fendorf et al., 2010; Kocar et al., 2006; Tufano et al.,

2008), and by the release of PO, from Fe oxides that can compete with As for the



remaining sorption sites (BGS and DPHE, 2001; Fendorf et al., 2010; McArthur et al.,
2004; Stollenwerk et al., 2007). Other sources of As supply to groundwater directly, or to
the Fe oxides in aquifer sediments, might also include the oxidation of detrital and
authigenic As-bearing sulfides from surface soils (Polizzotto et al., 2006), and weathering
of micas (Dowling et al., 2002), or biotite in particular (Itai et al., 2008).

The primary As release mechanism by reductive dissolution of Fe oxyhydroxides
requires a source of organic matter (OM) to sustain reduction, and the exact source of this
OM has been a matter of contention. Internal sources included OM deposited at the same
time as the sediment. Although old OM co-deposited with the sediment can be
recalcitrant because the labile OM is preferentially metabolized, a number of researchers
identified organic-rich peat layers as a likely source of OM that drives reductive
processes in shallow aquifers (Dowling et al., 2002; McArthur et al., 2004; McArthur et
al., 2001; Meharg et al., 2006; Nickson et al., 1998; Nickson et al., 2000; Zheng et al.,
2004). Rowland et al. (2006) postulated that the organics associated with petroleum
deposits seeping from deeper, thermally mature sediments as a potential source of
microbial food. Other researchers pointed to the possibility of advection of organic
carbon from organic-rich environments at the surface, such as wetlands and ponds, which
might have been accelerated by irrigation pumping over the past 20-30 years (Harvey et
al., 2002; Neumann et al., 2010; Polizzotto et al., 2008), thus underscoring the
anthropogenic influence on high As levels in groundwater. Such a view has been disputed
by others seeing little or no correlation of subsurface As peak to the markers of recent
recharge, such as bomb-released '“C and *H, or a solid correlation between pond water

stable isotopes and groundwater at depth of peaking As concentrations (Aggarwal et al.,



2003; Klump et al., 2006; Sengupta et al., 2008; van Geen et al., 2003b). A recent study
of 'C in microbial DNA by Mailloux et al. (2013) demonstrated that OM advected from
the surface is preferentially metabolized by microbes, but the transport of organics
appears slow and bomb '*C-labeled OM has not yet reached the depth of maximum As
levels, thus the release of As predates human interference. Ultimately, it is likely that
multiple different sources of OM are present in Holocene aquifers and that their relative
importance varies between different study locations, thus it may be incorrect to make a
generalizing conclusion for the whole basin from a few points at one site. In that context,
the human impact via irrigation and pond construction could have exacerbated the
groundwater As problem in shallow aquifer at certain locations, but not elsewhere.

At least two other important processes control the distribution of As in the
subsurface, known to be highly heterogeneous even on village scales (van Geen et al.,
2003c). First, the occurrence of As in sulfide minerals has been identified in field samples
(Lowers et al., 2007; Polizzotto et al., 2006), and enhanced incorporation of As into
mixed Fe(Il)/Fe(Ill) phases has been observed under sulfate-reducing conditions in the
laboratory (Kocar et al., 2006; Saalfield and Bostick, 2009). The release of As is likely to
be inhibited, therefore, by SO4 reduction in the areas where enough SO4 supply to the
groundwater exists, as inferred by Buschmann and Berg (2009). Second, the velocity of
groundwater flow is likely to control the amount of As in the dissolved phase by limiting
the As accumulation time in groundwater and/or by reducing the pool of labile As in the
sediment with repeated flushing, both of which might have resulted in the observed
correlation of shallow groundwater age with As concentrations in our field area (Stute et

al., 2007). The occurrence of lower As levels in areas of higher hydraulic conductivity of



surface sediments (Aziz et al., 2008), and therefore greater recharge, corroborates this
evidence, as does the co-location of higher groundwater As concentrations with the clay-
capped areas (Weinman et al., 2008). On a larger scale, countrywide As distribution
might be controlled by the amount of groundwater flow that progressively flushes
aquifers of their As, as illustrated by van Geen et al. (2008) under an assumption of As
sorption equilibrium. This could also help explain the relatively lower As concentrations
in the north of Bangladesh, where both the larger grain sizes and steeper topography
allow faster groundwater flow, compared to the higher concentrations in the very flat

south of the country (BGS and DPHE, 2001).

1.3 Deeper, low-As aquifers to mitigate As crisis

The efforts to reduce As exposure via drinking and cooking water have involved
the construction of shallow dug wells, piped water systems, arsenic removal units/filters,
rainwater collection, well switching to a safe (low-As) shallow well, and deep community
well installation. Whilst none of these intervention methods have thus far succeeded in
protecting the majority of people, the two mitigation strategies currently reaching the
greatest number of people, based on available surveys (Ahmed et al., 2006; Opar et al.,
2007), are simple well switching and deep community well construction. For example,
when informed about the As status of their well and the adverse health effects of As, the
largest proportion (29-36%) of households with unsafe wells in the study areas switched
to an alternative, low-As well within walking distance, or installed a new well. This rate
of well switching may not, however, be generalizable to the non-study areas, and the

replacement of existing wells by new wells with unknown levels of As is ongoing at the



same or higher rate, thus potentially undermining the efforts to reduce mass poisoning
with arsenic.

The amount of well switching depended in part on the availability of low-As
wells in the vicinity, but there are villages where such wells were scarce. The alternative,
and recently increasingly popular, method of reducing As exposure has been the
installation of deeper, shared wells often referred to as “community wells”. By 2006, an
estimated 12% of the exposed population had switched to tens of thousands of installed
community well for drinking water supply (Ahmed et al., 2006). The users of community
wells are willing to walk up to 150 m distance to fetch water several times a day despite
the availability of a (high As) shallow well in their yard (van Geen et al., 2003a). Deeper
wells, both in the intermediate depth range (35-150 m) and deeper than 150 m, have been
shown to provide groundwater of stable quality and low in As over a period of 5-13
years, thus justifying the major efforts by government and non-governmental
organizations to install more wells (Ravenscroft et al., 2013; van Geen et al., 2007).
Current estimates indicate that 100,000-200,000 community wells at depth >150 m have
been installed in Bangladesh (JICA and DPHE, 2010). Ravenscroft et al. (2013) argue
that the exploitation of deeper aquifers should be further expanded to include crop
irrigation supply, as well as more widespread mechanized pumping systems for
household supply. Such a development would be ethically justifiable if it provided safe
drinking water and harvests of sufficient yield and crop quality in the short term, thus
putting a stop on the current mass poisoning and buying some time until alternative water

supply solutions can be found.



Deeper aquifers, despite what their name might suggest, are not well defined by
depth, as the vertical extent of the shallow, Holocene aquifer varies largely across
Bangladesh and the larger Bengal basin (Aggarwal et al., 2000; BGS and DPHE, 2001;
Burgess et al., 2010). Instead, “deeper” aquifers are often defined by being low in As and
by additional characteristics such as their sediment age, geochemical, or hydrologic
properties. In terms of sediment age, aquifers of Pleistocene age normally host low-As
groundwater and their upper boundary can vary from the present-day land surface to
several 100s of meters below ground level (bgl). The famous Barind and Madhupur
tracts, or Pleistocene terraces, located in northern and central Bangladesh, represent
Pleistocene sediment that was not eroded by the Ganges or the Brahmaputra during the
sea level lowstand, and have likely been uplifted by tectonic activity (BGS and DPHE,
2001; Burgess et al., 2010; Goodbred and Kuehl, 2000b; Khandoker, 1987; Ravenscroft
et al., 2005). Both host aquifers with low dissolved As. The Madhupur terrace underlies
the capital of Bangladesh, Dhaka, and its surface outcrop terminates just north of our
field area of Araihazar upazila (one out of ~500 “counties” in Bangladesh).

In terms of sediment geochemistry, although shallow and deeper sediments
contain a similar amount of total As, the deeper sediment has a low amount (<1 mg/kg)
of easily desorbed, mobilizable As (Dhar et al., 2011; Zheng et al., 2005), which
translates into a correspondingly low groundwater As content due to the sorption
equilibrium between the adsorbed and dissolved As (Radloff et al., 2011; van Geen et al.,
2008). If in the Pleistocene sediment, the low amount of readily available As is thought to
have resulted from higher hydraulic gradients at times of lower sea level. Higher

groundwater flow velocities under such a hydrologic regime would have flushed



dissolved As out, and depleted the sediment of its labile As and organic C pools (BGS
and DPHE, 2001; McArthur et al., 2008; Ravenscroft et al., 2005). Faster flows, as well
as the subaerial exposure of sediment, also brought more oxygen into the system and are
thus responsible for the telltale orange or brown color the Pleistocene sediment, often
targeted by the local drillers for the installation of low-As wells (McArthur et al., 2008;
van Geen et al., 2007; Zheng et al., 2005). Orange, more oxidized sands owe their color
to the ferric iron coating of sand grains (BGS and DPHE, 2001; Horneman et al., 2004;
van Geen et al., 2004). Grey sands of Holocene, Pleistocene, and older ages are also
common in deeper, low-As aquifers (BGS and DPHE, 2001; Burgess et al., 2010; Zheng
et al., 2005) and can contain As sequestered in authigenic pyrite (Lowers et al., 2007).
Little is known about the residence times and flowpaths in deep aquifers of the
Bengal basin. No clear patterns related to the depth or ages of groundwater have emerged
in water stable isotopic content (“H/'H and '*0/'°0) of deep groundwater (Aggarwal et
al., 2000; Hoque and Burgess, 2012; Mukherjee et al., 2007). Estimates based on the Hc
age of dissolved inorganic carbon (DIC) place groundwater ages in the Bangladeshi
Pleistocene aquifers deeper than 100 m at ~10,000 yr before present (BP), but the data
are sparse and no flowpaths have been inferred (Aggarwal et al., 2000; BGS and DPHE,
2001; Fendorf et al., 2010; Zheng et al., 2005). A recent study by Hoque and Burgess
(2012) proposed a recharge flowpath from the eastern edge of the Basin in the Tripura
hills towards central Bangladesh based on a weak east-west trend in their '*C DIC ages,
but it could be an artifact of the applied '*C corrections and/or a few outliers in the data.
The fact that much of the deep groundwater has been dated to ~10 kyr BP or older points

to the potentially stagnant groundwater with little or no recharge since the Pleistocene,



which could have implications for the sustainability of abstractions in the future

(Aggarwal et al., 2000).

1.4 Concerns about low-As aquifer sustainability

The installation of community wells tapping deeper, Pleistocene aquifers
continues at a fast pace (JICA and DPHE, 2010), and ever increasing mechanized
withdrawals from these aquifers occur for urban supply near multiple cities of South and
Southeast Asia, e.g. Hanoi (Berg et al., 2008; Winkel et al., 2011), Ho Chi Minh City
(Erban et al., 2013), Kolkata (Mukherjee et al., 2011), and Dhaka (Hoque et al., 2007).
Thus, the issue of sustainability of low-As aquifer extractions has been raised by a
number of studies (Burgess et al., 2010; Harvey et al., 2002; Michael and Voss, 2008;
Radloff et al., 2011). The general concern is that lowering hydraulic heads at depths
below the peaking As concentrations of the shallow aquifer would induce a downward
leakage of shallow, high-As groundwater into the low-As aquifers, causing As
contamination and providing a source of organic matter that could drive reduction
processes and additional As release. The reported scale of contamination can range from
point failures of individual deep wells due to mechanical/installation problems, such as
cracked well casings, screens at multiple depths, or flow along the well annulus
(Aggarwal et al., 2000; van Geen et al., 2007), to broader basin-wide contamination of
water supply wells in the Pleistocene aquifer, so far documented in Vietnam (Erban et al.,
2013; Winkel et al., 2011) and asserted in West Bengal (Mukherjee et al., 2011) where
the history of large groundwater abstractions is considerably longer. Somewhere in

between these two physical scales, site-specific studies covering the 0.5-5 km scale have
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reported contamination of local low-As aquifers due to the inflow of shallow, high-As
groundwater vertically or laterally into the areas that lack confinement (McArthur et al.,
2010; McArthur et al., 2011; McArthur et al., 2008; van Geen et al., 2013), or even
across implied clay layers (Berg et al., 2008; Norrman et al., 2008). Where clay layers
were implicated, their exact role was not directly assessed.

The evaluation and prediction of deeper aquifer sustainability has relied upon
models of regional groundwater flow and the studies of deeper aquifer sediment
properties. Groundwater flow models of the entire Bengal basin, using scaled up values
of aquifer hydraulic properties and aquitard distribution based on available driller logs,
hydraulic heads, and '*C groundwater ages (Michael and Voss, 2009a, b) have addressed
various scenarios of deeper aquifer usage. Their results based on uniform aquifer
properties have suggested that pumping the deeper aquifer for domestic water supply
only would likely be sustainable for hundreds of years; however switching the irrigation
pumping (0.21 m/yr) to the deeper aquifer, which has approximately one order of
magnitude higher pumping rates than domestic supply withdrawals, would significantly
shorten the flowpaths to 150-200 m depth and contaminate large portions of the aquifer
(Michael and Voss, 2008). Many such examples exist in the United States where
contaminants are introduced to deeper aquifers as a result of extensive irrigation pumping
(Landon et al., 2008). In Bengal basin, these models assume that natural, pre-
development flowpaths to 175 m depth are ~100 km long and originate at the basin
edges, therefore implying that active flow occurs from recharge areas at higher elevation;
however these flowpaths have not been confirmed by field studies or geochemical

evidence.
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Other recent studies have focused on the evaluation of deeper aquifer sediments’
capacity to adsorb As and retard its transport in the aquifer. Stollenwerk et al. (2007)
showed in batch reactor studies coupled to a sophisticated surface complexation model
that the brown/orange sediments collected from low-As aquifers have a substantial, but
ultimately limited, capacity to remove As from groundwater. This finding was confirmed
by an intricate in situ study of As sorption (Radloff et al., 2011) that produced a range of
As partitioning coefficients between 1.7 and 28.7 L/kg, depending on the
conceptualization of the pore-scale sorption reactions. The findings of this study were
incorporated into the flow models of Michael and Voss to reflect the retardation of As
transport, resulting in more optimistic prognoses of deeper aquifer sustainability (Radloff
et al., 2011), but still emphasized the potential dangers in case large-scale irrigation were
to switch to deep wells. Furthermore, when a supply of organic matter and/or metal
reducing bacteria was procured to the orange low-As aquifer sediment, releases of As and
Fe, greying of the sediment, and/or the re-partitioning of As into a more mobilizable
phase were observed (Dhar et al., 2011; Robinson et al., 2011), suggesting that the
sediment would be at additional risk when shallow groundwater loaded with organic
matter would intrude. Therefore, facile and accurate ecvaluation of the local
hydrostratigraphy, organic matter loading, and the sediment capacity to attenuate As
intrusion appears to be crucial in predicting and evaluating the vulnerability of local low-

As aquifers across the affected basins.
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1.5 Questions explored and chapter summaries

Despite the significant advances that have been made in the understanding of low-
As aquifer sustainability in Bangladesh and elsewhere in South and Southeast Asia, quite
a few open questions and concerns remain that this work explores further. Little is known
about the background, pre-development residence time and age of groundwater in deeper,
low-As aquifers around Dhaka, where large and increasing abstraction of deep
groundwater is now occurring (Hoque et al., 2007). The relative importance of vertical
recharge from the shallow aquifer compared to distal recharge from the basin boundaries
could have implications over the long-term As status of the deeper aquifer. As we
observe a steady decline in hydraulic heads at depth over the past decade in our field area
of Araihazar upazilla, the stage is set for shallow groundwater intrusion to intermediate-
depth low-As aquifers, an important source of low-As groundwater that can be tapped by
less costly wells installed by local drillers. The distribution of clay layers, their vertical
conductivities and impact on groundwater chemistry are likely to significantly modulate
the effects shallow groundwater intrusion will have on aquifer As status and overall
geochemistry, and previous studies have not focused on this aspect in detail. Finally, the
effect that the adsorption by aquifer sands has on transport of As through the low-As
aquifers will likely need to be assessed at various locations, but an easily executable,
field-based method, accurately approximating the in situ conditions, has not been
available.

In Chapter 2, the results of a regional tracer survey of low-As wells (largely <10
ng/L As) from across Araihazar upazilla are presented, including '*C and °C in dissolved

inorganic carbon (DIC), noble gases, and stable isotopes of the water molecule (*H and
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'%0). A geochemical evaluation of groundwater chemistry is coupled to the radiocarbon
and C isotopic data to arrive at groundwater age/residence time estimates for the
intermediate (35-120 m bgl) and deep (>120 m bgl) aquifer in the area. The radiogenic
helium content of groundwater, estimated by a model fit of dissolved noble gas
concentrations, is used to double-check the validity of '*C ages. This approach also
allowed us to investigate other issues, such as the paleoclimate record retained in
groundwater 2H, 18O, and Cpic. The observed Cpic signature and the estimated M
ages are, thus, examined in the context of regional climate change that occurred during
last deglaciation.

A village-scale investigation of an intermediate-depth (40-75 m bgl) low-As
aquifer is described in Chapter 3. The aquifer was tapped by several community well
installations that failed to produced low-As groundwater, with sudden occurrences of As
>25 ng/L not related to well mechanics. The role that a compressible confining unit plays
in promoting reduction processes in this aquifer under a downward vertical hydraulic
gradient, ultimately resulting in the reported well failures, is explored by evaluating the
hydraulic properties and pore water chemistry of the clay unit, as well as those of the
intermediate aquifer and its redox-stratified sediment and groundwater. The notion that
clay units, as often assumed, protect deeper aquifers from As contamination is challenged
here. In addition, the impact of a lateral discontinuity in the clay layer, allowing for the
arrival of recently recharged groundwater (10-50 yr ago) to the aquifer, is assessed in the
context of aquifer redox chemistry, and yet another notion (that recharge from shallow

aquifer causes As contamination) is challenged.
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Lastly, a series of column experiments performed in the field with freshly cored
low-As brown sediment through which shallow, high-As groundwater is pumped at
various pore velocities is reported in Chapter 4. The transport of As in these 10-cm
columns is modeled by a simple, 1D advection-dispersion analytical model calibrated for
dispersion by the breakthrough of bromide tracer. The estimates of As partitioning
constants and retardation coefficients obtained in such a straight-forward manner and
under nearly in situ conditions are compared to other recent studies to demonstrate their
relevance and relative simplicity. Kinetic limitations of the experiment and the
reversibility of As sorption are also investigated by means of batch experiments,
sediment extractions, and flushing of the columns in the field with low-As groundwater.
A discussion of the impact that the observed reductive changes on the sediment have on
As retention is also offered.

The work presented here, therefore, addresses the issues surrounding the
sustainability and vulnerability of low-As aquifers in Bangladesh by combining
geochemical and hydrologic tools across several physical scales of investigation: 1-10 km
(Ch. 2), 0.1-1 km (Ch. 3), and 10 cm (Ch. 4). As the exploitation of these aquifers
continues at increasing pace and provides a relatively easy solution to the arsenic crisis, it
is important to understand the accompanying risks, even if taking these risks is inevitable.
The hope is that the observations and insights presented here can guide resource
management and might also be applicable to other aquifers affected by reductive release

of toxic contaminants in South and Southeast Asia, and elsewhere in the world.
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Abstract

More than 100,000 community wells have been installed in the 150-300 m depth range
throughout Bangladesh over the past decade to provide drinking water low in As (<10
pg/L), but little is known about these aquifers. Groundwater from a total of 65 wells in
the 35-240 m depth range, mostly community wells and all but 3 containing <10 ug/L As,
was sampled between 2003 and 2011 within a 25 km” area of Araihazar upazilla, east of
the capital, Dhaka. All samples were analyzed for trititum (°H), and a subset was analyzed
for oxygen and hydrogen isotopes in water ('°O/'°0 and *H/'H), carbon isotope ratios
(**C/"*C and "C/"C) in dissolved inorganic carbon (DIC), noble gases (CHe/*He, Ne, Ar,
Kr, and Xe), major cations (Na, Mg, K, and Ca), anions (CL, Br, F, and SO,), As, Fe, Mn,
P, Si, alkalinity, DIC, and dissolved organic carbon. Only 4 of the 22 wells with depths
>120 m contain detectable *H with concentrations of 0.1-0.2 TU, and the DIC
radiocarbon ages cluster around 10 kyr. In contrast, 25 of the 43 analyzed wells with
depths <120 m contain detectable *H concentrations larger than 0.1 TU, 8 of which are
distinctly higher at 0.4-6 TU, and the DIC radiocarbon ages range from modern to 10 kyr.
There was no systematic relationship in the wells with depths <120 m between the level
of *H or "*C and other groundwater properties, such as 11-29 ug/L As in 3 samples, or the
amount of clay in well lithologs. The measurements indicate a linear relationship between
the entire range of radiocarbon ages and the radiogenic “He content of the groundwater
with a He release rate of 2.5x10™"> ¢ccSTP g yr'. The groundwater composition of all
wells with depths >120 m and the 3 shallower 10 kyr-old samples is remarkably constant
and low in EC, DIC, and Na, and high in Si relative to the chemical composition of the

shallower and younger groundwater. Within this group of samples, systematic
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relationships between '*0/'°0, '*C/"*C and *C/"*C suggest changes in monsoon intensity
and shifts in dominance of the vegetation between C4 and C3 plants at the onset of the
Holocene. The recharge of deep (>120 m) groundwater at the onset of the Holocene ~10
kyr ago suggests either the entrapment of this groundwater by Holocene sediment or a
very slow horizontal and vertical Holocene flow in the aquifer. Further exploitation of the
deep aquifer will likely shorten its groundwater residence time, which may impact future
As levels, but our data provide no current evidence of widespread As intrusion into the

aquifers selected for community well installation.
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2.1 Introduction

Arsenic is a toxic metalloid naturally occurring in the sediment that is released to
the groundwater under anoxic conditions, such as those prevalent in the low-lying river
and delta plain aquifers of South and Southeast Asia (e.g., Fendorf et al., 2010;
Ravenscroft et al., 2009). The majority of the rural population in Bangladesh, like in
other countries of the region, rely on the cheap and easily installed, shallow tubewells for
their drinking water supply. However, a large proportion of the wells contain As
concentrations of >10 ug/L, thus exposing tens of millions of Bangladeshis and >100
million people throughout South and SE Asia to the harmful effects of As, including
multiple forms of cancer, cardiovascular disease, and diminished childhood intellectual
function (Argos et al., 2010; BGS and DPHE, 2001; Ravenscroft et al., 2009; Smith et al.,
2000; Wasserman et al., 2004). Exploiting the knowledge that peak As concentrations in
the Bengal Basin are usually located 20-40 m below ground level (bgl), and that deeper,
orange-colored sediments of Pleistocene origin usually host low levels of dissolved
arsenic in groundwater (BGS and DPHE, 2001; Fendorf et al., 2010; McArthur et al.,
2008; Ravenscroft et al., 2005; van Geen et al., 2003), NGOs and government agencies
have installed >100,000 deep (150-300 m bgl) wells in Bangladesh alone to mitigate the
As poisoning (Ahmed et al., 2006; Burgess et al., 2010; JICA and DPHE, 2010; Michael
and Voss, 2008; Ravenscroft et al., 2013; van Geen et al., 2007). As this source of low-
As drinking water is increasingly pumped for urban supply (Hoque et al., 2007), several
studies have raised concerns about its sustainable use. The possibility of vertical leakage

of high-As and organic laden shallow groundwater due to irrigation pumping was raised
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by Harvey et al. (2002) and has been evaluated for deeper wells with basin-scale models
under the assumption that pumping for irrigation purposes might in the coming decades
switch to the currently safe aquifers at depths >150 m bgl (Burgess et al., 2010; Michael
and Voss, 2008; Radloff et al., 2011).

Depth is a poor predictor for aquifers that are systematically low in As because of
the large hydrogeological heterogeneity of the delta (Fendorf et al., 2010; McArthur et
al., 2008; van Geen et al., 2003; Zheng et al., 2005). Previous studies have identified a
transitional aquifer, referred to as “intermediate” in this study, in which As is low, but the
residence times and other hydrogeochemical features sometimes resemble the shallow
aquifer, and a “deep” aquifer at greater depths containing much older groundwater
(Aggarwal et al., 2000; BGS and DPHE, 2001). The low-As aquifers have also been
characterized by Pleistocene-age or older sediments that have been flushed of their labile
As and/or organic carbon that could fuel the reductive release of As (BGS and DPHE,
2001; Ravenscroft et al., 2005). The flushing presumably occurred due to a sequence of
sea level lowstands, resulting in deep river channel incisions, larger horizontal hydraulic
gradients in aquifers compared to the present, and consequently faster groundwater flow
during the Pleistocene (Goodbred and Kuehl, 2000b; McArthur et al., 2008).

Despite the considerable amount of concern for the status of the deep aquifer
(Burgess et al., 2010; Fendorf et al., 2010; Hoque et al., 2007; McArthur et al., 2008;
Michael and Voss, 2008, 2009a, b; Mukherjee et al., 2011; Radloff et al., 2011), and the
reports of local well failures (Aggarwal et al., 2000; van Geen et al., 2007) or limited
incursions of As and/or organic matter from Holocene aquifers (McArthur et al., 2011;

Mukherjee et al., 2011), relatively little is known about the basic hydrology of the low-As
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aquifers, such as their flow patterns and mean residence times. For example, some
flowpaths of the pre-development baseline deep aquifer model described by Michael and
Voss (2008) start from the elevated edges of the Bengal Basin, but it is unclear if these
flow lines are representative. Groundwater dating, primarily by '*C in dissolved inorganic
carbon (DIC), has been limited in scope and has typically covered large areas with
sparsely spaced data points (Aggarwal et al., 2000; BGS and DPHE, 2001; Fendorf et al.,
2010). The available data indicate that low-As groundwater at depths >120 m bgl, and in
certain locations at depths of only ~30 m bgl (Zheng et al., 2005), might be >10 kyr old.
The only study that attempted to integrate spatial observations of groundwater ages
argues that there is a westward flow from the Tripura Hills located along the eastern edge
of the Bengal Basin (Hoque and Burgess, 2012). The flow pattern relies on a trend of
increasing '*C ages in DIC away from the eastern margin, ranging from modern to
>20,000 yr BP, whereas in reality most of the data cluster around an age of 11-15 ky, 9-
13 kyr, or 6-9 kyr BP, depending on the geochemical model used for the '*C age
corrections. None of the above studies have attempted to apply another tracer of
groundwater age and little use has been made of the radiocarbon data to link changes in
climate at the end of the last glaciation to changes in the stable isotopes of groundwater
(*H, '*0) and C (**C) in DIC, as routinely done in paleoclimate studies (Galy et al., 2008;
Partin et al., 2007; Prins and Postma, 2000; Rashid et al., 2011; Sarkar et al., 2009).

In this study, we report DIC radiocarbon data from 38 low-As wells ranging in
depth between 35-240 m bgl in a 25 km” area east of Dhaka, Bangladesh. Radiocarbon
ages are interpreted using groundwater chemistry records, compared to a noble gas dating

technique, and systematically linked to the stable isotopic signatures (*H/'H, '*0/'°0,
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BCpic). Field procedures and measurement techniques, litholog collection, and
groundwater sampling and analyses for *H, C/"*C and '*C/"*C (in DIC and DOC), major
cations, anions, Si, P, As, Mn, Fe, DIC and DOC concentrations, “H/'H, '*0/'°0, and
noble gases are described in Section 2.2. The results of these measurements and analyses,
along with the '*C age correction models and the noble gas model used to calculate
recharge temperature and radiogenic He, are presented in Section 2.3. The discussion of
major results, including groundwater chemistry and ages/residence times at different
depths, as well as the isotopic signatures of deglaciation in the deepest samples, is offered
in Section 2.4. We also discuss the implications of our findings for the sustainability of

deep, low-As aquifers before concluding the study in Section 2.5.
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2.2 Methods

2.2.1 Sampling campaigns

The study was conducted in Araihazar upazila of Bangladesh, ~25 km east of the
capital, Dhaka, in the field area described in detail by van Geen et al. (2003) where the
majority of shallow wells (<30 m deep) exceed 50 pg/L As dissolved in groundwater.
The current study focused on 65 low-As wells (<10 pg/L As, except three wells with 10-
29 ng/L As) that were installed in the depth ranges of 35-104 m bgl (n = 43) and 122-238
m bgl (n = 22) (Figure 2.1 and Table 2.1). A subset of the studied wells (n = 20 at the
intermediate depth, 35-120 m bgl, and n = 19 at depths >120 m bgl) was extensively
sampled, whereas the remaining wells were only sampled for *H in 2006 and/or stable

isotopes ('*O and H) in 2004.
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Figure 2.1. Map of the field area in Araihazar upazilla, Bangladesh, with the
locations of sampled low-As wells. Community wells used for drinking are shown as
large squares or circles, monitoring wells as triangles. The sampled wells are marked by
solid fill: red for depths 35-120 m bgl, and blue for 121-240 m bgl. Small dots indicate
shallow tubewell As concentrations in the area. The location of Araihazar within

Bangladesh is indicated by the white square in the inset map.
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Extensive well sampling included community wells used for drinking (17 CWs
and 13 WABs) in 2010 and 2011, as well as monitoring wells M1.5 (61 m bgl, 2011),
DI4 (58 m bgl, 2008), and the deepest wells from multi-level well nests A-G (36-88 m
bgl, 2003). CWs were installed 35-152 m bgl by Dhaka University 2001-2004 (van Geen
et al., 2007) to provide access to As-safe water in the most severely affected villages.
Some CWs were sampled twice for "*Cpic (2010 and 2011) and twice or three times for
‘H (2006, 2010, 2011); all measured values are reported. WAB wells, installed in 2010
by the NGO Water Aid Bangladesh, are deeper (>200 m bgl) and cluster towards the
eastern end of the study area. Well DI4 was used in an in situ study of As sorption on
low-As aquifer sediments, described in Radloff et al. (2011), whereas partial results of
the sampling at A-G have been featured in multiple publications (see: Zheng et al. (2005)
for all data from A7, A8, and B-CW2, except stable isotopes and noble gases; Stute et al.
(2007) for stable isotope data; Mailloux et al. (2013) for DIC and DOC concentrations,

radiocarbon and 3"°C results from F5; Dhar et al. (2008) for a 2-3 year monitoring study).

2.2.2 Well purging and field measurements

Well sampling was conducted using a submersible pump producing a flow rate of
5-10 L/min (Typhoon 12-V standard pump, Groundwater Essentials), or by utilizing a
hand pump when a submersible pump could not be used due to well construction (all
WAB wells, except 24030). Three borehole volumes were purged out of each well before
collecting samples. Electrical conductivity (EC), temperature (T), and pH were monitored
by probes in a flow-through portable chamber (MP 556, YSI, Inc.) during purging with a

submersible pump and stabilized before sampling. Alkalinity was also measured in the
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field using standard Gran titrations (Gran, 1952b). EC and pH electrodes were calibrated
on site before collecting the first sample of the day, and the flow cell was taken off the
line before collecting samples to prevent cross-contamination between wells. For the
wells where hand pump was used, EC and pH were measured in an overflowing bucket,
which introduced a systematic error in pH (0.1-0.6 units higher) due to degasing of CO;
from the splashing water. For these wells, pH was calculated (denoted by # in Table 2.4)
from the field-measured alkalinity values and the total DIC measured at the Woods Hole
NOSAMS facility. DIC samples for radiocarbon measurements were collected into glass
bottles directly from the hand pump, without the splashing effect, and immediately

capped.

2.2.3 Groundwater sampling and elemental analysis by ICP-MS and IC

Samples for major cations (Na, K, Mg, Ca), Si, P, S, and trace elements (As, Fe,
Mn) were collected without filtration into 25 mL HDPE scintillation vials with conical
polyseal caps (Wheaton, Fisher Scientific) and later acidified to 1% HCI (Optima, Fisher
Scientific). Previous work demonstrated that the well screens in Bangladesh typically
provide sufficient filtration without introducing artifacts associated with syringe filtration
(van Geen et al., 2004) and that delayed acidification in the lab does not affect the results
(van Geen et al., 2007). The samples were analyzed for Na, K, Mg, Ca, Si, P, S, As, Fe,
and Mn by high-resolution inductively coupled plasma—mass spectrometry (HR ICP-MS)
on a single-collector VG Axiom (Cheng et al., 2004) to a precision of £10% or better.
Accuracy of the results was checked against an internal laboratory reference standard and

also found to be within <10% of the expected values. The levels of S in several samples,
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when diluted 10-fold for the measurement, were near the detection limit of 0.01-0.16
mg/L (depending on the run), thus these values could not be quantified reliably and are
reported with an asterisk in Table 2.4.

Samples for anion analyses were collected in parallel with cation and trace
element samples, but the vials were not acidified upon collection. The concentrations of
CL F, Br, and SO4 were determined on a Dionex ICS-2000 ion—chromatograph (IC) with
an lonPac AS18 analytical column and an AG18 guard column (Thermo Scientific) using
a self-regenerating KOH eluent. A standard was run after every 8-10 samples to ensure
accuracy of the measurements, and several samples were analyzed in duplicates or
triplicates to confirm analytical precision (typically <5% for Cl, <10% for SO4, and 5-
15% for Br and F). The Cl result for CW15 (EC = 2.97 mS/cm) is semi-quantitative, as it

exceeded the maximum standard measured.

2.2.4 Sampling and analysis of stable isotopes in water ("*0/'°0 and *H/'H)

Stable isotope (8'°0 and 3°H) samples were collected in 60 mL glass bottles with
polyseal lined caps. Measurements of '*0/'°0 and *H/'H on samples collected in 2003
(wells A-G), 2004 (several CWs), and 2008 (DI4) were performed at the Environmental
Isotope Laboratory of the University of Waterloo with a precision of +0.1%o (8'*0) and
+1%o (5°H). Stable isotope measurements on samples collected in 2010 and 2011 (CWs,
WABs, and M1.5) were performed on a cavity ringdown laser spectrometer at Lamont-
Doherty Earth Observatory (L2130-i Isotopic H20, Picarro, Santa Clara, CA) with a
precision of +0.02-0.05%o (8'*0) and +0.05-0.25%o0 (8°H). All values are reported as %o

deviation from Vienna Standard Mean Ocean Water (VSMOW).
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2.2.5 Sampling and analysis of *H and noble gases (He, Ne, Ar, Kr, Xe, and *He/*He)

Groundwater recharged after the onset of surface testing of nuclear devices can be
detected by the presence of elevated tritium (‘H), a radioactive isotope of hydrogen
released during the tests that peaked in the early 1960s (e.g., Weiss et al., 1979; Weiss
and Roether, 1980). Samples for *H were collected in 125 mL glass bottles with polyseal
caps and analyzed at Lamont-Doherty Earth Observatory’s Noble Gas Laboratory using
the *He ingrowth technique (Bayer et al., 1989; Clarke et al., 1976; Ludin et al., 1997).
The detection limit of the *H analyses was 0.05-0.10 TU (*H/'H ratio of 1 TU = 10™'%),
with a precision of +£0.02-0.16 TU (Table 2.1). Noble gas samples were collected in ~1
cm outer diameter copper tubes that contain ~19 cm’ of groundwater. Concentrations of
He, Ne, Ar, Kr, and Xe isotopes were measured by mass spectrometry (Stute et al., 1995)
with typical analytical precisions of +2% for He and *He/*He, and +1% for Ne, Ar, Kr,
and Xe. The system was calibrated with atmospheric air standards and water samples
equilibrated at known temperature and pressure.

The measured concentrations of noble gases (He, Ne, As, Kr, and Xe; Table 2.3)
were analyzed by a sequence of inverse numerical models to estimate the temperature of
each groundwater sample at the time of recharge based on the known equilibrium
solubilities of noble gases in water (Aeschbach-Hertig et al., 1999; Peeters et al., 2003).
Besides fitting the equilibrium temperature, the models also account for gases in excess
of the atmospheric equilibrium concentrations due to trapped bubbles (commonly
referred to as “excess air”). The excess air component is either fitted without any

fractionation from the atmospheric air (assuming complete dissolution of the bubbles) or
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with various processes and degrees of fractionation. A constant salinity of 0 and
atmospheric pressure of 1013 mbars were assumed for the model calculations. After the
best fit was found for observed Ne, Ar, Xe, and Kr concentrations, the predicted He
concentration was calculated according to the same model; any *He in excess of that
amount was reported as “excess He” and could be considered a radiogenic input from the
crustal radioactive decay processes. The output also included a y° probability that the
model is consistent with the data. Low y° probabilities are considered a reasonable
criterion to reject the models, with <1% often used and <5% being a very strong criterion
to reject the run. Errors of the modeled temperature and excess He were estimated by a
numerical propagation of the experimental uncertainties through the inverse procedure

with data sets generated by Monte Carlo simulations.

2.2.6 Sampling and analysis of '*C/">C and C/"*C in DIC and DOC

Samples for radiocarbon ('*C/'*C) and carbon stable isotopic (*C/'*C)
measurements on dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC)
were collected in 125 mL or larger glass bottles with polyseal caps and fixed with 0.1 mL
of saturated mercuric chloride. All carbon isotopic measurements were performed at
National Ocean Science Accelerator Mass-Spectrometer (NOSAMS) facility at the
Woods Hole Oceanographic Institution following standard protocols (Elder et al., 1997).
Ratios of °C/"*C are reported as 8"°Cyppp in %o deviations from the Vienna Pee Dee
Belemnite standard, with a typical error of £0.1%o. Radiocarbon data ('*Cpicand *Cpoc)
are reported as fraction modern (FM), “modern” being defined as 95% of the AD 1950

radiocarbon concentration of NBS (National Bureau of Standards) Oxalic Acid I
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normalized to 8"*Cyppg of -19%o (Olsson, 1970), and FM values were further normalized
for C isotopic fractionation to a value of 8"*Cyppg = -25%o. Errors in FM measurements
are shown in Table 2.2. Concentrations of DIC and DOC were also reported by
NOSAMS for the samples collected in 2010 and 2011 (£2% precision), including some
CWs and most WAB wells; for the remaining samples, DIC was calculated from
alkalinity and pH values measured in the field (in a flow cell). Comparison of the DIC
concentrations calculated from the field data with those reported by NOSAMS indicated

that the values were typically in agreement within <10%.

2.2.7 Lithologs

Drill cuttings were collected at 2-5 ft (0.6-1.5 m) intervals from wells <152 m
deep (all except WAB community wells) and were used to calculate the total clay+silt
thickness above the well screen (Table 2.1). The thicknesses of all clay and silt layers
encountered in the litholog were added, except for the surficial clay/soil that tops the
shallow aquifer, as this layer does not play a role in separating the high-As shallow
aquifers from the low-As intermediate aquifers. Lithologs for the wells <90 m deep (all
intermediate-depth wells that were extensively sampled fall into this category) are more
reliable for the presence/absence of clay layers because the boreholes were drilled by the
traditional hand-flapper method that produces compact drill cuttings (Horneman et al.,
2004), unlike those collected from the mechanized pumps at depths >90 m bgl. Sand
color at the depth of filter intake was noted for each well, regardless of the installation

depth.
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2.3 Results

2.3.1 Tritium CH), radiocarbon (**C), arsenic, and lithology

With exception of three wells tapping the intermediate aquifer (<120 m bgl)
containing 10-29 png/L As, all community wells met the WHO guideline for As of 10
ug/L at the time of sampling despite many years of use (van Geen et al., 2007). Of the 65
wells sampled for *H, 8 wells had a distinctly high *H concentration of >0.3 TU,
indicating a major contribution of recently recharged groundwater (Fig. 2.2a). All 8 of
these wells were screened at depths <65 m bgl and contained <3 pg/L As, where
measured. Another set of 23 wells contained low *H levels (0.10-0.27 TU) at least at one
sampling time point, 21 of which had detectable *H at the 95% confidence level (0 TU
was not within the range of 2o, twice the analytical error). Most (17) of the 21 wells
containing low-level, detectable *H clustered in the intermediate aquifer, whereas only 4
such samples were found in the deep aquifer (>120 m bgl) and none at depth >150 m bgl.
The presence of detectable *H in upper parts of the deep aquifer (120-150 m bgl) suggests
some vertical contribution of recent recharge, but the proportion of such contribution is at
most 3-10%, using 2-3 TU as a 100% benchmark (any recharge since 1980, undiluted by
older groundwater, would now contain ~2-3 TU). Results from the wells sampled twice
or thrice between 2006-2011 (Table 2.1) showed that over this time period H
concentrations remained low in wells that initially had low H concentrations, whereas
the wells with initially elevated *H showed more variable concentrations during the same

time span.
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Figure 2.2. Vertical profiles of groundwater (a) *H with analytical error, (b) '*C in

DIC, and (c) As. Only one value per well is shown; where multiple measurements were
performed, the latest non-negative value is shown for *H, and the value from 2010 is
shown for '*C. The data in this figure, and hereafter, are shown as open red circles for
groundwater from intermediate depth (<120 m bgl), open blue circles for deep
groundwater (>120 m bgl), and blue-fill red circles for the intermediate depth samples
A7, A8, and C5 with consistent deep groundwater properties. Yellow fill in the red
circles denotes intermediate aquifer groundwater (<120 m bgl) with particularly elevated
H concentration (>0.3 TU). The grey line in (a) indicates 0.1 TU, the concentration
above which all *H samples (except two with a large analytical error) are conclusively
detectable, whereas the grey line in (¢) denotes the current World Health Organization

limit of 10 pg/L As in safe drinking water.

Radiocarbon concentrations in dissolved inorganic carbon (DIC) ranged from
0.26-1.12 FM in groundwater from intermediate depth <120 m bgl (Fig. 2.2b and Table

2.2). Below 120 m depth, a uniform radiocarbon signature of 0.25-0.31 FM was observed
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in deep aquifer DIC. Within the intermediate aquifer, 3 of the lowest “Cpyc values fell
within the range of those observed in deep aquifer groundwater (A7, A8, and C5, labeled
by blue fill in Fig. 2.2 and in other figures, where necessary). These samples came from a
shallow outcrop of the confined Pleistocene aquifer in the northwest of our study area
(van Geen et al., 2003) and carried a consistent deep groundwater signature across a
range of parameters. On the other end of the spectrum, samples from 4 wells with the
highest '*Cpic (0.93-1.12 FM) also had *H >2 TU (Fig. 2.3), confirming that groundwater
recharged since the nuclear weapon testing began in the late 1940s reached these
intermediate-depth wells, carrying so-called ‘bomb’ '*C and *H with it. The remaining
intermediate aquifer samples (below ~0.9 FM “Cpjc) contained lower *H (<0.3 TU) and
their '*C values might be a result of groundwater aging, as well as a number of
geochemical, hydrological, and biological processes.

Radiocarbon in dissolved organic carbon (DOC) was only measured in 5 samples
from the intermediate aquifer from ~60-90 m bgl (Table 2.2). In two of the samples, '*C
of DIC and DOC was nearly identical, whereas in the remaining three, '*C was 0.1-0.2

FM lower in DOC than in DIC.
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Figure 2.3. Empirical relationship between groundwater *H and '*C in DIC. All
available samples from the intermediate aquifer (<120 m bgl) with concurrently
measured groundwater *H and '*C in DIC were plotted to determine the initial '*Cpc =
0.90 FM, used to correct for the vadose zone processes before the recharge closed off

from the atmosphere in C; and C, '*C age calculations.

2.3.2 Radiocarbon dating

4C age corrections

Three radiocarbon ages were determined for each sample (Fig. 2.4 and Table 2.2).
The '“C half-life of 5730 yr was used to generate the first radiocarbon age — the
uncorrected '*C age (“UC '*C age”). This age assumes the initial '*C concentration of
DIC or DOC at recharge to be 1 FM and assumes a closed system evolution of DIC

without any carbon reservoir corrections:

14 5730 yr 1
UC C age (yr BP) = ———=xIn (D
In2 FM “C

This approach might be appropriate for organic material (e.g. DOC or particulate
OC), but the initial YCpic is rarely 1 FM, as total DIC is formed by the dissolution of soil
CO, and resident soil carbonates in an open system before the system closes off from the
contact with vadose zone carbon sources (Fontes and Garnier, 1979). Whereas the soil
CO, is a product of oxidation of plant remains, the '*C activity of which is often close to
that of atmospheric CO,, soil carbonates usually have a lower *C activity. One way to
estimate the initial '*C activity of DIC is to empirically relate "*Cpic to observed *H
concentrations (Fig. 2.3), following Verhagen et al. (1974). This approach yielded an
estimate of initial "*Cpic of 0.90 FM for our data set, close to the value of 0.87 FM used
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by Hoque and Burgess (2012) in their Bengal Basin '*C work and also close to the fixed
value of 0.85 FM applied in the “Vogel” model (Vogel, 1967; Vogel and Ehhalt, 1963).
Therefore, the second radiocarbon age, or the “C, Hc age”, is corrected for the initial
"Cpic formed under open system conditions, but not for any subsequent dissolution of
carbonates along the flowpath:

5730 yr 0.90
Cll4c age (yr BP) =—y*ln<

In2 W) @

Finally, the third approach was to build upon the C; '*C age and estimate the
maximum possible contribution of carbonate dissolution along the flowpath to the total
DIC and its '*C signature, after the system was closed with respect to gas exchange in the
vadose zone. This was achieved by using a simple isotopic mixing model based on the
8"C of two end members: the initial DIC and carbonate minerals (e.g., Hoque and
Burgess, 2012). In order to make this the maximum possible correction for carbonate
dissolution (thus, the minimum calculated age), the value used for the initial 813CDIC was
-25%o, in accordance with the value used by Harvey et al. (2002) and Hoque and Burgess
(2012), and appropriate for the dominance of *C-depleted C3 plants (Sarkar et al., 2009).
Similarly, to make this a minimum age, the carbonate minerals in the mixture were
assumed to be of marine origin (8"°C = 0%o) and free of radiocarbon. Thus, the third
radiocarbon age — C, '*C age — includes a correction for mixing of different carbon pools,
similar to that of Ingerson and Pearson (1964), but with the added correction for initial

Y Cpic of 0.90 FM:

5730 yr 090 6"Cpc
———=xn *
In2 FM © —25%

C, C age (yr BP) = 3)
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None of the above '“C age corrections accounted for isotopic fractionation effects
during the isotopic exchange reactions of C species (COxyg) to CO32'(aq) equilibrium),
which can have some impact on the final >C contents (Fontes and Garnier, 1979). The
above models also did not take into account the mineralization of groundwater DOC
subsequent to the initial recharge, and the impact it might have had on the budget of DIC
radiocarbon. Lastly, none of the '*C ages were calibrated to calendar years, as doing so
would not be meaningful for dating of groundwater '*Cpjc that is subject to as many
uncertainties as presented above. It is important to note that the model without any
corrections (UC age), and to a lesser extent the simple open system model (C1 age)
without added carbonate input (dissolution, exchange), are not considered representative

of most hydrological systems (Fontes and Garnier, 1979).
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Figure 2.4. Calculated '*C ages in DIC. (a) “UC”, or uncorrected, '*C age was
calculated directly from the measured '*C values without any correction. (b) C; *C age is

a simple open system model that corrects for the initial '*Cpc at recharge of 0.90 FM,
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while the C, '*C age (c) contains an additional correction for the maximum contribution
of radiocarbon-dead carbonate dissolution along the flowpath, based on a "*Cpjc mixing
model (8"°C = -25%o in initial DIC and 0%o in admixing carbonate). The blue fill in red
circles indicates the intermediate depth samples (<120 m bgl) with consistent deep

groundwater properties.

Calculated DIC *C ages

The simplest, uncorrected (UC) '*C age dated deep aquifer groundwater to a range
of 9,670-12,120 "*C yr before present (BP), with the average of 10,700 '*C yr BP (Fig.
2.4 and Table 2.2). The intermediate aquifer groundwater UC '“C ages spread along a
range from modern to ~10-11 kyr in samples A7, A8, and C5 that resembled the deep
aquifer. The correction for initial '*C content of DIC, based on the relationship between
’H and '*C, resulted in shifting the range of deep aquifer ages (C; '*C age) by ~900 years
towards younger ages (8,790-11,250 '*C yr BP), with the average of 9,830 '*C yr BP
(Table 2.2 and Fig. 2.4). The subsequent correction for dissolution of carbonates based on
a simple isotopic mixing model (C,'*C age), designed to provide an estimate of the
maximum possible effect of the dissolution of radiocarbon-free carbonates along the
flowpath, resulted in a more dramatic shift of the groundwater age range in deep aquifer
to 5,660-7,890 "*C yr BP (average 7,310 '“C yr BP). The corrections from UC to C; and
C, "C age had a similar effect on intermediate aquifer groundwater ages, thus shrinking

their span and shifting dates towards the “modern” category with each correction.
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2.3.3 Noble gas temperatures and radiogenic He

The model that best fit the data (Table 2.3) considered the equilibrium
temperature, the amount of excess air, and the fractionation of excess air as variables in
the simulation (“Taf-1” model), and the fractionation of excess air was thought to result
from a partial equilibrium dissolution of the trapped air bubbles in a closed system [the
“CE” model, (Aeschbach-Hertig et al., 1999; Peeters et al., 2003)]. Some of the model
results were rejected (Table 2.3) based on a low model probability and/or a high error in
model temperature estimate (>1.5 °C error). At least some of the samples for which the
model failed to converge suffered from degassing while sampling, as indicated by Ne
concentrations below solubility equilibrium with the soil air (<1.7x107 ccSTP g™).
Among the converged samples, model probabilities were well above the strict 5%
threshold, except for CW42 with 3.4%, which was still a reasonable fit (>1 %) and had
the lowest model temperature error of the entire data set, thus the fit for this sample was

not rejected.
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Figure 2.5. Noble gas temperatures and radiogenic (“excess”) He plotted against (a
and ¢) "*C measured in DIC, and (b and d) corrected C; "*C ages. Noble gas
temperature (a and b), corresponding to a temperature at the time of recharge, and
radiogenic He (c and d) were both estimated by model Taf-1 that fit the noble gas data.
The errors indicated by vertical error bars combine the analytical error with model fit
uncertainty. Only one sample per well is shown; where multiple noble gas measurements
were made, those with the best model fit are displayed. The trend linking the radiogenic
He to C; "C ages was calculated for combined intermediate and deep groundwater
samples. The blue-fill red circle indicates an intermediate depth sample (<120 m bgl)

with consistent deep groundwater properties.
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Current groundwater temperatures in the intermediate aquifer cluster around an
average of 26.2 °C (Table 2.4), while the average temperature in deep groundwater is
slightly higher at 26.9 °C, due to the geothermal gradient. Temperatures of groundwater
at the time of recharge (Table 2.3), however, were calculated by the noble gas method
and are also known as the noble gas temperatures (NGTs). They are plotted only for those
samples where the model converged and accurately described the observed noble gas
concentrations (Fig. 2.5ab). In the intermediate aquifer, NGTs varied between 22 and 26
°C, with the average and standard deviation of 24.1+1.3 °C. Six of the nine converging
samples clustered between 24 and 26 °C, close to the current average temperature of the
intermediate groundwater. The rather shallow sample (A7) that exhibited the signature of
deep aquifer tracers and chemistry also had a low NGT of 22.3 °C. Noble gas
temperatures from the deep aquifer were slightly lower than in the intermediate aquifer,
ranging between from 21 to 25 °C, with the average and standard deviation of 23.0+1.6
°C. Although the two lowest NGTs from the deep aquifer are below any observed in the
intermediate aquifer, the amount of scatter in samples from both aquifers precluded any
definitive conclusion of recharge temperature differences. Furthermore, NGTs plotted
against C; '*C age (Fig. 2.5b) did not have a statistically significant trend (p = 0.19),
confirming the lack of temporal trend in recharge temperatures. There was, likewise, no
significant trend between NGTs and the sample depth (not shown).

The excess He, also estimated by the NG model, stands for the He released in situ
by the radioactive decay processes in the sediment through which groundwater flowed,
hence it can also be named “radiogenic He”. It can be proportional to the age or residence

time of groundwater if the aquifer matrix and release rates of He from the sediment are
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fairly homogeneous and constant along the flowpaths, little degasing loss occurs, and no
confounding effects of crustal He degassing occur (Torgersen and Clarke, 1985).
Samples in which “Cpjc ranged from modern to ~0.25 FM showed an increasing
radiogenic He contribution from ~0 to ~3x10™® ccSTP g™, with the highest levels present
in the deep aquifer samples and in the intermediate aquifer groundwater with low *Cpjc
(Fig. 2.5¢). The relationship between the radiogenic He and the C, *C age (Fig. 2.5d) is
linear, with the empirical He accumulation rate of “He = 2.5+0.2 x10"* ccSTP g yr' *
1C age (yr) + 0.04x10° ccSTP g (R*=0.94, p = 2x107®, both the intermediate and deep
samples were used in regression). The *He/'He ratio in samples that contain a high
contribution of radiogenic He (up to ~35% of the measured He) ranges between 0.9-
1.1x10° (Table 2.3), falling below that of the remaining samples. It is also below the
*He/*He ratio in solubility equilibrium with atmospheric air (1.36x10°°) because “He is

depleted in the radiogenic (crustal terrigenic) He that has a *He/*He ratio of ~2x10°®.

2.3.4 Chemical composition of groundwater

The greater variability of *’H and '*C in the intermediate aquifer compared to the
deeper aquifer was matched by a greater scatter in the intermediate groundwater
physicochemical characteristics, such as pH, electrical conductivity (EC), alkalinity, DIC,
Na, and Si concentrations (Fig. 2.6 and Table 2.4). In contrast, deep aquifer groundwater
carried a much more uniform signature of these parameters. In particular, deep
groundwater and the three intermediate-depth samples with deep *H and '*C signatures
clustered around low values of pH (mostly 6.5-6.8), low EC (0.3-1 mS/cm), low

alkalinity (1.7-3.0 mEq/L), low DIC (3-4.8 mM), low Na (<50 mg/L) and high levels of
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Si (mostly 55-70 mg/L). The concentrations of DOC in the intermediate aquifer (0.05-

0.25 mM) were 1-2 orders of magnitude lower than those of DIC (4.8-10.5 mM).
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Figure 2.6. Vertical profiles of groundwater (a) alkalinity, (b) chloride, (c) electrical
conductivity, (d) silicon, (e) sodium, and (f) calcium. The blue and yellow fill in red
circles denote the intermediate depth samples (<120 m bgl) with consistent deep

groundwater properties (blue fill) or with *H >0.3 TU (yellow fill).
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The concentrations of Ca (1-83 mg/L), Mg (1-35 mg/L) and K (1-4 mg/L) ranged
similarly in both aquifers (Fig. 2.6 and Table 2.4). This was the case also for Cl (4-311
mg/L) and SO4 (0.3-17 mg/L), with a slightly higher range of values observed in the
intermediate aquifer (Fig. 2.13a in Appendix and Table 2.4). Bromide concentrations
were below detection in some samples, and remained <0.7 mg/L where detectable (Fig.
2.13b). Fluoride concentrations were <0.4 mg/L in all deep aquifer samples (except one,
where it was ~0.5 mg/L, Table 2.4). A wider range of F concentrations (up to 1 mg/L F)
was observed in the intermediate aquifer, with two samples in the 2-3 mg/L range. Only
one of these high-F wells (CW18) was a drinking water source. One high-EC sample
(CWI15) had a particularly high level of Cl (629 mg/L), Br (2.2 mg/L), and SO, (24
mg/L).

The concentrations of SO4 measured by ion chromatography corresponded well to
those of S measured on ICP-MS (R* = 1.00). The slope of their relationship was 2.8, or
7% lower than the expected 3.0 based on their mass ratio. As no samples had the
characteristic smell of sulfides at the time of collection, this was most likely an inter-
calibration issue and all S was in the form of sulfate.

Iron and manganese were highly variable in both aquifers, with concentrations of
up to 4 mg/L Fe (mostly <2 mg/L; one sample had ~10 mg/L) and up to 1,400 pg/L Mn
(Table 2.4). P was generally low (<0.6 mg/L. P), except for one sample at 4.7 mg/L

(Table 2.4).
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2.3.5"°C record

Carbon stable isotope values (8'°C) in DIC ranged between -15 and -22%o in both
the intermediate and deep aquifer (Table 2.2, Figs. 2.7d and 2.9, and Figs. 2.11 and 2.14
in Appendix). The observed 8" Cpic values fall between those expected if DIC was
produced solely by the oxidation of bulk organic carbon from C3 (-28%o) and C4 plants (-
13%o) in the Bengal Basin (Sarkar et al., 2009). In deep aquifer groundwater, 3> Cpyc was
correlated with alkalinity (R* = 0.36, p = 0.006), the heavier (more positive) values of
8"°C being observed at a higher alkalinity, which would be expected from the dissolution
of marine or pedogenic carbonates, if there were any in the sediment.

The relationship between 813CDIC and l4CDIC was different in deep and
intermediate aquifers (Fig. 2.7d). Deep groundwater samples exhibited a strong (R* =
0.61) and significant (p = 8x107) trend towards more depleted (negative) 8'"°C values as
C in DIC increased (Fig. 2.9), and the three intermediate-depth samples with
characteristics of deep groundwater fit well within the trend. In the intermediate aquifer,
however, the correlation between DIC §"°C and '*C showed an opposite trend (Fig. 2.7d):
heavier (more positive) ' °Cpic was observed in samples with higher *Cpyc, but the trend
was less well defined, and significant only if the three samples with characteristics

similar to those of the deep aquifer samples were excluded from the regression (p =

0.006).
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Figure 2.7. Geochemical properties of intermediate and deep groundwater. (a-c)
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2.3.6 Groundwater stable isotopes (H/'H, *0/*°0)

water line (GMWL: 8°H = 8* §'°0 + 10%o), but fall to the right of this line as a result of

evaporation and kinetic isotope fractionation (Fig. 2.8a). Virtually all deep aquifer

Most stable isotope values (5°H and 6'°0) fall on or near the global meteoric

53

1.2



samples fall on the GMWL, indicating recharge by precipitation, and cluster around 3'°0

values between -5 and -6%o and 5°H values between -30 and -40%o. The average isotope

composition of modern precipitation in the area (Stute et al., 2007) is similar to that

observed in the deep aquifer samples (Fig. 2.8a). Intermediate aquifer samples, on the

other hand, span a larger range of stable isotope values, and nearly half of them are

marked by a signature of slight or heavy evaporation before recharge, as judged by their

distance from the GMWL (marked by pink and red fill, respectively, Fig. 2.8).
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Figure 2.8. (a) Water stable isotopic (6°H and 6'°0) composition of groundwater

and (b) the relationship of §'*0 with '*C in DIC. (a) Dhaka precipitation, including its
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average (Stute et al., 2007), and the global meteoric water line (GMWL) by Craig (1961)
are shown in the background. (b) A similar pattern was observed for 5°H (not shown).
The pink or red fill of the red circles indicates intermediate depth samples (<120 m bgl, a
and b) with a slight or heavy evaporative signature, respectively, as judged by the
distance from the GMWL. The blue fill in red circles (b) denotes the intermediate depth

samples with consistent deep groundwater properties.

A striking aspect of the stable isotopic data from deep groundwater is the strong
correlation of both 8"H and 8'°0 with §"*Cpic (R* = 0.81 for both isotopes, 8*H shown in
Fig. 2.11d in Appendix). Thus, as is the case of 8"Cpic, when 80 or 6°H in deep
groundwater are plotted versus '*Cpic values (Figs. 2.8b and 2.9; 8°H not shown as it
follows an identical pattern), a remarkable trend towards more depleted (negative) 3'°0
and 8°H values emerges at higher '*C concentrations (R* = 0.57 for §'%0, 0.60 for 3°H)
and this relationship is highly significant (p = 0.0002 for 3'°0, 0.0001 for 6°H). The
intermediate samples (A7 and C5) with properties close to those of the deep samples also
fit within the deep aquifer trend. The remaining intermediate aquifer samples suggest a
less sharply defined trend toward heavier stable isotopes with higher '*C concentrations,
although this pattern is affected in part by the evaporated nature of the most recently
recharged samples with the highest '“C content. The correlation of the intermediate
aquifer stable isotopes with 8°Cpc is also less defined than in the deep aquifer (R* =

0.44 for 5°H, 0.35 for 5'°0).
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2.4 Discussion

2.4.1 Groundwater recharge and chemistry in the intermediate-depth low-As
aquifer

Based on our data from Araihazar upazilla, the low-As aquifers were defined as
“intermediate” (<120 m bgl) or “deep” (>120 m bgl). The intermediate aquifer designates
the low-As aquifer extending beneath the shallow aquifer depth of peaking As
concentrations (van Geen et al., 2003) to the depth of ~120 m bgl. There are practically
no wells between 100 m and 120 m bgl, but the lower boundary of the aquifer was picked
based on the fact that 120 m was the maximum extent of the sea level difference between
the Last Glacial Maximum during the Pleistocene and the Holocene (Fairbanks, 1989). A
highly variable groundwater chemistry and '“C ages of groundwater DIC ranging from
modern to ~10 kyr are observed in this depth range (Figs. 2.2, 2.4, and 2.6). Parts of the
intermediate aquifer have been recharged recently from shallow groundwater, as
evidenced by multiple wells with large contributions of bomb *H and '*Cpjc. Much of
this recent recharge, as well as some of the older intermediate aquifer groundwater,
comes from a pool of surface water characterized by evaporative enrichment of stable
isotopes (Fig. 2.8a), such as stagnant ponds or rice fields that can hold flood water for
months at a time (Stute et al., 2007).

The levels of *H and 14CDIC in groundwater also provide a measure of vertical
flow, not necessarily local, connecting the intermediate and shallow aquifers. Whether
the clay units are continuous and provide confinement is of a great importance, but

difficult to ascertain, hence we relate the H and 14CDIC concentrations to the thickness of
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clay in well lithologs, a simple parameter that presumably reflects the extent of vertical
confinement of the aquifer. However, the amount of clay in well lithologs does not
correlate very well with the observed *H and "“Cpc levels in groundwater, especially
among the wells that have <20 m of clay above the intake screen (Fig. 2.10). Although 7
intermediate aquifer wells with <20 m of clay have elevated ’H and/or '*C
concentrations, most samples (24 out of 31) contain low *H (<0.3 TU). Where clay above
the well screen is thicker than the threshold 20 m, the proportion of high-"H samples is
lower (7 out of 8 samples have <0.3 TU), suggesting a local impediment to vertical flow,
but 4 of the 8 samples still contain detectable *H (0.1-0.2 TU) and thus receive some
recent recharge from the surface. Radiocarbon concentration shows a slight negative
correlation, although insignificant (p = 0.171), with the thickness of clay layers in well
lithologs. Only when the samples containing *H levels >0.3 TU are excluded (yellow fill
in Fig. 2.10), removing the effect of a very rapid penetration of bomb '*C, is the negative
correlation between the *Cpyc and the clay thickness slightly more robust (trendline in

Fig. 2.10b), but still not statistically significant (p = 0.075).
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trendline with clay thickness shown in (b).

The above observations are consistent with the hypothesis that recent recharge is
fed into the aquifer by lateral flow and that the flow in the aquifer is mostly horizontal
(Aziz et al., 2008). Temporal trends in *H concentrations of a high—3H well with 18.9 m
of clay above the well screen, CW27, also argue that the changes in the observed *H
levels are due to horizontal flow coupled to the recharge of groundwater variable in time

and/or space: 6.15 TU were observed in September 2006, which would have decayed to
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5.10 TU by January 2010; instead, a *H concentration of 4.44 TU was observed at the
latter time, which then rose again to 4.94 TU in January 2011. The observed vertical
communication of the intermediate aquifer with the surface and shallow groundwater
may occur in the areas where clay layers are thin or missing (McArthur et al., 2010) and
could be driven by local pumping that increases downward and lateral hydraulic
gradients.

Arsenic does not appear to have penetrated into the recently recharged waters of
the intermediate aquifer because it was low in the wells with the highest *H and '*C
concentrations (Fig. 2.2). This could have resulted from the sorption of As to the aquifer
sands and the retardation of its transport (Radloff et al., 2011; Stollenwerk et al., 2007).
Alternatively, the areas with a rapid vertical recharge between the aquifers might
preferentially coincide with those where the shallow aquifer is well flushed by rapid
recharge, and thus contains less As (Aziz et al., 2008; Stute et al., 2007; van Geen et al.,
2008). The data also suggest that the wells tapping grey sands might have a slightly
higher content of dissolved As than those installed in the orange sand, as the three
intermediate-depth wells containing 11-29 ng/L As were installed in the greyish sand.
This feature does not appear related to recent recharge from the surface because “H is
undetectable in two of the wells, whereas *H was detectable in one of the wells in 2006
(0.27 TU), but fell below detection in 2011 when 29 pg/L. As was measured.

Although most of the intermediate aquifer wells tap orange sand, presumably of
Pleistocene origin, there is a lack of systematic patterns in the intermediate groundwater
chemistry (Figs. 2.6 and 2.7, and Fig. 2.11 in Appendix). This may not be surprising as

the intermediate aquifer shows evidence of recharge with shallow groundwater and
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evaporated surface water, while it also contains groundwater from the other end of the
age and chemistry spectrum: notably, samples from wells A7, A8, and C5 (and to some
extent CW29 and CW31 also) have the deep aquifer signature of low '*C, high radiogenic
He, low Na and low alkalinity (Figs. 2.4, 2.5, and 2.6). Wells A7, A8, and C5 in the NW
corner of the study area tap the orange sand located close to the southern edge of the
uneroded Pleistocene uplands, known as the Madhupur Terrace (Goodbred and Kuehl,
2000b). The protection of this part of the aquifer afforded by the interfluvial Madhupur
paleosol might explain the Pleistocene signature of the groundwater found there
(McArthur et al., 2008), and the thickest clay of all the lithologs was also found at well
CS5. Thus, the intermediate aquifer contains groundwaters with a range of ages and
origins, matched by an equivalently large range of alkalinity, Cl, EC, Si, Na, Ca, and Mg
values (Figs. 2.6 and 2.7).

The cations in intermediate aquifer groundwater vary widely between the alkaline
(Na+K) and alkaline earth (Ca+Mg) dominance, whereas bicarbonate dominates among
the anions with a Cl/alkalinity molar ratio typically <1 (Fig. 2.7ab). The alkalinity is used
as a measure of HCOj3™ concentrations, given that the pH of our samples strongly favors
bicarbonate over carbonate in equilibrium. The molar balance between alkalinity and Si
(representing H4Si04) can be as high as 8:1 in favor of alkalinity (Fig. 2.7¢). Despite such
a dominant bicarbonate contribution to groundwater chemistry, no significant correlations
are found between alkalinity, °C in DIC, Ca and Mg in the intermediate aquifer (Fig.
2.11 in Appendix), thus if the dissolution of carbonates contributed to the intermediate

groundwater chemistry at all, its imprint is not clearly visible.

61



No other particularly clear process dominates the intermediate aquifer
groundwater chemistry. One high-EC sample (CW15) exhibited the evidence of mixing
with remnant seawater due to its high concentrations of Cl, Br, and SOy, and a seawater
Na/Cl ratio. Most other intermediate aquifer samples have a Na/Cl ratio above that of the
seawater (Fig. 2.13a in Appendix), indicating an additional input of Na ions beyond that
of sea salt. The ratios of Cl/Br in both aquifers (Fig. 2.13b) are close to that of SW,
indicating that both anions are ultimately sourced from the ocean, by atmospheric aerosol
input or a slight mixing with remnant seawater from past coastline transgressions, and
that the aquifers are largely unpolluted by wastewater (Ravenscroft et al, 2013). The three
samples with the highest Cl/Br ratio (yellow fill) have an additional source of CI and also
excess SO, compared to the marine salt SO4/CI ratio, indicating mixing with surface-
derived wastewater (McArthur et al., 2012). In line with the surface water penetration,
these three samples from the intermediate aquifer also have the highest measured *H
concentrations.

If we do not consider the high-EC sample (CW15) and the 5 low-'*Cpjc samples
(A7, A8, C5, CW29, and CW31), Na and alkalinity increase in tandem in the
intermediate aquifer, as '*C and C in DIC decrease (Fig. 2.7d and Fig. 2.12 in
Appendix). This observation might be related to the mineralization of old, early Holocene
organic matter depleted in °C and '*C (Sarkar et al., 2009), as most intermediate
groundwater was recharged <10,000 years BP and thus interacted with the organic-rich
Holocene sediment rapidly stored in the basin between 11-6,000 '*C yr BP (Goodbred
and Kuehl, 2000a; Sarkar et al., 2009). The consumption of organic matter could have

produced CO; that subsequently weathered the sediment silicates, and helped accumulate
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cations and alkalinity as weathering products under the low hydraulic gradients of the
Holocene. Such a process can help explain the high EC in some of the intermediate
aquifer groundwaters, but the mineralization of old OM would also bias '*Cpjc ages
towards older dates.

Dissolved organic carbon generally has the same or slightly older '*C age than
DIC (Table 2.2). A similar pattern was observed at depths >15 m bgl by Mailloux et al.
(2013) who also showed that younger DOC advected from the surface is preferentially
metabolized by microbes and incorporated into their DNA. Since the observed DOC
concentrations are ~2 orders of magnitude lower than DIC conc. in the intermediate
aquifer (Table 2.4), most DOC has likely already been converted to DIC and such a
scenario could have shifted some '*Cpjc ages in the intermediate aquifer towards younger
dates. Given the complexity of recharge pathways and groundwater chemistry in the
intermediate aquifer, therefore, it is hard to select the Hc age model that would be the

most appropriate for intermediate-depth groundwater.

2.4.2 Chemistry, '*C ages, and the residence time of deep groundwater

Groundwater chemistry in the deep aquifer (>120 m bgl) is much more uniform
than in the intermediate: the low EC, alkalinity and Na, coupled to the high Si, and a
Na/Cl ratio below that of the seawater, are characteristic of the deep groundwater (Fig.
2.6 and Fig. 2.13a in Appendix). Ca and Mg are the dominant cations at 57-69 % of
cation equivalence units (Fig. 2.7a), however their concentrations are not correlated with
an increasing alkalinity or a more positive °C in DIC, which would be expected from

marine carbonate dissolution; Ca and Mg concentrations are, in fact, negatively
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correlated with alkalinity (p = 0.036 for Ca, Fig. 2.11 in Appendix; R* = 0.35 and p =
0.008 for Mg) and with *Cpic (p = 0.011 for Ca; R* = 0.38 and p = 0.005 for Mg). The
sum of Ca and Mg is well correlated instead with Cl (R* = 0.99, Fig. 2.7b), the dominant
anion in ~1/2 of the deep samples (when CI/Alk molar ratio >1), and appears unrelated to
the carbonate dissolution processes (Stallard, 1980). In addition, the ratio of Ca+Mg (in
equivalence units) to bicarbonate ions (approximated by alkalinity) varies between 0.5-
3.2 (Fig. 2.7b), whereas it would have been ~1 if there had been a large contribution of
carbonate dissolution.

Indeed, no quantifiable amount of carbonates was found in either Holocene (B. J.
Mailloux and M. Stute, personal communication, 2012) or the orange, Pleistocene sand
(this work, Chapter 3) in our field area, and the Pleistocene sands are also typically low in
Ca content (McArthur et al.,, 2008; van Geen et al., 2013; this work, Chapter 3),
presumably due to the more efficient aquifer flushing under the higher hydraulic
gradients of the Pleistocene sea level lowstand (BGS and DPHE, 2001). The Cat+Mg
cation dominance in deep groundwater (Fig. 2.7a) might instead be related to the low Na
levels and the low Na/Cl ratio through a cation exchange mechanism that depletes Na and
enriches Ca and Mg in groundwater during salinization of an aquifer previously well-
flushed by freshwater (Ravenscroft and McArthur, 2004). Such a replacement of
sedimentary Ca and Mg by Na could have occurred at the onset of the Holocene due to
the rapid sea-level rise causing a minor saltwater intrusion, limited in extent because deep
groundwater stable isotope and Cl concentrations are not exceptionally enriched.

The relatively low pH, EC, and alkalinity (Table 2.4 and Fig. 2.6ac), as well as

the Si:Alk ratio of ~1 (Fig. 2.7c) suggested the predominance of silicate weathering in
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this aquifer, as did the weak, but significant, correlation of Ca and Mg with Si (R2 =0.24,
p = 0.032 for Ca; R* = 0.23, p = 0.037 for Mg). Calculations in Visual MINTEQ 3.0
(http://www2.lwr.kth.se/English/OurSoftware/vminteq/) using the typical deep aquifer
groundwater composition revealed that SiO,-containing minerals such as quartz,
chalcedony, and cristobalite are saturated or near-saturation in deep aquifer (Saturation
Index ~0 to 1.5) due to the accumulated Si in groundwater. The same calculations also
found the deep groundwater to be well below saturation (SI < -0.5) for most carbonates,
except siderite (FeCO;) and rhodochrosite (MnCOs3). Siderite has been suggested as a
possible source of groundwater DIC in the Basin (Hoque and Burgess, 2012), but it is
equally plausible that bicarbonate controls Fe(II) concentrations by precipitation of
siderite (Dowling et al., 2002; Nickson et al., 2000), as Fe concentrations are rather low
at alkalinity >3 mEq/L in our data set. Analogously, rhodochrosite precipitation might be
controlling Mn concentrations, as alkalinity and Mn in the deep aquifer are negatively
correlated (R* = 0.72, p = 4x10°).

The correlation of more positive BCpic with lower “*Cpic (Figs. 2.7d and 2.9) and
higher alkalinity is suggestive of carbonate dissolution contributing older, '*C-enriched
DIC to the groundwater. However, when a third dimension is added to the plot (Fig. 2.14
in Appendix), it is obvious that the high alkalinity samples are dispersed throughout the
trend and not focused at the more positive °C values, while Ca is at its highest at the
most depleted "°C, thus providing no clear evidence, once again, of carbonate dissolution
contribution. Since the aquifer is dominated by silicate weathering, which adds no
radiocarbon-free DIC to the system, >C correction for the DIC '*C age, as in the C, age,

is likely not required. The observed variations in °C signature of DIC can instead be
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explained by a change in dominant vegetation type caused by the climate changes at the
onset of the Holocene (discussed in Section 2.4.3), which would require no “C
correction. The most appropriate '*C age to use for the deep groundwater, therefore, is
the simple open system model (C; '*C age) that was empirically corrected for the initial
1C activity of the DIC (0.9 FM) and dated the deep groundwater to ~9-11,000 years BP
(Table 2.2 and Fig. 2.4b).

The influence of dissolved and particulate organic matter (DOC and POC)
mineralization on the observed '*Cpic after groundwater of the deep aquifer was
recharged and the system closed off from the vadose zone C inputs was not accounted
for, but most likely was minimal. The consumption of old radiocarbon in DOC and POC
from the Pleistocene (and older) sediments, coupled to reductive processes such as Fe,
Mn, and SOy reduction or methanogenesis, could have produced '*C-depleted DIC and
shifted the '*C ages towards older dates, introducing uncertainty in our estimates.
However, the deep aquifer sediments were likely flushed of most of their reactive DOC
during the sea level lowstand periods, often used to explain their low-As status and the
orange color of the sands (BGS and DPHE, 2001), so it is unlikely that a large amount of
old DOC was mineralized to DIC within the aquifer. In case of methanogenesis,
documented in highly reducing environment of Bangladeshi aquifers (Harvey et al.,
2002), the produced methane is highly depleted in >C (-70 to -90%o) regardless of
whether it is generated by CO, reduction or the fermentation of organic C, thus resulting
in a highly enriched "°C signature (-15 to +5%o) of the remaining groundwater DIC
(Aravena et al., 1995; Harvey et al., 2002). Virtually all of our samples (except one

higher and another lower outlier) contain 13CDIC concentrations between -16 and -22%o,

66



thus methanogenetic processing of old DOC played a limited role in the generation of
observed DIC. Assuming that the initial 8"°C of both DIC and DOC was -25%o, and the
final DIC 8"°C of -16%o was a result of methanogenesis adding residual DIC enriched by
the process to 8°C of 15%o, the maximum contribution of old, '*C-free DOC to the
resident DIC could have been ~% to ¥5 of the total DIC. Likewise, younger DOC from
the surface is unlikely to have been metabolized in this aquifer, since there is no evidence
that a substantial amount of younger groundwater from the organic matter-rich Holocene
aquifer penetrates to this depth and transport of reactive DOC has been shown to be a
slow process (Mailloux et al., 2013).

Since the wells analyzed in this study are all clustered in one small area of 25
km?, it is useful to place the observed groundwater ages in a regional context provided by
other studies that reported '*C measurements in DIC. Except for very few samples, some
of which might be impacted by shallow groundwater leaks or seawater mixing (Aggarwal
et al., 2000; BGS and DPHE, 2001), most Hc ages of the groundwater from wells with
depths >120 m, calculated in a way analogous to our C; "*C age, are ~9,500 yr BP and
similar to those found in our study, but some older samples also exist with ages as high as
>20,000 yr BP (Aggarwal et al., 2000; BGS and DPHE, 2001; Hoque and Burgess,
2012). Another method of estimating '“C ages by assuming a closed system evolution of
groundwater with respect to gas exchange with the atmosphere (no dissolution of soil
carbonates within the vadose zone), and correcting for the dissolution of radiocarbon-free
carbonate along the flowpath by using the sample pH, placed the upper limit on '*C ages
in the Basin at depths >120 m bgl to a similar value of 10 kyr or higher (Fendorf et al.,

2010).
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The linear relationship between C; '*C age and the radiogenic He greatly
increased the confidence in the progression of *C ages of groundwater DIC (Fig. 2.5cd),
including also the intermediate aquifer, even if the noble gas data did not constrain the
absolute '*C age. The slope of the '*C age-radiogenic He relationship, 2.5+0.2 x107'?
ccSTP g'gw yr'' for both aquifers combined, represents the accumulation rate of He in
groundwater due to the radioactive decay of U and Th from the surrounding sediment. To
evaluate this result, the median value of He accumulation rate in groundwater was
calculated (Craig and Lupton, 1976; Torgersen, 1980) based on the U and Th
concentrations found in the contemporary river sediment from the Ganges, the
Brahmaputra and the Chittagong area rivers (Chabaux et al., 2012; Chowdhury et al.,
1999; Granet et al., 2010; Granet et al., 2007; Molla et al., 1997), as well as for the
average U and Th contents of the upper crust (Torgersen, 1989). Assuming an aquifer
porosity of 0.3, a sediment density of 2.75 g/cm’, and a He release factor (lambda) of 1
(Torgersen and Clarke, 1985) i.e. the produced He in the grain is assumed to be in
diffusive equilibrium with the surrounding groundwater, the calculated He release rates
are 4.9x10™"% and 4.1x107"% ccSTP g yr', respectively, for the Bengal Basin sediment
and the average upper crust, which is similar (within a factor of 2) to the rate determined
from our data.

Our data suggest that the noble gas technique possibly can be applied to even
older groundwater, such as that found at >200 m bgl in southern parts of Bangladesh with
1C ages of >20,000 yr BP (Aggarwal et al., 2000; Hoque and Burgess, 2012), provided
that it is not affected by He diffusing upward from deep, thermogenic natural gas deposits

(Dowling et al., 2003). Dowling et al. (2003) reported radiogenic He values based on He
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and Ne measurements, and estimated ages of groundwater from ~100-240 m depth to be
several hundred to >1000 years using an assumed radiogenic He accumulation rate 8-fold
higher than in our study. However, if their radiogenic He values are plotted versus the
MCpic data reported for the same set of wells by Aggarwal et al. (2000), and the samples
affected by He emanating from deep natural gas deposits are excluded, they yield a
correlation between the radiogenic He values and '*C ages similar to that reported in our
study, thus the hypothesized He release rate of Dowling et al. (2003) might have been

overestimated.

2.4.3 Chemical/isotopic signatures of deglaciation in deep aquifer groundwater

Stable isotopes of water (5°H and §'°0) in the deep aquifer indicate that the
aquifer was recharged by precipitation subject to little or no evaporation, suggesting that
the groundwater recharge/vertical flow may have been faster at the time of transition
between the Late Pleistocene and the Early Holocene. This observation argues for the
existence of higher gradients at the onset of the Holocene and also suggests that many
near-surface clay layers may have been eroded away by incised rivers, thus preventing
the surface geology from holding as many ponds of water as today.

Moreover, the progressively lighter (more depleted) 8*H (by ~13%o) and 3'°O (by
~1.5-2%0) from 11 to 9,000 '*C yr BP suggest that the summer monsoon intensified over
this time period: the larger amounts of precipitation when summer monsoon cyclones hit
the continent would bring more isotopically depleted rains (Dansgaard, 1964). Another
effect of the stronger monsoon might have been longer cyclone pathways, which would

equivalently produce a more isotopically depleted rain, as seen in a modern study in the

69



province of Meghalaya, NE India (Breitenbach et al., 2010). The Bay of Bengal seawater
was also getting more diluted at the onset of Holocene by the fresh water from global
glacial melt and the stronger river flows in the Ganges-Brahmaputra-Meghna delta (due
to both the mountain ice caps melting and the stronger monsoon feedback), so the starting
rain produced over the Bay of Bengal must have also been slightly more depleted. The
rates of evapotranspiration might have also been affected by the changing temperature
and moisture patterns, as well as the vegetation cover, however they did not leave an
imprint on the observed 8'°0 and 8°H signatures of groundwater because the deep aquifer
was recharged with mostly unevaporated rainwater.

More depleted §'°0 signatures ca. 12-8 kyr BP have been related to a more
intense and wetter SE Asian summer monsoon in a number of studies performed on
foraminifera record (1-2%o negative excursions) from the ocean floor of the Arabian Sea
or the Bay of Bengal, as well as on cave stalactites (up to 3%o negative excursions) from
China and Borneo (Partin et al., 2007; Prins and Postma, 2000; Rashid et al., 2011). To
our knowledge, this is the first time such a record from groundwater in tropical Asia is
systematically discussed. A similar pattern towards a ~2%o lighter 5'*0O is noted ca. 12-10
kyr BP for the uncorrected '*C ages by Hoque and Burgess (2012), but the authors
conclude that a ">C correction is necessary to account for the effects of carbonate
dissolution on '*C ages, upon which the pattern is no longer visible. In another deep
aquifer study reporting the stable isotope data, Mukherjee et al. (2007) has no '*C data
and finds that the shallow and deep groundwater stable isotope signatures are similar,
including the partial recharge by evaporatively enriched meteoric water. Only the IAEA

report by Aggarwal et al. (2000) relates a few data points with low DIC radiocarbon
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concentration, and presumably old groundwater, to a more positive stable isotope
signature, but it does not explicitly discuss a paleoclimatic pattern in the data.

The strongest correlation observed of the deep groundwater "°C signature in DIC
is that with the stable isotopes of water (Fig. 2.11d in Appendix) and, like with 8'°0 and
8’H, the values of “Cpjc are progressively more depleted (by ~8%o) between 11 and
9,000 "C yr BP (Fig. 2.9). A likely reason for the observed trend, rather than the effect of
carbonate dissolution already discounted by the groundwater chemistry, is a fairly rapid
shift in vegetation cover from C4 to C3 plants as the summer South Asian monsoon
intensified at the onset of Holocene and resulted in a wetter climate in the area. Climatic
changes can also explain why 8'°C in DIC and stable isotopes of the water molecule (*H
and '*0) vary in tandem in our data, as all three isotopes trend towards more depleted
values under a wetter climate, and this is the first report, to our knowledge, of a climate
signal in °C of groundwater DIC from South Asia.

Other studies from the region have also indicated a switch in °C signature over a
similar time period: 8"C in bulk sediment organics of marine cores from the Bay of
Bengal affected by continental OC inputs got depleted by ~2%o from 14-8 '“C kyr BP and
this was matched by a 2%o decrease in foraminifera shell B0 (Galy et al., 2008). On land,
excursions of 8°C in sedimentary organic C similar in magnitude to the ones observed in
Araihazar deep aquifer groundwater were reported to occur between the Last Glacial
Maximum paleosol, deposited during a dry climate, and the ~8 kyr old sediment of the
wetter, early Holocene (Sarkar et al., 2009), as well as in the bulk OC of clays in our
recent study of a Late Pleistocene intermediate aquifer (this work, Chapter 3). In the

above studies, "°C shifts in sedimentary OC or IC have been attributed to the changes in
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vegetation cover related to the deglaciation: weaker summer monsoon and drier climate
at the LGM were more suited for the C4-type grassy vegetation with an enriched (more
positive) 8"°C signature. Upon the monsoon intensification, a shift towards C3-type
bushes, forests, and mangroves has been called upon to explain the more negative 8'°C
values. As the Holocene progressed, a slow return to slightly drier climate conditions and
vegetation adapted to aridity was observed by Sarkar et al. (2009), and the trend is also
noticeable in our data from intermediate-depth groundwater. Excluding the three
intermediate-depth samples with deep groundwater characteristics, 8°C increases in
tandem with increasing FM of '*C in DIC of the intermediate-depth groundwater, the
trend being notably less defined and more gradual over the course of the Holocene in
comparison to the rapid depletion of stable isotopes in the deep samples between 11 and
9,000 '*C yr BP. Such a contrast argues for a rapid climate change with a leap in
monsoon intensity at the onset of the Holocene, followed by a more gradually increasing
aridity since then.

Another potential indicator of climate change during the last deglaciation, the
temperature of recharge from the noble gas models, did not yield a conclusive result. The
data do suggest a lower average noble gas T in deep groundwater and the oldest
intermediate aquifer sample (A7) compared to the remaining intermediate-depth
groundwater, however the NGT data do not display a significant correlation to either the
different groundwater ages (Fig. 2.5ab) or the sample depths (not shown). Despite the
reports of a ~3 °C lower sea surface T during the LGM in the Bay of Bengal, based on the
Mg/Ca thermometer coupled to foraminifera '*O (Rashid et al., 2011) or on the long-

chain alkenone unsaturation index (Sarma et al., 2006), which would certainly translate
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into larger T variations on land due to its lower heat capacity, we did not observe a strong
temporal trend in the noble gas T data.

An error in the estimates of NGTs could have been introduced by our assumption
that the altitude of recharge was at sea level, i.e. that the atmospheric pressure was 1 atm.
If groundwater from >120 m depth had been recharged from highlands at the basin edges,
the noble gas temperatures could have been overestimated by using the pressure of 1 atm
in the model. However, the nearest highlands are the Tripura Hills, approximately 100
km east of our field site, and virtually all of the hilly area within a 100-150 km distance
lies at elevations of <200 m above sea level (ASL). If recharge occurred at 200 m ASL,
the NGTs could be overestimated by 0.8-0.9 °C, as determined from additional runs of
the model, but this effect is practically compensated by the lower temperature at the
higher elevation (tropospheric lapse rate). Thus the error introduced by the uncertainty of
the recharge area elevation is minimal. It is more likely, instead, that the lower annual
average T signal was lost by a pattern of rapid recharge occurring in a season when T was
higher than the annual average, such as the summer monsoon season. The extremes in T
also could have been larger between the seasons in a drier climate, thus if the recharge

had occurred over a warm season, the annually lower air T signal could have been lost.

2.4.4 Implications for the sustainability of deep low-As aquifers
Based on the likely timing of deep groundwater recharge in Araihazar ~10,000
years ago at the transition from the Pleistocene to Holocene, three recharge scenarios are

plausible.
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Under the first scenario, Pleistocene groundwater was trapped in the deep aquifer
>120 m bgl as the sea level rose at the onset of the Holocene (12-8 kyr BP), the strength
of the summer monsoon intensified (Prins and Postma, 2000), and the young, Holocene
sediment rapidly accumulated (11-6 kyr BP) (Goodbred and Kuehl, 2000a; Sarkar et al.,
2009), reducing the horizontal flow gradients to a minimum. In this case, effectively
minimal recharge occurred since the onset of Holocene, therefore the flow regime would
radically change with increased pumping from the aquifer.

Under the second scenario, groundwater flowed slowly from the basin edge,
somewhat akin to the conceptual flow model of Michael and Voss (2009b) and Hoque
and Burgess (2012). Assuming the nearest basin edge to be in the Tripura Hills, ~100 km
due east, a constant advective velocity of ~10 m/yr would satisfy the observed
groundwater '“C age of ~10,000 years. Furthermore, assuming a porosity of 0.3 and a
representative horizontal hydraulic conductivity of 5x10™* m/s from the basin-scale
hydrological models of Michael and Voss (2008), the calculated horizontal hydraulic
gradient in the deep aquifer would be 2x10™ or 0.2 m km™. This hydraulic gradient falls
in the mid-range between the gradients estimated by BGS and DPHE (2001) to be 1 m
km™ in the north, and 0.01 m km™ in the south of Bangladesh. The horizontal gradients
induced by active pumping are likely to be larger and significantly alter the flow regime,
especially in places where a cone of depression developed, such as around Dhaka (Hoque
etal., 2007).

The third scenario would be a slow vertical recharge from the shallow aquifer. A
simple case of the uniform and constant vertical recharge would require an estimated

advective velocity of ~2 cm/yr for the groundwater to reach a depth of 200 m bgl in
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10,000 years. Assuming a porosity of 0.3, the recharge rate (Darcy velocity) would be 0.6
cm/yr, a reasonable value of vertical recharge (<1% of total precipitation) in a region that
receives ~2 m/yr of precipitation (Harvey et al., 2006), and falling within the range of
vertical leakage rates estimated for Araihazar by Zheng et al. (2005). This recharge rate
would certainly be exceeded by the deep pumping (0.2-0.6 m/yr) for industrial and/or
agricultural purposes in the densely pumped areas (Harvey et al., 2002; Michael and
Voss, 2008; Zheng et al., 2005).

The second and the third scenario provide upper limits for the amount of
horizontal and vertical flow to the deep aquifer during Mid-to-Late Holocene, and
approach the first scenario of the trapped Late Pleistocene-Early Holocene groundwater
under non-steady-state conditions. If groundwater found at depth >120 m bgl had
recharged along much steeper horizontal and vertical gradients at the onset of the
Holocene, the subsequent recharge rates during Mid-to-Late Holocene would have been
much lower, allowing little flow to the aquifer until the recent deep pumping might have
induced higher gradients and recharge rates again.

Whichever scenario might be correct, the pre-development residence time of deep
groundwater is ~10 kyr in Araihazar and enough vertical anisotropy existed to maintain
the pronounced stratification between the intermediate and the deep aquifer in Araihazar,
and elsewhere in the Basin (Hoque and Burgess, 2012; Michael and Voss, 2009b). The
increasing downward vertical hydraulic differences, currently as large as 5.6 m between
the shallow and the intermediate aquifer near well C5 (Fig. 2.15 in Appendix), indicate a
growing potential for more rapid recharge of the deeper aquifers that might shorten the

residence time of deep groundwater. The question is whether this recharge will be mainly
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vertical, putting the system at risk of contamination by shallow groundwater, or whether
the lateral recharge from major rivers and/or mountain ranges might also play a role. If
the growing, localized cones of depression (Hoque et al., 2007) are far from or poorly
connected to the lateral sources of recharge, a significant amount of vertical leakage of
groundwater from the shallow aquifer that contains high As and high DOC
concentrations seems inevitable. On the other hand, if recharge from the basin edges to
deeper parts of the aquifer occurs at present time, faster recharge from the highlands
might be able to offset some of the pumping withdrawals and protect the aquifer to a
certain degree from vertical intrusion of shallow groundwater. If the deep aquifer
receives enhanced recharge from the major rivers flowing through the basin, the effect
such a scenario would have on its As status will depend on the type of sediment through
which the river water flows on its way to the deep aquifer (Berg et al., 2008).

These results along with other recent studies have raised concerns about the
sustainability of the deep aquifer over the long term, especially if the irrigation pumping
were to switch to the deep aquifer (Burgess et al., 2010; Michael and Voss, 2008;
Mukherjee et al., 2011; Radloff et al., 2011). At the same time, our data from Araihazar
upazilla show that although recharge with shallow groundwater was found in the
intermediate-depth aquifer, no widespread intrusion of As has occurred at any depth of
the low-As aquifers in this region. This finding is in agreement with the recent study by
Ravenscroft et al. (2013) that also offered a new point of view on the ethical questions
surrounding the long-term preservation of the low-As aquifers: pumping of the deep
aquifer for both the drinking water and irrigation might simply be the best solution at the

moment. The benefits of limiting the As exposure via drinking water and preserving crop
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yields adversely affected by As accumulated in soils might outweigh in the present the
harm of contaminating the deep aquifer in the future, at which point other ways to

provide low-As drinking water might be found.
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2.5 Conclusions

Our study of *H, DIC radiocarbon ages, groundwater chemistry (major cations,
anions, Si, P, As, Mn, Fe, DIC and DOC concentrations), and stable isotopes (*H/'H,
1%0/'°0, PCpyc) in groundwater from low-As wells spanning the depth range of 35-240 m
bgl in a 25 km” area of Bangladesh showed that two distinct depth zones exist in the low-
As aquifers. At depths <120 m bgl, the presence of recent recharge with evaporated
surface water was detected by bomb-"H and '“C, the groundwater chemistry was quite
variable, and radiocarbon ages in DIC ranged from modern to ~10 kyr. The presence of
high *H and "*C was not correlated with the presence or absence of clay in the well
lithologs, nor did these samples bear evidence of As intrusion from the shallow zone.

The deep aquifer >120 m bgl contained groundwater of uniform '*C ages
clustered ~10 kyr BP, water stable isotopes indicated recharge with unevaporated rain
water, and a uniform chemical signature of low Na, low DIC and high Si was observed.
The radiocarbon ages in this study were cross-checked by another dating technique
provided by the noble gas data (He, Ne, Ar, Kr, and Xe), from which the accumulation of
radiogenic *He was calculated and shown to range linearly between zero in modern '“C
samples to 3x10™ ccSTP g in the ~10 kyr samples from both the intermediate and deep
aquifers. Given that, according to several hydrological scenarios, the deep aquifer at a
central location in the Bengal Basin was last substantially recharged ~10 kyr ago,
concerns about its sustainable usage arise as the flowpaths and residence time of deep
groundwater are likely to be significantly shortened with growing exploitation of the

aquifer.
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The systematic relationships between the deep groundwater °C/'*C, *H/'H,
0/'°0, and radiocarbon suggested changes in monsoon intensity and shifts in the
dominance between C4 and C3 vegetation at the onset of the Holocene. These findings
are consistent with the estimated deep groundwater '*C age of ~10 kyr and provide the

first report of a paleoclimate record contained within the Bengal Basin groundwater.
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Figure 2.11. Trends and correlations between Ca, alkalinity, 8"Cpic and 8*H. The
trendlines and R” values are shown for the deep aquifer (>120 m bgl) only, except in the
8"H vs. 8" Cpic graph, where the intermediate aquifer samples also had a significant

correlation.

89



O0>120m (a)
350
300 ©<120m (6™ C \
® A7A8 cs o \
3 250 \ O
o \ \
E 200 \ °\
Z 150 o\
(o} "‘\ (o] \
100
50 ‘ & © o
o 7
0 __ O OO
10
(b)
5 o)
Q Opo OO0
E 6
£ o
= 4 o (o] o
x o
< 3 %
0

00 02 04 06 08 10 1.2
DIC 4C (FM)

Figure 2.12. The relationship of (a) Na and (b) alkalinity with “C measured in DIC.
When the low-'*C samples and the high salinity sample are excluded from the
intermediate aquifer group (outside the red oval), Na and alkalinity are seen to increase

with decreasing '*C in DIC.
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Figure 2.13. The correlations of (a) sodium and (b) bromide to chloride. Green lines
indicate the trend with seawater Na/Cl and Br/Cl ratios. Black lines are the trendlines for
deep aquifer groundwater (>120 m bgl) only. The high Cl sample in (a) actually falls on

the seawater line.
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Figure 2.14. Plots of the deep groundwater (>120 m bgl) 6"°Cpc and 8'*0O against

“Cpic, as in Fig. 2.9a, but with an added third dimension of (a) alkalinity, or (b) Ca

and Cl concentrations. The units of alkalinity concentrations shown in the legend are

mEq/L, and those of the Ca and Cl concentrations are mg/L.. Three concentration ranges

of alkalinity, or Ca and Cl, were selected based on the spread in the data.
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Figure 2.15. Hydrographs of a shallow well (14 m bgl) and an intermediate well (C5
in this study, 51 m bgl) at the location of multi-level nest C. Hydraulic head data since
2001 indicate a steady rise in water level difference between the shallowest and the
deepest well at this site, corresponding to an increasing downward vertical hydraulic

gradient.
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Table 2.1. Well names, depths, and locations, along with lithological information,
3H and groundwater stable isotope (®0 and 2H) concentrations

Well ID  Depth (m)| Lat (°N) Long (°E)| Cumm. Sand 2006°H *o 2010°H *o 201M°H %o | &H to &% to
Clay* (m) color (TU) (TU) (TU) (TU) (TU) (TU)| (%)  (%o)  (%o)  (%o)
Cw28 34.7 [23.76845 90.62760 6.1 Orange 2.01 0.04
E5 36.1 [23.78999 90.61588| 14.6 Orange 0.03* 0.18 -26.18 1 -4.43 0.1
A7 40.7 23.78534 90.60322 15.2 Orange -0.30* n/a -33.28 1 -5.20 0.1
CW39 42.7 |23.76458 90.59310 15.8 Orange 0.63  0.04 -37.41 1 -5.60 0.1
Ccw27 45.7 |23.76813 90.62888| 18.9 Orange 6.15 013 444 008 494 0.10 | -21.56 0.04 -3.68 0.02
CW23 45.7 23.78743 90.61733 11.0 Orange 3.36 0.07 3.01 0.06 -12.83  0.08 -2.22 0.02
Ccw9 45.7 |23.78614 90.62142 14.6 Orange 042  0.05
CW24 48.8 23.78139 90.61780 29.3 Orange 0.21 0.05
Cwa37 48.8 |23.76285 90.61137| 18.3 Orange -0.01  0.03
G5 49.8 |23.77376 90.60069| 12.2 Orange 0.12*  0.05 -38.06 1 -6.01 0.1
C5 52.2 23.78955 90.61113 314 Orange 0.17* 0.18 -32.44 1 -5.11 0.1
CwW14 53.3 [23.76468 90.60143 12.8 Orange 0.06  0.03 0.03 0.03| -34.02 0.05 -545 0.02
CW16 53.3 23.76574 90.59781 13.4 Orange 0.10 0.04
Ccws 55.5 [23.77374 90.59457 11.6 Orange 0.08  0.03
CW11 56.1 23.77347 90.64032 21.3  Brownish-grey 217 0.16
Cw29 56.4 [23.76932 90.62417 14.0 Orange 0.15  0.03 0.07  0.03 -28.89 0.06 -482 0.02
F5 57.9 [23.77364 90.60453 15.2 Orange 0.05*  0.05 -39.78 1 -5.95 0.1
CW31 57.9 23.76812 90.62185 14.0  Yellowish-grey 0.10 0.03 -0.03 0.02 -28.95 0.01 -4.78 0.00
Dl4 57.9 23.77100 90.60941 7.6 Orange 0.05* 0.02 -27.65 1 -4.68 0.1
CW6 58.5 23.78060 90.64434 7.9 Orange 0.10 0.03
CW20 58.5 [23.77768 90.60592 3.0 Orange 0.12  0.03
CW35 59.1 23.80112 90.63520 | 21.3 Orange 0.08  0.02
CW32 59.4 23.76968 90.62048 25.6 Orange 0.16 0.05
CW50 59.4 [23.77364 90.60453 | no data Orange 0.01 0.04
CwW3 59.7 23.78013 90.64050 3.7 Orange -0.03 0.03
M1.5 60.5 [23.77612 90.63238 14.0 Orange 2.04 0.06 [ -20.05 0.09 -3.16 0.01
CW10 61.0 [23.79000 90.63612 12.2 Orange 0.11 0.03
Ccw21 61.0 23.77928 90.60805 10.4 Orange 0.12 0.04
CW30 61.0 [23.76525 90.61650| 21.3 Orange 0.04 0.04
CW15 62.5 23.75635 90.61013 244 Orange 0.08 0.04 0.11 0.05 -0.01 0.03| -36.34 0.09 -5.51 0.03
CW13 62.8 [23.75499 90.61245| 11.6 Orange 0.06  0.03 -32.51 1 -5.21 0.1
CW19 62.8 [23.77703 90.59895| 18.9 Orange 0.12  0.02
CW17 63.4 23.77158 90.59070 12.2 Orange 0.15 0.05 -40.51 1 -5.95 0.1
CW18 64.0 [23.77413 90.59233 9.8 Orange 0.06 0.02 -0.02 003 0.08 0.04 | -31.95 0.04 -520 0.03
CW22 64.0 23.78395 90.61327 14.6 Orange 2.67 0.06 -21.27  0.03 -3.77 0.02
Cw4 65.2 [23.78108 90.63325| 15.8  Brownish-grey| 0.01 0.03 0.05  0.02 -3213 0.05 -515 0.01
CW25 701 23.77623 90.61705 3.7 Yellowish-grey 0.27 0.04 0.03 0.04 | -2452 0.1 -4.35 0.03
CWw33 70.1 |23.78758 90.62680 | no data Orange 0.17  0.04
CW38 78.0 [23.76919 90.58512| no data Orange 0.14  0.03
A8 81.5 23.78534 90.60322 15.2 Orange 0.10* n/a
Cw12 87.2 |23.77612 90.63238( 21.3 Grey 0.02 0.03 0.02 0.03| -21.35 0.04 -3.67 0.03
B Cw2 88.5 23.78036 90.63856 7.3 Grey 0.05 0.09 -26.11 1 -3.13 0.1
CW34 103.6 [23.79025 90.63115( 28.0 Orange 0.17  0.04
CW41 121.9 |[23.79158 90.65763 | 31.7 Orange 023 0.05 -35.95 1 -5.62 0.1
CW7 123.1 |23.78822 90.65173 23.2 Orange 0.17 0.04
CW46 128.0 [23.79188 90.61815( 12.2 Orange -0.01  0.03 -26.95 0.03 -458 0.02
CW42 128.0 [23.79463 90.65992 18.3 Orange 0.05 0.03| -37.60 0.08 -5.99 0.02
CWw45 129.5 (23.78267 90.64853 12.2 Orange 0.10  0.03 0.01 0.02 -3275 024 -535 0.05
Cw47 137.2 [23.79475 90.65147 18.3 Orange -0.06  0.04 0.03  0.02 -36.47 0.13 -585 0.01
CW5 141.4 [23.77305 90.63365 24 Orange 0.11 0.03
CW36 149.4 [23.79062 90.62635 6.7 Orange 0.09 0.03 0.02 0.04( -31.17 0.07 -511 0.02
CW44 152.4 |23.78500 90.64982 21.3 Orange 0.06 0.02 -33.76  0.12 -5.50 0.02
WAB24030 2054 (23.75098 90.63160 | no data Orange 0.03  0.03 -3226 0.04 -526 0.03
WAB24529 219.5 (23.78147 90.63872| no data Orange 0.04 0.04 | -30.26 0.00 -5.02 0.00
WAB24509 2225 |23.76812 90.58532| no data Orange 0.00 0.03| -33.70 0.01 -5.43 0.01
WAB24522 2256 (23.79296 90.64467 | no data Orange 0.01 0.03| -34.51 0.08 -556 0.02
WAB24531 231.6 |23.77832 90.64477 | nodata  Whitish-gray 0.04 0.03| -24.34 0.05 -4.25 0.01
WAB24501 231.6 |23.78110 90.64968 | no data Orange 0.01 0.04| -31.75 0.02 -520 0.00
WAB24527 231.6 |23.78598 90.65933 | no data Orange -0.01 0.03| -3349 0.06 -5.44 0.00
WAB24538 232.3 (23.78538 90.65800 | nodata Whitish-grey 0.04 0.03 | -3429 0.09 -557 0.01
WAB24511  234.7 |[23.78545 90.62695 | no data Orange 0.04 0.03| -30.58 0.05 -5.06 0.02
WAB24504 234.7 |23.79211 90.65718 | no data Orange 0.00 0.04| -36.97 0.07 -5.93 0.02
WAB24528 234.7 |23.78707 90.65923 | nodata  Whitish-grey 0.07 0.04 | -33.87 0.01 -5.49 0.00
WAB24513  237.7 |23.79385 90.65831| nodata Whitish-grey 0.04 0.04 | -37.80 0.03 -6.02 0.01
WAB24502 237.7 |23.79117 90.66017 | nodata Whitish-grey 0.06 0.03| -37.29 0.03 -5.90 0.01
# Cummulative thickness of silt and clay layers above well filter, * Sampled for *H in 2003 n/a = not available
excluding the top soil A Sampled for °H in 2008
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Table 2.2. Radiocarbon and 3C data, with calculated C ages”

WellID  Depth (m)| Phase FM'™C* o (FM) &"C |UC 'Cage C, "“Cage C, 'C age A™C  Accession #
A7 40.7 DIC 0.2843 n/a -19.0 10,400 9,530 7,260 -721.0
CW27 (2010) 457 DIC 1.1216 0.0040 -18.3 Modern” Modern Modern 113.5 08S-80269
CW27 (2011) [ DIC 1.1165 0.0036 -18.3 Modern Modern Modern 108.3 08S-87014
Cw23 45.7 DIC 1.0792 0.0029 -17.6 Modern Modern Modern 71.4 0S-80003
G5 49.8 DIC 0.6266 n/a -21.6 3,860 2,990 1,790 -369.5
C5 52.3 DIC 0.2631 n/a -17.6 11,040 10,170 7,250 -735.2
CW14 53.3 DIC 0.7419 0.0024 -18.6 2,470 1,600 Modern -263.5 0S-87015
CWw29 56.4 DIC 0.3841 0.0022 -21.7 7,910 7,040 5,880 -618.7  0OS-80000
F5 57.9 DIC 0.4600 0.0020 -25.9 6,430 5,560 5,860 -5425  0S-41275
F5 1 DOC 0.5010 0.0030 n/a 5,710 - - -502.0
CW31 57.9 DIC 0.3238 0.0014 -20.8 9,320 8,450 6,910 -678.6  0S-80004
Dl4 57.9 DIC 0.8259 0.0031 -17.8 1,580 710 Modern -179.9  0S-68866
M1.5 60.5 DIC 0.9312 0.0030 -16.6 590 Modern Modern -75.6 08-90066
M1.5 1 DOC 0.8259 0.0021 -24.9 1,580 - - -180.3 0S-101857
CW15 (2010) 62.5 DIC 0.5064 0.0017 -19.9 5,620 4,750 2,850 -497.3  0S-80002
CW15 (2011) 1 DIC 0.5027 0.0028 -19.8 5,690 4,810 2,880 -501.0 0S-87016
CW18 (2010) 64.0 DIC 0.5692 0.0023 -19.0 4,660 3,790 1,540 -434.9  0S-79994
CW18 (2011) 1 DIC 0.6628 0.0025 -184 3,400 2,530 Modern -342.1 08S-87124
CW18 (2010) 1 DOC 0.4436 0.0020 -26.5 6,720 - - -559.6  0S-80285
Cw22 64.0 DIC 1.0374 0.0030 -18.5 Modern Modern Modern 29.9 0S-79996
CWw4 65.2 DIC 0.7429 0.0023 -21.9 2,460 1,590 490 -262.4  0S-79992
CWw4 1 DOC 0.7521 0.0041 -24.3 2,360 - - -253.3  0S-80290
CW25 70.1 DIC 0.8199 0.0025 -15.7 1,640 770 Modern -186.1 08-87122
A8 81.5 DIC 0.2842 n/a -19.1 10,400 9,530 7,290 -721.0
CW12 (2010) 87.2 DIC 0.8992 0.0029 -16.3 880 Modern Modern -107.3  0S-80268
CW12 (2011) 1 DIC 0.9096 0.0029 -16.3 780 Modern Modern -97.0 0S-87013
CW12 (2011) I DOC 0.7373 0.0022 n/a 2,520 - - -268.1  0S-86918
B CW2 88.5 DIC 0.8940 n/a -19.2 930 60 Modern -100.4
CW46 128.0 DIC 0.2578 0.0013 -16.8 11,210 10,340 7,050 -7441  0OS-79995
CWw42 128.0 DIC 0.2965 0.0017 -20.9 10,050 9,180 7,710 -705.7  0S-87052
CW45 129.5 DIC 0.2526 0.0016  -18.0 11,370 10,500 7,760 -749.2  0S-79998
Ccw47 137.2 DIC 0.2872 0.0012  -20.7 10,310 9,440 7,870 -7149  0S-79855
CW36 (2010) 149.4 DIC 0.2809 0.0013 -17.5 10,500 9,630 6,680 -721.2  0S-79997
CW36 (2011) I DIC 0.2636 0.0014 -17.8 11,020 10,150 7,320 -738.4 08-87123
Cw44 152.4 DIC 0.2600 0.0012 -18.5 11,140 10,260 7,780 -741.9 08S-79856
WAB24030 205.4 DIC 0.2856 0.0016  -15.7 10,360 9,490 5,660 -716.4  0S-79999
WAB24529 219.5 DIC 0.2540 0.0018 -16.1 11,330 10,460 6,800 -747.8  0S-87239
WAB24509 2225 DIC 0.3106 0.0022 -20.4 9,670 8,790 7,120 -691.7 08S-87236
WAB24522 225.6 DIC 0.2757 0.0017 -19.2 10,650 9,780 7,580 -726.4 08S-87248
WAB24531 231.7 DIC 0.2307 0.0013 -134 12,120 11,250 6,100 -771.0  0S-87238
WAB24501 231.7 DIC 0.2558 0.0014 -17.2 11,270 10,400 7,320 -746.1 08-87252
WAB24527 231.7 DIC 0.2737 0.0018 -19.7 10,710 9,840 7,870 -728.3  0S-87240
WAB24538 232.3 DIC 0.2804 0.0020 -19.9 10,510 9,640 7,760 -721.6  0S-87245
WAB24511 234.7 DIC 0.2660 0.0013 -17.4 10,950 10,080 7,090 -736.0 0S-87237
WAB24504 234.7 DIC 0.2889 0.0014 -19.8 10,260 9,390 7,470 -713.2  0S-87254
WAB24528 234.7 DIC 0.2698 0.0015 -19.4 10,830 9,960 7,850 -732.2  0S-87246
WAB24513 237.7 DIC 0.2916 0.0018 -21.1 10,190 9,320 7,890 -710.5  0S-87258
WAB24502 237.7 DIC 0.3007 0.0017 -20.6 9,930 9,060 7,470 -701.5  08S-87253
#14C ages were calculated as described in section 2.3.2. C, and C, ages are not applicable to DOC
* FM stands for fraction modern radiocarbon n/a = not available

A Age is reported as "Modern" when FM21 or the age correction resulted in a negative age
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Table 2.3. Noble gas concentrations and the resulting model recharge temperature and He surplus*

Well ID Depth He Ne Ar Kr Xe 3He/*He Model Model T err Model T He surplus® err He surp.
(m) ccSTP g™'ew ccSTP g™'gw ccSTP g™ ow ccSTP g™'cw ccSTP g™'gw prob. (%)* (°C) (°C) ccSTP g™'ew ccSTP g™'gw

E5 36.2 4.00E-08 1.29E-07 2.40E-04 5.51E-08 7.73E-09 1.27E-06 0

A7 40.7 7.96E-08 2.12E-07 3.22E-04 6.92E-08 9.17E-09 9.09E-07 98.4 22.26 0.65 2.71E-08 1.72E-09

CW27 (2010) 45.7 5.46E-08 2.20E-07 3.17E-04 6.65E-08 8.29E-09 2.75E-06 54.9 31.95 3.44 -1.55E-09 1.51E-09

CW27 (2011, 1) 45.7 5.54E-08 2.25E-07 3.20E-04 6.76E-08 8.75E-09 3.07E-06 73.4 24.33 0.68 -9.22E-10 1.31E-09

CW27 (2011, 2) 45.7 5.46E-08 2.24E-07 3.20E-04 6.77E-08 8.73E-09 3.18E-06 59.7 24.40 0.71 -1.47E-09 1.29E-09

CW23 457 5.60E-08 2.33E-07 3.35E-04 7.09E-08 8.92E-09 1.54E-06 16.0 25.34 1.34 -2.04E-09 1.28E-09

G5 49.8 5.35E-08 1.47E-07 2.42E-04 5.41E-08 7.32E-09 1.03E-06 0

CW14 53.3 5.19E-08 1.74E-07 2.65E-04 5.94E-08 8.06E-09 1.25E-06 0

CW29 56.4 7.25E-08 1.96E-07 2.97E-04 6.40E-08 8.41E-09 9.31E-07 78.2 24.77 0.66 2.37E-08 1.58E-09

CW31 57.9 7.40E-08 1.96E-07 3.00E-04 6.42E-08 8.49E-09 9.05E-07 70.0 24.65 0.75 2.51E-08 1.59E-09

CW15 (2010) 62.5 5.01E-08 1.03E-07 1.64E-04 3.78E-08 5.56E-09 8.15E-07 0
CW15 (2011, 1) 62.5 4.71E-08 9.88E-08 1.63E-04 3.72E-08 5.48E-09 8.76E-07 0
CW15 (2011, 2) 62.5 4.77E-08 9.73E-08 1.59E-04 3.73E-08 5.52E-09 8.38E-07 0
CW18 (2010) 64.0 5.49E-08 1.72E-07 2.80E-04 6.07E-08 8.00E-09 1.07E-06 0.1

CW18 (2011) 64.0 5.28E-08 1.82E-07 2.88E-04 6.32E-08 8.45E-09 0 82.1 2415 0.50 7.98E-09 1.35E-09
CWw22 64.0 5.71E-08 2.22E-07 3.21E-04 6.71E-08 8.58E-09 1.69E-06 82.1 25.88 1.04 1.33E-09 1.30E-09
CW4 65.2 4.77E-08 1.84E-07 2.93E-04 6.41E-08 8.21E-09 1.15E-06 1.7 25.51 7.87 1.58E-09 1.72E-09
CW25 701 5.68E-08 2.13E-07 3.17E-04 6.78E-08 9.15E-09 1.51E-06 36.0 22.03 0.50 3.48E-09 1.46E-09
Cw12 (2010) 87.2 5.16E-08 2.09E-07 3.06E-04 6.54E-08 8.22E-09 1.09E-06 20.0 30.92 2.74 -1.47E-09  1.38E-09
CW12 (2011, 1) 87.2 5.32E-08 2.05E-07 3.03E-04 6.53E-08 8.64E-09 1.27E-06 95.1 23.74 0.52 1.76E-09 1.38E-09
CW12 (2011, 2) 87.2 5.34E-08 2.09E-07 3.05E-04 6.54E-08 8.74E-09 1.42E-06 48.9 23.55 0.51 1.02E-09 1.42E-09
CW46 128.0 8.45E-08 2.24E-07 3.26E-04 6.94E-08 8.83E-09 8.77E-07 18.7 24.66 0.98 2.85E-08 1.80E-09
CWw42 128.0 7.40E-08 2.12E-07 3.17E-04 6.81E-08 9.39E-09 1.09E-06 34 21.22 0.48 2.17E-08 1.78E-09
CW45 129.5 8.02E-08 2.26E-07 3.27E-04 6.97E-08 8.73E-09 9.42E-07 252 31.42 2.56 2.28E-08 1.87E-09
Ccwar 137.2 7.34E-08 2.16E-07 3.23E-04 6.87E-08 8.90E-09 1.02E-06 75.0 24.16 1.04 1.97E-08 1.58E-09
CW36 (2010) 149.4 7.84E-08 2.26E-07 3.28E-04 7.02E-08 8.71E-09 9.70E-07 8.9 30.83 2.88 2.12E-08 1.86E-09
CW36 (2011) 149.4  7.69E-08 2.27E-07 3.25E-04 6.95E-08 9.42E-09 1.04E-06 13.7 21.32 0.49 2.02E-08 1.86E-09
CW44 152.4 8.05E-08 2.26E-07 3.21E-05 6.90E-08 8.62E-09 8.91E-07 0

WAB24030 205.4 8.03E-08 2.28E-07 3.28E-04 7.02E-08 8.97E-09 9.52E-07 15.0 23.59 0.74 2.34E-08 1.74E-09

Grey shading indicates samples that were not used for plots and discussion due to: low model probability and/or model T error >1.5 °C
* The model used is described in section 2.3.3.

A The probability that model is consistent with the data (>1% is minimum, >5% is a strong criterion)

% He surplus is equivalent to radiogenic He
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Table 2.4. Groundwater chemistry and physicochemical parameters
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Well ID Depth EC Temp. pH Alkalinity DIC DOC Na Mg K Ca Si P Mn Fe As S Cl SO, Br F
(m) [(mS/cm) (°C) (mEq/L)  (mM) (mM) (mg/ll) (mg/L) (mgl) (mg/L) (mg/l) (mgll) (ugll) (mg/l) (ugl) (mgll) (mgll) (mg/L) (mg/l) (mgll)

E5 36.2 0.79 26.1 6.61 6.55 10.28" 0.15 78 17 29 49 - 0.16 288 35 2.4 0.1* 41 - - -

A7 40.7 0.35 26.1 6.23 255 6.05% - 51 5 1.2 17 - 0.25 110 0.1 0.0 1.3 25 - - -
cw27 457 0.75 257 6.87 4.68 5.70 - 15 20 3.9 70 42 0.09 1,374 0.1 0.0 6.4 52 17.4 0.05 0.29
Ccw23 457 0.62 25.9 6.64 3.70 5.18 - 16 29 2.0 42 45 0.27 471 0.0 0.1 5.8 55 16.7 0.04 0.70

G5 49.8 1.76 26.4 6.80 7.70 10.54" 0.05 319 6 22 13 - 0.25 588 0.6 6.6 1.1 294 - - -

C5 52.3 0.34 26.2 6.37 - - 0.06 32 9 22 19 - 0.11 769 9.9 2.9 0.7 18 - - -
Cw14 53.3 1.36 26.2 7.57 7.84 8.74 - 265 6 1.1 14 41 0.48 2 0.0 0.5 0.6 190 1.1 0.62 0.70
Cw29 56.4 0.92 26.1 6.87 4.75 6.15 - 123 9 1.8 23 41 0.18 302 0.0 0.4 2.0 91 5.3 0.32 0.94

F5 57.9 1.88 26.2 6.94 6.74 8.547 0.09 319 7 1.8 1 - 0.13 487 1.6 1.0 0.5 311 - - -
Cw31 57.9 1.13 26.1 6.58 3.49 5.13 - 149 9 1.9 23 49 0.21 297 0.1 0.3 5.7 173 15.5 0.59 0.66
Dl4 57.9 0.92 27.2 7.21 7.72 8.827 - 213 3 27 4 21 0.58 152 0.6 0.6 0.1* 69 n/d 0.15 1.94
M1.5 60.5 0.61 26.5 7.05 6.61 7.89 0.18 16 29 2.1 72 34 0.15 618 0.2 2.2 0.5* 8 0.5 0.02 0.48
CW15 62.5 297 26.1 6.22 3.96 7.83 - 356 23 27 83 56 0.12 123 0.3 0.1 8.6 629 23.9 224 0.33
Cw18 64.0 1.38 26.1 7.35 7.86 8.68 0.25 239 4 35 3 35 0.53 415 0.4 9.4 0.1* 130 n/d 0.45 248
Cw22 64.0 0.49 26.2 6.50 2.86 4.76 - 46 8 1.6 21 58 0.17 60 0.5 0.0 35 35 10.2 0.04 0.57
Cw4 65.2 0.93 26.0 7.03 8.45 10.11 0.12 52 29 23 71 35 0.15 1,139 22 29.1 0.2* 13 0.2 0.08 0.72
CW25 70.1 0.55 26.0 7.30 4.98 5.63 - 117 1 0.7 2 46 4.75 73 0.0 16.9 0.3 16 0.7 0.07 0.94

A8 81.5 0.41 26.2 6.17 2.40 6.17~ - 47 12 2.0 25 - 0.31 440 0.3 1.0 1.3 51 - - -
Cw12 87.2 0.56 26.5 6.53 4.93 7.28 0.07 55 12 2.1 27 59 0.11 392 0.1 0.4 0.1* 5 0.3 0.02 0.39

B CW2 88.5 0.37 26.2 6.94 4.07 5.15" - 59 7 1.6 16 - 0.12 55 0.6 11.0 0.0* 4 - - -
CW46 128.0 0.37 26.7 6.55 3.00 4.77 - 26 9 1.7 22 66 0.21 30 0.1 1.3 0.3* 7 0.6 0.03 0.52
Cw42 128.0 0.75 27.2 6.58 1.71 2.99 - 37 23 22 46 70 0.15 782 0.0 0.2 2.7 162 7.7 0.51 0.11
CW45 129.5 0.64 26.7 6.64 2.50 3.82 - 38 18 26 30 60 0.18 432 0.1 3.6 1.3* 87 3.8 0.27 0.32
Cw47 137.2 0.36 26.7 6.77 255 3.75 - 17 11 23 21 64 0.24 281 0.2 1.8 0.7 13 1.7 0.05 0.37
CW36 149.4 0.40 26.4 6.72 2.74 4.18 - 27 1 2.1 22 55 0.13 143 1.0 1.0 0.5 20 1.1 0.07 0.38
CW44 152.4 0.64 26.8 6.60 229 3.76 - 32 18 26 31 58 0.21 485 0.6 6.7 1.1* 89 3.0 0.29 0.33
WAB24030 205.4 0.32 26.5 6.34 2.20 4.48 - 26 6 14 14 65 0.37 244 4.1 8.7 0.3* 18 0.6 0.06 0.33
WAB24529  219.5 0.50 26.8 6.83" 2.59 3.48 - 25 16 2.0 34 63 0.09 124 1.6 0.7 0.7 69 2.0 0.22 0.13
WAB24509 222.5 0.99 26.4 6.63"* 2.68 4.16 - 47 31 25 71 67 0.09 92 0.9 0.3 24 210 6.6 0.70 0.18
WAB24522 2256 0.54 26.9 6.54* 212 3.54 - 31 17 25 32 68 0.13 338 0.1 0.4 1.5 94 43 0.28 0.09
WAB24531  231.7 0.39 26.7 7.11* 2.95 3.48 - 27 12 1.6 24 62 0.08 100 0.8 0.6 0.5 28 1.1 0.13 0.19
WAB24501  231.7 0.61 26.5 6.58"* 2.34 3.79 - 34 20 24 38 66 0.07 263 0.5 0.9 1.6 108 4.0 0.36 0.11
WAB24527  231.7 0.40 27.4 6.77* 2.49 3.85 - 20 14 2.1 26 68 0.11 408 11 1.4 0.7 43 1.8 0.12 0.18
WAB24538  232.3 0.40 27.3 6.77* 2.39 3.32 - 20 14 22 27 67 0.11 352 0.9 1.4 0.6 45 1.5 0.15 0.22
WAB24511  234.7 0.34 26.7 6.71* 2.63 3.81 - 22 10 15 22 61 0.12 288 1.7 1.6 0.4 21 1.1 0.06 0.23
WAB24504  234.7 0.65 27.2 6.60* 2.03 3.22 - 28 22 2.7 41 69 0.12 847 0.4 1.6 1.1 130 3.1 0.43 0.16
WAB24528  234.7 0.45 26.7 6.81% 2.51 3.41 - 22 17 24 30 66 0.11 477 0.6 1.7 1.0 59 26 0.20 0.17
WAB24513  237.7 0.89 27.6 6.47* 1.83 3.29 - 34 30 3.0 59 69 0.13 686 33 1.8 1.7 205 5.2 0.65 0.11
WAB24502  237.7 1.00 27.8 6.58"* 1.85 2.99 - 40 35 3.2 63 68 0.11 1,069 4.1 1.8 5.3 242 14.4 - 0.15

# pH calculated from alkalinity and DIC concentrations (field samples suffered from degassing) * S values near the detection limit of ICP-MS

A DIC calculated from pH and alkalinity n/d = not detected; " - " indicates no measurement was performed
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Abstract

Confining clay layers are widely perceived to provide protection to Pleistocene low-
arsenic aquifers against intrusion of shallower high-arsenic groundwater. This notion is
challenged here by showing that organic carbon drawn downwards from such a clay layer
into an aquifer depressurized by pumping promotes the reduction of sedimentary iron and
releases arsenic to groundwater. This finding provides an explanation for the previously
documented failing of a structurally sound community well that had been installed in the
same aquifer. Trittum measurements indicate that groundwater from the affected 40-50 m
depth interval was recharged >60 years ago. Groundwater at 55-70 m depth in the same
aquifer bypassed the clay layer and was recharged 10-50 years ago, but is still low in As
and aquifer sands at that depth are orange. In this particular configuration, recharge
accelerated by groundwater pumping protected a low-arsenic aquifer instead of putting it
at risk. Thus, a contact with shallow aquifer via recent recharge may not necessarily
adversely affect the low-As aquifers, whereas the confining clay layers may not always
protect them from As contamination. The findings point to the need for re-evaluating the
vulnerability of low-arsenic aquifers that are key for reducing the exposure of a large

population in South and Southeast Asia.
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3.1 Introduction

The majority of rural population of Bangladesh, located in the Bengal Basin of
South Asia, obtains drinking water by pumping groundwater from shallow tubewells that
often exceeds the limit of 10 pug/L arsenic (As), a level judged unsafe by the World
Health Organization (BGS and DPHE, 2001). Chronic low-dose exposure to As, a toxic
metalloid, has been linked to various cancers, skin lesions, cardio-vascular diseases,
increased mortality rates, and diminished children’s intellectual function (Argos et al.,
2010; Smith et al., 2000; Wasserman et al., 2004; Yu et al., 2003). With intentions to
reduce As poisoning, government and non-governmental organizations in Bangladesh
have installed >100,000 deeper, shared (or “community”) wells, typically >100-150 m
below ground level (bgl) in low-As aquifers (Aggarwal et al., 2000; Ahmed et al., 2006;
BGS and DPHE, 2001; JICA and DPHE, 2010; Michael and Voss, 2008; Ravenscroft et
al., 2005; Ravenscroft et al., 2013). By 2006 (Ahmed et al.), 12% of the affected
population had switched from a high-As shallow well to a deep community well,
confirming the effectiveness of this mitigation strategy.

Although 95% of wells installed deeper than 150 m bgl have <10 pg/L As (BGS
and DPHE, 2001), depth per se is a poorly defined boundary of deeper aquifers, as low-
As aquifers can also be found in the 20-150 m bgl interval (McArthur et al., 2008; van
Geen et al., 2007; Zheng et al., 2005). Deeper aquifers were typically deposited in the
Pleistocene, exposed to valley incision and steep groundwater hydraulic gradients during
the sea level lowstand, until the rapid valley infill during deglaciation-induced sea level

rise accumulated the Holocene, shallow aquifer sequence on top of them (Allison et al.,
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2003; BGS and DPHE, 2001; Goodbred and Kuehl, 2000a, b; McArthur et al., 2008;
Ravenscroft et al., 2005). The Holocene aquifers host shallow groundwater with up to
>1000 pg/l dissolved As, primarily released by the microbially-mediated reduction of
iron(III) oxyhydroxides (FeOOH) coupled to organic matter (OM) oxidation that changes
the sand color from orange to grey (BGS and DPHE, 2001; Fendorf et al., 2010; Islam et
al., 2004; McArthur et al., 2004; Nickson et al., 1998; Nickson et al., 2000). The sources
of OM have been a matter of contention, but generally include plant matter co-deposited
with aquifer sands and clays, or dissolved OM infiltrating with groundwater recharge,
possibly made more vigorous by widespread shallow irrigation and massive excavation
of ponds (BGS and DPHE, 2001; Fendorf et al., 2010; Harvey et al., 2002; Klump et al.,
2006; Mailloux et al., 2013; McArthur et al., 2004; Neumann et al., 2010; Polizzotto et
al., 2008; Sengupta et al., 2008; van Geen et al., 2008).

The occurrence of predominantly Fe(Ill)-containing orange sand at depth, used by
local drillers to target low-As well installation, is often a clear sign of Pleistocene, deeper
aquifer sediments with previous exposure to more oxic conditions (BGS and DPHE,
2001; McArthur et al., 2008; van Geen et al., 2007; Zheng et al., 2005), but deeper
aquifers can also contain grey sediment with low-As groundwater (BGS and DPHE,
2001; Burgess et al., 2010; Zheng et al., 2005). Although orange sands can immobilize
As more strongly onto highly adsorbing FeOOH surfaces (McArthur et al., 2008; Radloff
et al., 2011; van Geen et al., 2004; van Geen et al., 2008; Zheng et al., 2005), both grey
and orange sands of low-As aquifers are characterized by low concentrations of labile (or
mobilizable) As pools in the solid phase (Dhar et al., 2011; Zheng et al., 2005). This is

presumably because the labile As and/or OM that could cause As release had been
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flushed away from these aquifers by more vigorous river and groundwater flow regime of
the Pleistocene (BGS and DPHE, 2001; McArthur et al., 2008; Ravenscroft et al., 2005).

The hydrologic and geochemical balance that maintained low dissolved As in
deeper aquifers might be disturbed by future water use patterns. Water levels in the deep
aquifer around Dhaka have already dropped by up to 40 m (2002) due to the pumping for
municipal water supply (Hoque et al., 2007). Depressurization at depth creates a
downward vertical hydraulic gradient that can draw shallow groundwater into the low-As
aquifer in places where clay layers separating it from the shallow zone are leaky, thin,
patchy, or missing entirely. Basin-scale hydrological models have addressed the potential
threat to deep aquifer sustainability by testing various scenarios of water resource
development in the future, as well as by varying and lumping, on large-scale, aquifer
properties such as vertical and horizontal hydraulic conductivity, randomized clay layer
distribution, and As retardation on sediments (Burgess et al., 2010; Michael and Voss,
2008, 2009a, b; Radloff et al., 2011). These studies have shown that withdrawing deep
aquifer groundwater for irrigation supply, accounting for >90% of water consumption in
the country (Michael and Voss, 2008), would likely contaminate deeper aquifers with
shallow groundwater within <1,000 years. Shallow groundwater can transport both As
and organic matter that could reduce deeper aquifer sediment, decrease its otherwise
considerable As sorption capacity, and perhaps cause additional As release (Dhar et al.,
2011; McArthur et al., 2008; Robinson et al., 2011; Stollenwerk et al., 2007).

Few studies have, however, thus far presented direct evidence of contamination of
vulnerable low-As aquifers under flow conditions present in the field. Point failures of

deep wells to produce low-As groundwater have been noted in isolated cases, attributed
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to screened intervals at multiple depths or mechanical problems in individual wells, such
as cracked tubewell PVC at high-As depth, both of which would allow the shallow
groundwater to infiltrate (Aggarwal et al., 2000; van Geen et al., 2007). A larger-scale
contamination of Pleistocene aquifers due to the inflow of high-As and organic-rich
groundwater from the overlying Holocene aquifers has been convincingly demonstrated
in the Red River delta of Vietnam (Winkel et al., 2011) where deep groundwater
abstraction has occurred for >100 years. Mukherjee et al. (2011) reported As
contamination at >100 m depth in a ~200-km transect along West Bengal that lacked
major confining units, but the classic Pleistocene orange beds founds elsewhere in the
Basin were absent. On a village site scale, McArthur et al. (2010; 2011; 2008) and van
Geen et al. (2013) described a lateral movement of high-As reduction front along a
horizontal hydraulic gradient from Holocene grey sand to Pleistocene orange sand.
McArthur et al. (2010; 2011) also demonstrated a downward migration of contaminated
groundwater into the underlying Pleistocene sands in paleo-channel locales lacking low-
permeability clay (paleosol) capping.

The common denominator in most of these studies are the notions that (1) the
presence of a thick or multiple clay layers is desirable to prevent the contamination of
deeper low-As aquifers due to confinement, and (2) that the inflow of young groundwater
from the shallow zone can transport the As and organics deeper and fuel further reduction
and As release. However, recent studies in Vietnam have proposed explanations of
dissolved As distribution that challenge the first notion of protection afforded by the clay
layers. Berg et al. (2008) and Norrman et al. (2008) report As contamination of

Pleistocene aquifers at several locations in the Red River delta where these deeper
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aquifers are separated from the high-As shallow aquifer by clay or peat layers, across
which downward hydraulic gradients exist due to groundwater abstraction at depth.
While Berg et al. (2008) attributes the arrival of high As, DOC, Fe, NH3, and alkalinity
to the infiltration of shallow groundwater from the shallower Holocene aquifer, they
propose that the passage of groundwater through the confining unit mobilized additional
As and organic matter that helped fuel reduction in the Pleistocene aquifer. The lateral
extent of the clay layer and clay pore water chemistry, however, were not investigated.
Erban et al. (2013) go a step further and propose that the contamination of the Pleistocene
aquifer in the Mekong delta might be widespread because of the clay layers, dated to
Pliocene and Miocene, getting compacted at depth by the increased pumping-induced
subsidence, thus releasing their retained As, organic C and competing ions. This novel
mechanism of As release to the low-As aquifers awaits further studies for confirmation.
In this study, we describe the geochemistry of a vulnerable low-As aquifer on the
scale of ~200x200 m, centered locally around a reported community well failure for
which no obvious mechanical explanation was found (van Geen et al., 2007). This
aquifer, dubbed as “intermediate” for its depth of ~40-75 m bgl and its late Pleistocene
sediment deposition age, lies beneath a 10-15 m thick clay layer separating it from the
high-As shallow aquifer. Two community well installations in orange sands (55m depth)
of the intermediate aquifer initially produced low-As groundwater, but experienced a
sudden increase in dissolved As within <18 months post-installation. After the first
CWI12 failure, a mechanical cause such as shallow cracks or annular flow was
considered, but the second failure raised the flag for non-mechanical causes. Since no

cracks were detected by testing the well casing with an inflatable packer (van Geen et al.,
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2007), it was suspected that As reached the community well intake by transport across
the clay layer and/or As release within the low-As aquifer, warranting further study.

We show that the upper layer of the intermediate aquifer, lying directly beneath
the Holocene clay unit that maintains a downward vertical hydraulic gradient of ~1m, is
contaminated with As and receives little lateral inflow. The slow leakage of reactive
organic matter and dissolved constituents, including Fe and As, from the pore water of
the ~8,500 year old clay helps fuel reduction in the upper portion of the intermediate
aquifer. On the other hand, a fairly rapid flow of recently recharged water exists in the
middle-to-lower portion of the intermediate aquifer that coincides with the dissolved As
minimum and less reducing conditions in both the sediment and groundwater. Thus, the
observations made at this location challenge both the notion that clay layers are
protective of the low-As aquifers at depth and the notion that recent recharge from the

shallow aquifer necessarily promotes reduction and As contamination.
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3.2 Methods

3.2.1 Site description and installation.

The study site (23.7760° N and 90.6325° E, Fig. 1), named “site M”, is located in
Araihazar upazila of Bangladesh, ~25 km east of the capital, Dhaka. The site is located in
the vicinity of village Baylakandi / site B (Fig. 3.1b); both this region and site B, in
particular, were described in detail by van Geen et al. (2003), Zheng et al. (2005), and
Dhar et al. (2008). The site of detailed studies in this publication (~200x200 m, Fig.
3.1b&c) is centered on the previously failed community well 12 (CW12), reported by van
Geen et al. (2007). Stratigraphic layers at site M generally include a shallow, high-As
aquifer composed of grey, Holocene sands, and an older, low-As aquifer (nicknamed
“intermediate” aquifer) composed of layers of grey and orange sands. A clay/silt layer of
variable thickness (~10-15 m) separates the two aquifers, but pinches out at site T [near
TW-5 in Horneman et al. (2004)], ~300 m S/SE of site M, identifying this location as a
potential source of shallow groundwater recharge into the intermediate aquifer. The
patchiness of the local clay aquitard is also seen ~750 m NE at site B, where it is
manifested as two thinner (<5m) clay layers (Zheng et al., 2005).

The discontinuity of confining layers in this area is supplemented by another key
observation raising concerns about the long-term status of the intermediate-depth aquifer:
head difference between the shallow and the intermediate aquifer documented at site B
(Fig. 3.13 in Appendix) has gradually increased since 2000 to >1 m. Such a downward
gradient at the study site could induce leakage of shallow groundwater and clay pore

water into the underlying low-As aquifer. Indeed, several community wells in the vicinity
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installed in orange sand 35-56 m bgl deep have “H levels of 2-6 TU (2006, Table 2.1 in
Ch. 2 Appendix), indicating recharge with shallow groundwater in the area (Fig. 3.1b). A
survey of private tubewells installed within the equivalent depth range (45-75 m) in the
area, showed that As concentrations are quite patchy in groundwater at this depth,
whereas they are relatively low directly to the north, and high further south (van Geen,
personal comm.). Thus, the site under investigation could be a transition zone where the

intermediate-depth low-As aquifers are highly vulnerable.
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Figure 3.1. Field site within the regional context. Clockwise from bottom left: (a)
Location of the field area of Araihazar within Bangladesh. (b) Greater area around the
study site marked by a red rectangle. Sites of previous detailed Columbia University
studies in the area [TW-5 in Horneman et al. (2004) and Site B in Zheng et al. (2005)],
and site T, an auxiliary well nest in the this study, are indicated by yellow dots.
Community wells in the vicinity with *H levels of 2-6 TU (2006), installed in orange sand
35-56 m bgl, are indicated by blue dots. (c) Blow-up of the field site, showing individual
multi-level well nests, pumping wells, and the current on-site community well (CW12)
installed at 87 m bgl. The two failed community wells were located between well nest 1

and the current CW12.

Four multi-level observation well nests were installed at site M in the winter
2010/11 (Fig. 3.1c), with 1.5 m long well screens strategically placed so as to monitor all
major depth zones of the intermediate aquifer. In the shallow aquifer, observation wells
either had long screens permeating the entire aquifer (nests 1 and 2), or 1.5 m long
screens near the middle of the aquifer (nests 3 and 4). Pumping wells were installed in
both the shallow aquifer (PW A) and intermediate aquifer (PW B), with long intake
screens permeating the entire aquifer of respective wells. An additional pumping well (C)
was screened in the bottom 2/3 of the intermediate aquifer, but was used as a monitoring
well for pumping tests. An auxiliary well nest of four observation wells, named “Site T”
(23.7731° N and 90.6326° E, Fig. 3.1b), was installed at the site of suspected “recharge
window” from the shallow to intermediate aquifer, ~300m S/SE of site M. The elevations

of tops of well casings relative to the reference well (shallow well at nest M1, “M1.17)
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were determined visually within £+1mm by leveling with a transparent, flexible U-tube
filled with boiled deionized water. All well depths reported, thus, are relative to the M1.1
top of casing. Well M1.1 was, in turn, leveled by the same method to top of casing of
well BayP7 at site B, for which the absolute elevation above sea level was known (Zheng
et al., 2005). Thus, measured hydraulic head elevations could be referenced to the

absolute elevation.

3.2.2 Sampling and analyses of solid materials.

Sediment cuttings were collected at 0.6 m (2 ft) or 1.5 m (5 ft) intervals while
drilling by the traditional “hand-flapper” or “sludger” method (Horneman et al., 2004) to
install the wells. This method biases samples slightly towards the coarser fraction,
especially when sand and silt are mixed. Cuttings were described by grain size (clay, silty
clay, or sand) and by sediment color (gray or orange) to construct lithologs. On the day of
collection, diffuse spectral reflectance between 530 and 520 nm was measured on the
cuttings wrapped in Saran wrap to indicate the Fe speciation in the solid phase
(Horneman et al., 2004). The cuttings were also analyzed by X-ray fluorescence (XRF)
using a portable InnovX Delta instrument for total elemental concentrations of Ca, As,
Fe, and Mn contained within the sediment. Samples were run without drying or grinding
to powder, and the internal calibration of the instrument was checked before and after
each run by NIST reference materials SRM 2709, 2710, and 2711. A subset of ~20
cuttings from representative depths at well nests 1 and 4 were additionally subjected to
same-day extractions by a hot 10% (1.2M) HCI leach for 30 minutes to release Fe from

amorphous Fe minerals (Horneman et al., 2004). The acid leachates were analyzed
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immediately for Fe(II) and total Fe concentrations by ferrozine colorimetry (Stookey,
1970).

While drilling through clay and silt layers, various leaf fragments, pieces of wood,
a piece of charcoal, and select samples of clay itself (for bulk organic carbon) were
carefully preserved in zip-lock bags for '*C dating and "C isotopic analysis. '*C/'*C and
BC/C analyses were performed at National Ocean Science Accelerator Mass-
Spectrometer (NOSAMS) facility of Woods Hole Oceanographic Institution following
standard protocols (Elder et al., 1997). Radiocarbon data were reported as fraction
modern (FM) '“C, with measurement errors listed in Table 1. The values of *C/"*C were
calculated as deviations in per mil (%o) from the Vienna Pee Dee Belemnite standard
(8" Cvpps), with analytical errors typically <0.1%o. Radiocarbon ages were calculated
using 5568 years as half-life of '*C (Stuiver and Polach, 1977) and no reservoir
corrections or calibration to calendar years were made. Clay samples on which '*C and
3C analyses of bulk organic C were performed, as well as 17 other representative sand
and clay samples from various depths at site M, were refrigerated and analyzed ~2 years
later for C content in the sediment. Total C (TC) and inorganic C (IC) in the sediment
were measured on the solid analysis unit of the Shimadzu carbon analyzer, and the
difference between the two measurements was reported at total organic C (TOC)
percentage in the sediment. Quantification limits for TC were 0.06% and 0.03% (% of
total sediment) in clay and sand samples, respectively, while the respective limits of IC

analyses in clay and sand were 0.02% and 0.01%.
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3.2.3 Field measurements

Hydraulic head measurements

Variations in hydraulic heads relative to the top of the well casing were manually
measured on a monthly basis using a Solinst Model 101 meter. Monitoring in some wells
started in January 2011, but monthly readings were taken in all M wells simultaneously
starting in July 2011, and all T wells starting in December 2012. The reported annual
average water levels (Fig. 8a) include readings from December 2012 to November 2013.
Submersed pressure transducers with data loggers (Levelogger, Solinst) were used to
record long-term water levels and barometric pressure at 20-min intervals in select wells
at M1 nest starting in February 2011 and at site T in November 2012. All water level
elevations are reported in meters above sea level (m ASL; see above for elevation

leveling).

Chemical measurements in the field

Groundwater was sampled in April 2011 (M nests) and January 2013 (T nest) for
pH, oxidation/reduction potential (ORP), temperature and conductivity in a tight flow-
through chamber (MP 556 from YSI, Inc). equipped with appropriate probes until the
readings were stable. At the same time, at M nests, dissolved oxygen was measured with
a CHEMet kit and alkalinity samples were obtained by Gran titration (Gran, 1952a).
Dissolved inorganic carbon (DIC) values reported for site M groundwater were then
calculated from the concurrently measured pH values and alkalinity. Ammonia was
measured in select M nest wells using a NH; electrode (AmmoLyt™ 700 IQ from YSI,

Inc.) in May 2012.
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3.2.4 Sampling and analyses of groundwater and clay pore water chemistry

Clay pore water collection

Clay pore water samples were collected in May 2012 by squeezing clay cuttings
from a borehole drilled near well nest M1. Immediately upon the clay cutting collection
and the squeezing of 2-20 mL of pore water, the pore water samples were filtered through
0.45 pum syringe filters (Whatman 6753-2504) and processed for various analyses,

described below, in the same way as groundwater samples.

Dissolved organic and inorganic carbon (DOC and DIC) laboratory analyses

Dissolved organic carbon (DOC) samples were collected in May 2012 at M nests,
immediately filtered through the 0.45 pm syringe filters into glass vials, and acidified to
1% HCI. Some of the samples were purposefully left unacidified in tightly capped vials
filled without a headspace of air, then analyzed for DOC two months later. The DOC that
decayed in unacidified samples was calculated by subtracting DOC levels of unacidified
samples from those of acidified samples, and expressed as % reactive DOC. DOC (from
all M samples) and DIC (clay pore water only, unacidified) were measured in triplicates
on a Shimadzu carbon analyzer to a precision of <5% for most samples, and the average
was reported. DOC (acidified to 1% HCI final conc.) and DIC (unacidified) samples from
well nest T were collected in December 2012 and their concentration analyzed at the

NOSAMS facility of Woods Hole Oceanographic Institution to a precision of <2%.
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Sampling and analyses of major cations, trace elements, and major anions

Groundwater samples for major and trace elemental analysis by high-resolution
inductively coupled plasma-mass spectrometry (HR ICP-MS) were collected on a
monthly basis from July 2011 to June or August 2012 from certain wells, for which a
time-series average and standard deviation is reported; for other wells, 1-5 samples were
collected over a period between April 2011-December 2012, and their time-series
average is reported without standard deviations, unless >3 samples were analyzed. All
samples were acidified to 1% HCI in the laboratory at least one week prior to the analyses
of Na, K, Ca, Mg, P, As, Fe, Mn, Sr, and Ba using HR ICP-MS (Cheng et al., 2004) to a
precision of <10% and accuracy of <10% when compared to internal laboratory reference
standards. Groundwater samples for anion analysis were collected at the same time as the
HR ICP-MS samples, but were not acidified, and only a subset of 1-8 samples per well
were analyzed for the period of April 2011-July 2012. Anion samples were analyzed for
Cl, SO4, and F using ion chromatography, with a precision of <5% for CI and 5-15% for
SO4 and F. The anion results are reported as averages of time-series, with time-series

standard deviations reported only where >3 monthly samples were analyzed.

3.2.5 Tracer sampling and analyses (6°H and §'*0, '*C and "C in DIC and DOC,
’H, and noble gases)

Stable isotopes (6°H and 8'°0) in water

Samples for stable isotope (*H and '*0) measurements were collected in 60 mL
glass bottles with polyseal-lined caps in April 2011 (site M groundwater), May 2012 (site

M clay pore water), and July 2012 (site T). They were analyzed on a Picarro Isotopic
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Water Analyzer at Lamont-Doherty Earth Observatory with a precision of +0.01-0.07%o
(8'°0) and +0.01-0.24%o (8°H) for all samples, except T2 and T3, where analytical errors
were somewhat higher (Table 2). The values were reported in per mil (%o) differences

from the Vienna Standard Mean Ocean Water values (VSMOW).

Radiocarbon (**C) and "C of DIC and DOC

Samples for the analysis of '*C and "*C were collected in 125 mL (DIC) or 250
mL (DOC) glass bottles with polyseal-lined caps in April 2011 (Site M DIC) and October
2012 (site T DIC, and sites M/T DOC). They were preserved with mercury chloride
(DIC) or acid (1% HCI final concentration, DOC) to arrest potential biological processes
after collection. The three clay pore water samples for '“C and °C in DOC were much
smaller (5-10 mL) and collected in May 2011. All radiocarbon and "C analyses were

performed, and the results reported, as described above for sediment samples.

’H and noble gas sampling

The atmospheric testing of nuclear weapons released H, a radioactive isotope of
H that peaked in the early 1960s, which made it possible to date groundwater recharged
since the onset of tests by the ’H/’He technique (Poreda et al., 1988; Schlosser et al.,
1989; Tolstikhin and Kamenski, 1969). Samples for *H/'H measurements were collected
in 125 mL glass bottles with polyseal-lined caps and analyzed at Lamont-Doherty Earth
Observatory’s Nobel Gas Laboratory using the “He ingrowth technique (Bayer et al.,
1989; Clarke et al., 1976). The analytical precision and detection limit of the H

measurements were +0.03-0.06 TU (Table 4) and 0.05-0.10 TU, respectively ("H/'H ratio
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of 10™"® corresponds to 1 TU). Samples for He and Ne isotopic measurements were
collected in ~1 cm outer diameter soft copper tubes that hold ~19 cm’ of groundwater.
Concentrations of He, Ne, and *He/*He were measured by mass spectrometry (Ludin et
al., 1997) at Lamont-Doherty Earth Observatory’s Noble Gas Laboratory, with typical
analytical precisions of +0.05-0.10% for He and Ne concentrations and +0.6-0.7% for

3He/*He ratio.

3.2.6 Aquifer testing by slug tests and pumping tests

Slug tests

Hydraulic conductivities around individual well screens were estimated by slug
tests. Wells were pressurized by pumping air with a bicycle pump through a custom-
fitted, leak-proof well head, and the pressure monitored by a Solinst pressure transducer
(barologger). Upon releasing the pressure, the temporal response of the hydraulic head
was monitored at 1-sec intervals by another Solinst pressure transducer submerged in the
well. The slug test was repeated 4-5 times at each well at a range of 2-3 pressure values.
The hydraulic conductivity was determined by fitting the response curves as in Butler and

Garnett (2000), with a typical standard deviation of the measurements of 2-4%.

Pumping tests

In order to probe the response of the intermediate aquifer to pumping and its
hydraulic connectivity to the shallow aquifer, and to characterize the vertical hydraulic
conductivity and/or the lateral extent of the thick clay layer, two pumping tests were

performed. The first one involved pumping the entire vertical extent of the intermediate
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aquifer from the fully penetrating pumping well B for the duration of ~48 hours, whereas
the second test was performed by pumping from the fully penetrating pumping well A in
the shallow aquifer for ~24 hours. A locally purchased irrigation pump (1.75 horsepower,
1 atm maximum lift) was powered by a generator to maintain a constant flow rate of
~200 L/min (58 m’/d), measured by a flow meter (McMaster-Carr) connected in-line to a
PVC tube carrying the pump outflow. The pump could not be used to control the flow
rate directly as it had only one setting and its output was dependent on the water level
elevation around the well, thus a manual shut-off valve was installed between the pump
and the flow meter to initially constrict the outflow tube slightly. As the pumping-
induced cone of depression spread out through the aquifer, the valve was slowly opened
up to release the backpressure and maintain a nearly constant flow rate. The groundwater
was channeled for disposal through a hose to a large shallow pond ~200 m SW of the
site.

No precipitation events occurred during the tests, but irrigation was ongoing from
at least two wells screened in the shallow aquifer within the 200 m radius around the site,
with pumps turning on and off several times a day. Hydraulic heads in observation wells
and pumping well C (closest intermediate aquifer well to PW B) were simultaneously
monitored by pressure loggers at 2-second intervals for the first 70 min of the tests, and at
I-minute intervals for the remainder of the pumping tests and for a 24-hr recovery period
post-pumping. A barometric pressure logger recorded atmospheric pressure changes on
site at the same time intervals. Several pressure loggers were deployed for weeks prior to
and after the pumping tests to monitor the seasonal declining hydraulic head trend and

atmospheric pressure changes at 20-min intervals.
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3.3 Results

3.3.1 Stratigraphic description

Stratigraphy at site M established that both the silty clay layer separating the
shallow and intermediate aquifers and the layering of the geochemically stratified
intermediate aquifer were laterally continuous on village-site scale of ~100x100 m, albeit
with variations in depth of each layer. The five lithologs collected at site M (Fig. 3.2)
demonstrated a repeated vertical sequence of clay or silt layers and sediment color, as
indicated by the difference in reflectance at 530 and 520 nm (AR). The shallow aquifer
was entirely composed of grey sands (low AR) extending to the depth of 25-31 m below
ground level (bgl), where a few interlaced sandy and silty layers were encountered.
Below the shallow aquifer, a 10-15 m thick clay layer, entirely grey in color, marked a
clear boundary between the shallow and intermediate aquifers. The upper ¥ to %2 of the
thick clay layer was lighter in color and contained more silt than the darker, sticky lower
section of the clay. The actual depth range of this clay layer, though present at all site M
lithologs, varied significantly in such a small area; for instance, the elevation-corrected
bottom depth varied between 38-45 m bgl. Underneath it, the intermediate aquifer
extended to 68-77 m bgl with a top-down sequence of grey, orange, and grey sands. The
upper stretch of grey sand contained a few thin clay lenses at sporadic depths and was
thicker (10-15 m) than the deeper grey sand (5-10 m). The orange sand that previously
hosted the failed community wells was present everywhere at ~60 m bgl, 7-12 m thick,
and its exact upper and lower limits also varied. Beneath the intermediate aquifer, a

continuous sticky, plastic layer of clay, found at depths varying by almost 10 m, proved
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to be the lower limit of the hand-drilling method. The lithology at site T, ~300 m S/SE of
site M, was strikingly different due to the absence of the thick clay confining unit at ~30-
40 m bgl, thus permitting a lateral contact between the shallow aquifer at T and
intermediate aquifer at M. A thinner clay unit was found at site T at 55-58 m bgl, below
which the intermediate aquifer sequence was limited to only ~10 m of thickness, though

it displayed a similar grey-orange-grey sand sequence.
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Figure 3.2. Lithologs collected at sites M and T. Cuttings recovered while drilling were
used for same-day measurements of the difference in diffuse spectral reflectance (AR)
between 530 and 520 nm, correlated with sediment color and Fe speciation. Drill cuttings
that contained orange or grey sand are represented by their respective colors; all clay/silt

layers were gray.
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3.3.2 Sediment composition, redox status, and organic content

Elemental compositions by XRF

Having established that a layer of more oxidized, orange sand was sandwiched
between two grey layers in the intermediate aquifer at site M, we investigated whether
the elemental compositions of intermediate aquifer layers was uniform and different from
that of the shallow aquifer. Multi-element X-ray fluorescence data (Ca, Fig. 3.3a; Mn, Fe,
and K, Fig. 3.14aeg in Appendix) demonstrated a difference in total elemental
composition of the sediment contained in the shallow aquifer, where total concentrations
of all four elements were higher, and the intermediate aquifer where they were lower and
consistent in all three layers. The total As content (0-4 mg/kg, Fig. 3.14c) was not
significantly different between the two aquifers, whereas the strongest contrast found was
in Ca content. The surface clay and the shallow aquifer contained ~5-10,000 mg/kg Ca,
however the intermediate aquifer sedimentary Ca stayed within the 2-5,000 mg/kg range.
Constant elemental composition of the intermediate aquifer suggested that it was
deposited as one stratigraphic unit, as the sediment likely came from the same source,
their coloring only reflecting post-depositional environmental differences (e.g. flow
regime, subaerial exposure, organics supply). At site T, the total elemental concentrations
followed a similar vertical distribution as at site M, except that the thick clay layer was
missing and replaced by sand of a composition similar to that of the shallow aquifer
(Figs. 3.3b and 3.14bdfh) and elemental compositions transitioned rather smoothly

towards the intermediate aquifer at >50 m depth.
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Redox status examined by acid leachates and total organic and inorganic

carbon (OC and IC) content

Whereas the three distinctly colored layers of the intermediate aquifer sands were
compositionally equivalent, the upper gray layer was more reduced than the orange and
gray layers underneath. Acid leaches with hot 10% HCIl were used to release Fe from
labile and poorly crystalline Fe oxyhydroxides (FeOOH) and assess its redox status: more
Fe(Il) is present in grey sand, and conversely more Fe(Ill) in orange (Horneman et al.,
2004). The percentage of Fe(II) within the acid-leachable Fe was 40-80% (mostly >50%
Fe(II)/Fe) in the shallow aquifer and clay units, whereas the orange and deeper gray layer
of the intermediate aquifer hosted <45% Fe(Il)/Fe (Fig. 3.3d). Orange sand had 20-35%
Fe(Il)/Fe, while most values in deeper gray layer were in the range of 35-45% Fe(Il)/Fe;
thus, the visible color transition from orange to grey sand occurred here slightly below
the usual 50% Fe(Il)/Fe threshold (Horneman et al., 2004; van Geen et al., 2004). In
contrast to the intermediate aquifer layers beneath it, the upper gray layer was more
reduced, with 50-70% leachable Fe(Il)/Fe in the top 5-10 m, directly beneath the thick
clay, making the redox status there comparable to that of the shallow aquifer. This
finding was surprising in light of the usual isolation that a clay layer would provide from
reduction occurring in the shallow aquifers. To check for potential differences in
particulate organic C content between the shallow aquifer and the three layers of the
intermediate aquifer, the total organic C in sands was uniformly low everywhere (mostly
<0.05 wt%, near the quantification limit, Fig. 3.3e). No inorganic C was quantifiable in

the sands (<0.02 wt% in all samples).
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Figure 3.3. Sediment composition, Fe redox status, '*C ages, and "*C signature. Bulk
sediment Ca concentrations measured by a portable XRF instrument at site M (a) and site
T (b). Standard deviations of the XRF measurements are smaller than the symbol size. (¢)
1C ages of plant fossils at site M and in bulk organic matter (OM) of the clays from sites
M and T. (d) The proportion of Fe(Il) within the total Fe released by leachates with hot

1.2M HCL. (e) The content of bulk organic carbon as weight % of the sediment. (f) °C
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signature of bulk OM in site M and T clays, and in site M plant remains. Color of the
sand cuttings as in Figure 3.2.

The examination of total elemental contents of clay layers at site M indicated
some differences between the upper (silty and light gray) and the lower (sticky and dark
gray) sections of the thick clay layer at site M. The transition from high to low Ca content
occurred within the upper half of the aquitard (Fig. 3.3a). Sediment compositions of other
elements (Fe, As, Mn, and K, Fig. 3.14aceg) revealed their enrichment in all clay layers
and lenses; nevertheless, they also exhibited the high-to-low transition within the thick
clay layer, and remained lower and nearly constant in all deeper lenses in the
intermediate aquifer. The stickier, darker clay in the lower portion of the thick clay layer
was rich in organic C (1.7-6.5 wt%, Fig. 3.3e), compared to the more modest content of
its upper portion (0.4-0.6 wt%) and the other dispersed clay lenses (0.1-0.4 wt%). Only
one clay sample had a quantifiable amount of inorganic C (0.02 wt% in the sample with
maximum OC), while all other samples were below the quantification limit of 0.01 wt%

IC. The thin clays at site T did not differ much from sand in terms of composition.

3.3.3 Radiocarbon dating and "C signatures of the sediment

Another way to determine the stratigraphic relationship between different aquifers
and to constrain their depositional history to Holocene or Pleistocene is to consider the
sediment ages recorded by '*C. Radiocarbon ages of the bulk organic C recovered from
the clay layers at site M were progressively older with depth from 5.2-8.6 ka before
present (BP) in the thick clay layer to 11-12 ka BP in the upper intermediate aquifer clay

lenses and 17-36 ka BP in the clay beneath the intermediate aquifer (Table 3.1 and Fig.
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3.3¢). A rather linear rate of sedimentation is implied between 17 and 5.2 ka BP, and a
similar distribution of '*C ages was found in the three clay lenses at equivalent depths at
site T (Fig. 3.3c also). The signature of ">C in sediment organics (Fig. 3.3f) indicated a
progressive shift towards heavier, more positive, values (from -22 to -15%o) going from
deeper/older to shallower/younger clays found within the intermediate aquifer depth
range. Above that, °C signature rapidly shifted to -28 to -30%o at the bottom of site M
thick clay layer ~40 m bgl, pointing to a significant shift in the depositional environment.
Both the leaf and wood fragments, and the total (bulk) OC from this portion of the thick
clay layer at site M (~37-40 m bgl) had a consistent '*C age (~8.5 ka BP) and "°C
signature throughout the site, adding confidence to the measurements. The intermediate

aquifer deposition was, therefore, constrained to Late Pleistocene (8.5-36 ka BP).

3.3.4 Groundwater and clay pore water chemistry

Trace metals and reduction products

The vertical profiles of groundwater composition at site M (Fig. 3.4; Fig. 3.15 and
Table 3.2 in Appendix) revealed differences in redox chemistry between the shallow and
the intermediate aquifer groundwater, as well as a steep geochemical gradient within the
intermediate aquifer. Arsenic, iron, phosphorus and ammonia were elevated in the
shallow aquifer (up to >300 pg/L As, 8 mg/L Fe, 1.8 mg/L P, and 1.5 mg/L NHj3), while
the middle (orange) and lower (grey) reaches of the intermediate aquifer contained
groundwater with rather low As (<10 pg/L), Fe, P, and NH3, except a high-Fe sample
from M4.6a, located at the lower limit of the aquifer and near the Pleistocene clay.

Groundwater in the upper gray layer, however, consistently contained high levels of As,
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Fe, P, and NHs: As ranged between 15-270 pg/L, Fe and P were present at levels
comparable to those of the shallow groundwater, whilst NH; rose up to 5 to 10-fold
higher than in the shallow aquifer (up to ~10 mg/L). Dissolved Fe, As, and P were
similarly elevated in the pore water of the thick clay overlying the intermediate aquifer.
Another redox sensitive element, manganese, was also abundant in the shallow aquifer
(600-1,300 pg/L), but followed a distinct mirror-image pattern (with respect to As, Fe, P,
and NH3) within the thick clay and the intermediate aquifer. Low Mn concentrations in
thick clay pore water and in the upper, reduced part of intermediate aquifer (<100 pg/L)
rose to 200-1000 pg/L deeper in the intermediate aquifer, with a peak in the orange
sands. Pore water of the thin clay layers dispersed within the intermediate aquifer had
low levels of Fe, As, P, and Mn, excluding them as direct sources of these constituents.
At site T, shallow aquifer samples (T1-T3; Table 3.2 in Appendix) also had elevated
dissolved As, Fe, and P, but As concentrations were notably lower at all depths (75 pg/L
at 10 m bgl and decreasing with depth). In the thin intermediate aquifer orange sand

layer, on the other hand, As and Fe were not quite as low as in the orange sand at site M.
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Figure 3.4. Vertical profiles of groundwater chemistry at well nests M1-4 and clay
pore water squeezed from sediment cuttings recovered near well nest M1. Profiles of
aqueous (a) As, (b) Fe, (¢) P, (d) NHs, (e) Mn, (f) Ca, (g) Na, and (h) Cl, (i) dissolved
organic carbon (DOC), and (j) % reactive DOC in groundwater and clay pore water,
where available. Averages and standard deviations of 5-12 samples (As, Fe, P, Mn, Ca,
Na), or 4-8 samples (Cl), are shown where available. Otherwise, an average of 1-3

samples is shown without error bars. Note that Na and CI error bars are smaller than the

As (ug/L) Fe (mg/L) P (mg/L) NH; (mg/L N) Mn (pg/L)
0 200 4000 4 8 12 0 1 2 0 5 10 150 750 1500
Ax ] x | 1 | xﬂ |
% x X x x X
X X X
x X X x X X
x|
(a) (b) (c) (d) (e)
X X ]
BE X x X % -
to. | 8 2 3 .
X x x - X
. W * % % % 1 [
X
1 o | ] L 2
X\ I?x J /
\\ i ‘ 4 ”,
g | {
1 ‘ X B X
o ] | (h) | (i)' [
0O 20 40 60 80 0 40 80 1200 20 40 60 O 1 2-20 0 20 40 60
Ca (mg/L) Na (mg/L) Cl (mg/L) DOC (mM) % reactive DOC
M1 8-M2 M3 @-M4 X Clay pore water

125

M

M



symbol size. Profiles of NH;, DOC, and % reactive DOC, as well as the clay pore water
data in all profiles, show one-time measurements. A generic site litholog is displayed to
the right of the profiles and shading indicates the extent of major clay/silt layers

encountered at the site.

Dissolved carbon species

Dissolved organic carbon (DOC), the prime suspect for causing anoxia and
reduction of aquifer sediment, was present at plentiful amounts within clay pore waters:
0.6-0.7 mM in surface clays and ~2 mM in the thick clay capping the intermediate
aquifer at site M (Fig. 3.41 and Table 3.2 in Appendix). Groundwater from both aquifers,
on the other hand, contained 0.1-0.2 mM DOC, except, notably, in the upper grey layer of
the intermediate aquifer where higher DOC of 0.3-0.45 mM was found, perhaps advected
from the overlying clay. To test for the reactivity of DOC, often recalcitrant if sourced
from the organic matter co-deposited with sediment (Rowland et al., 2006), some DOC
samples were not acidified upon collection and DOC was let to be freely consumed by
microbes within the sample vials (Fig. 3.4j). DOC from the shallow aquifer groundwater
and the thick clay layer pore water at site M was only slightly less reactive than the
freshest DOC found in surface clays (15-40% vs. >50% reacted away, respectively). In
the intermediate aquifer, 14-19% of DOC retained reactivity in samples from the upper,
reduced zone below the clay, whereas only <7% of groundwater DOC found in the
orange sand layer was consumed. Dissolved inorganic C (DIC) concentrations were more
uniform, ranging from 4.5-6 mM in the shallow aquifer to 5-8 mM in the silty clay layer

and intermediate aquifer, with somewhat higher values (7-10 mM) in the upper, more

126



reduced zone of the intermediate aquifer (Fig. 3.15def in Appendix). Alkalinity (4-7
mEq/L) showed little vertical variation in the intermediate aquifer, but pH in the upper

grey layer was at a minimum of 6.7-6.8 units, compared to 6.8-7.1 deeper in the aquifer.

Major cations and anions

Signatures of the major cations and anions confirmed the stratification of the
intermediate aquifer that was observed in the profiles of trace elements and DOC/DIC.
They also supplied more evidence of the similarity between the thick clay pore water and
upper intermediate aquifer groundwater at site M. Na and CI profiles (Fig. 3.4gh and
Table 3.2 in Appendix) described a similar pattern of low concentrations in the shallow
aquifer and deeper intermediate aquifers (10-20 mg/L Na and 3-7 mg/L Cl), but their
levels were much higher in the upper intermediate aquifer with up to 70 mg/L Na and 20
mg/L Cl. A high Na concentration was also observed in the grey sand located at the
bottom of the intermediate aquifer at well nest 4 (M4.6a). Pore water from the thick
Holocene clay layer at site M exhibited an abrupt down-profile transition from the low
Na and Cl values at the upper boundary, similar to those in the shallow aquifer, to much
higher levels in the middle of the clay layer, peaking at 2 to 4-fold higher concentrations
than those immediately below the clay. At site T, Cl concentration was remarkably high
(24-28 mg/L) in the shallow aquifer at depths <21 m bgl, but fell to 9.5 mg/L in the grey
sand at 53 m bgl, above the thin clay layer. Below that, the sample from the thin orange
sand layer at site T contained more Cl (16 mg/L) than the equivalent samples from site

M.
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Among the other major ions, K profiles at site M were similar to those of Na,
albeit at lower absolute concentrations, while the profiles of Ca and Mg resembled each
other and were roughly a mirror image of the Na and Cl profiles, including well M4.6a
(Fig. 3.4f and Fig. 3.15ab in Appendix). In the upper intermediate aquifer, the minimum
Ca and Mg levels were co-located with the high As, Fe, DOC and DIC, and low pH, thus
making the dissolution of carbonates as a source of DIC or As in that zone unlikely.
Sulfate (Fig. 3.15¢) was mostly below the detection limit in the shallow aquifer and the
upper grey layer of the intermediate, but detectable SO4 levels were found (albeit <1
mg/L) in the orange and deeper grey layers of the intermediate aquifer. Clay pore waters
contained much more SOy, ranging between 3-7 mg/L in the thick clay unit between the
two aquifers, thus if any SO4 leaks into the upper intermediate aquifer, it must
immediately be consumed by reduction, and can precipitate as pyrite at the clay/sand

interface (McMahon and Chapelle, 1991a; McMahon et al., 1992; Szabo et al., 2006).

3.3.5 'C ages and "C profiles of dissolved organic and inorganic carbon (DOC and
DIC)

The amounts of radiocarbon in DOC and DIC of the shallow aquifer at sites M
and T (<21 m) were remarkably similar to those in the orange and deeper grey sands of
the site M intermediate aquifer, where less reduction was observed (Fig. 3.5a and Table
3.3 in Appendix). The values ranged from 0.82-0.85 FM (1.4-1.7 '*C kyr) in DOC and
0.88-1.0 FM (0-1 "C kyr) in DIC, with DIC always slightly younger than the DOC,
except in well M4.6 (orange/grey sand boundary) where a DOC sample with modern

radiocarbon (0.98 FM) was found. In contrast, DOC and DIC in the upper intermediate
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aquifer at site M, directly underneath the thick clay layer, showed evidence of a
significantly higher age (0.54-0.67 FM or 3.2-5 '*C kyr), with DOC again slightly older
than DIC. These ages were, nonetheless, not as high as those of OC in the overlying clay
sediment (~8.5 '*C kyr). In the upper portion of the thick clay at site M, DOC in the pore
water was also younger (0.66-0.81 FM or 1.7-3.3 C kyr) compared to the clay bulk OC
at that horizon (3-5 '*C kyr). At site T, the two deeper wells straddling the thin clay layer
had DIC '*C similar to that in the deeper wells at site M intermediate aquifer, but their
DOC was older (0.66-0.74 FM, 2.4-3.3 *C kyr). Groundwater samples collected close to
the clay layers, therefore, contained older DOC, and in the case of the reduced, upper

intermediate aquifer at site M, older DIC as well.
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Figure 3.5. Vertical profiles of (a) radiocarbon (**C) ages and (b) stable C isotopic
composition (6" °C) in dissolved inorganic carbon (DIC) and dissolved organic
carbon (DOC) from sites M and T. As in Figure 3.4, the major clay/silt layers at site M

(and not at T) are indicated by the gray shading.

The C stable isotope (°C) content in most DOC samples was in the range of -25
to -30%o, similar to the ">C signature of the thick Holocene clay at site M (Fig. 3.5b and
Table 3.3 in Appendix). An exception was the shallowest sample at T (10 m bgl) where
DOC §"°C was heavier (-16%o). Within the intermediate aquifer at site M, samples from
the upper grey sand (beneath the clay) had a slightly more depleted (-30 to -32%.) DOC
8'°C signature, similar to that found in the clay organics directly above. At -15 to -17%o,
DIC 8"°C was generally ~10-15%o enriched (heavier) compared to the DOC "°C, but the
offset was much larger in the shallow and the upper intermediate aquifer of site M, where
BC was ~25%o heavier in DIC (-4 to -7%o 8'°C) than in DOC. The heavy carbon isotopic
signature in DIC thus coincided with the zones of the strongly reduced sediment and

groundwater.

3.3.6 Hydraulic head patterns and groundwater flow

The upper layer of the intermediate aquifer contained heavily reduced sediment
and groundwater, older DOC and DIC, and appeared chemically similar to the overlying
Holocene clay layer. At the same time, deeper layers of the aquifer bore evidence of
contact with the surface (fairly young DIC and a modern DOC sample), but retained

more oxic conditions, particularly in the orange sand layer. A good understanding of the
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groundwater flow patterns at the site shed more light on the way the intermediate aquifer

is impacted by contacts with the shallow groundwater and the clays.

Hydraulic connections and contrasts between the shallow and intermediate

aquifers

Water level elevations of the two aquifers at site M (Figs. 3.6-3.8), as expected
from the trend at the nearby site B (3.13 in Appendix), also followed a downward
hydraulic gradient between the shallow and the intermediate aquifer. The annual average
of water level readings (Dec 2012-Nov 2013, Fig. 3.8a) revealed that hydraulic heads in
the shallow aquifer were more or less identical at different well nests and, on average,
~Im higher than in the intermediate aquifer. Three years of monitoring at site M (Figs.
3.6 and 3.7) also showed the tendency of the downward hydraulic gradient across the
thick clay to increase. Thus, the thick clay layer separating the two aquifers has a low
enough permeability to maintain the downward gradient, while at the same time the
widening downward hydraulic gradient between the aquifers sets the stage for potentially
increased leakage through the clay layer. At site T, where the shallow aquifer extends
down to 54 m bgl, the hydraulic head only decreased slightly from the top (T1 at 10 m
bgl) to the bottom (T3 at 53 m bgl) of the aquifer (Figs. 3.6 and 3.8a), thus laterally
juxtaposing a higher, shallow aquifer hydraulic head (T3) to the lower heads measured in
the intermediate aquifer at site M. The thin clay at site T also caused a relatively smaller
drop in hydraulic head (~0.65 m) between well T3 and well T4 installed in the orange

sand, allowing for a higher head at T4 compared to the intermediate aquifer at M also.
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Groundwater gradients from both the shallow aquifer and the thin sliver of intermediate

aquifer at site T, therefore, point towards site M.
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Figure 3.6. A 3-year time series of elevation-corrected manual water levels from
sites M and the more recently installed site T. Each line color corresponds to a
different well nest at site M. The cluster of lines at higher hydraulic heads corresponds to
the shallow aquifer. Within the cluster of ~1 m lower hydraulic heads in the intermediate
aquifer, heads are persistently the highest on southern end of the site (M3, orange lines),
and the lowest on the northern end (M2, pink lines). Blue (M1) and green (M4) lines
largely overlap in the middle. Site T hydraulic head elevations are shown as grey circles
(T1-T3 in the shallow, grey aquifer) and orange circles (T4 from the thin orange layer),

and are constantly higher than the heads at M.
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Figure 3.7. Time series of hydraulic head elevations recorded by pressure loggers at
sites M and T. (a) The entire time series of elevation-corrected hydraulic heads showing
similar weekly-to-seasonal patterns in M1.1 (M1 shallow well, 18 m bgl), M1.6 (M1
intermediate aquifer, 64 m bgl), T2 (shallow aquifer, 21 m bgl), T3 (shallow aquifer, 53
m bgl) and T4 (intermediate aquifer, 63 m bgl). (b) Enlarged irrigation season
hydrographs, offset to clearly show daily variations in water levels. Note the
progressively smaller influence of shallow pumping on the hydrographs from M1.1/T2 to

MI1.6.
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A closer look at temporal variations in piezometers from the shallow (M1.1, T2,
and T3) and intermediate (M1.6 and T4) aquifers, recorded by pressure loggers (Fig.
3.7a), revealed that the two aquifers follow identical patterns of recharge and discharge,
ranging in time scale from weekly humps and dips to several months, as in seasonal
recharge by monsoon (roughly May-Sep) or the rapid drop in hydraulic heads over the
irrigation season (roughly Jan-Apr). During the irrigation season, shallow aquifer heads
were observed to fluctuate by up to ~80 cm on a daily basis, due to the irrigation pumps
turning on and off, resulting in very noisy hydrographs of M1.1, T2 and T3 (Fig. 3.7b).
The intermediate aquifer also responded to the irrigation localized in the shallow aquifer
between January and April, as the hydrographs were also noisier in those periods, but the
daily amplitude of water level variations was much subdued at ~20 cm in well T4 below
the thin clay and only ~10 cm at M1.1 tucked below the thick clay and away from its
discontinuity at T. The above observations together indicate that the intermediate and
shallow aquifers are connected, but clays do provide a degree of hydraulic separation by
isolating deeper layers from the local irrigation pumping effects coming from the shallow

aquifer.

Hydraulic gradients within the intermediate aquifer

Within the intermediate aquifer at site M, there was a greater diversity of water
levels than in the shallow (Figs. 3.6 and 3.8a), but hydraulic heads generally decreased
slightly with depth at each well nest, thus maintaining a gentle downward vertical
hydraulic gradient. The downward vertical hydraulic gradient actually continued below

the intermediate aquifer, with another ~1 m drop in hydraulic head across the Pleistocene
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clay layer underlying the aquifer, measured twice in the current installation of CW12 at
87 m bgl (data not shown). Horizontally, hydraulic heads in orange and deeper grey layer
of the intermediate aquifer followed a northward gradient from well nest 3 at the southern
end of the site to well nest 2, ~110 m to the north, where head elevation was on average
~0.35 m lower, resulting in a horizontal hydraulic gradient of ~0.0035 across the site
(also see Fig. 3.16 in Appendix). A northward horizontal gradient of similar magnitude in
fact extended from site T, and was fairly constant throughout the seasons, as seen when
hydraulic heads from the orange layer at site M were plotted along with those from well
T3 that taps the bottom of the Holocene aquifer at site T (Fig. 3.16). If the horizontal
hydraulic gradient also had an East-West component, it was not inferred due to the
mostly South-North arrangement of the observation wells. Along the upper grey layer of
the intermediate aquifer, the horizontal hydraulic gradient was less pronounced as head
values in that layer were more uniform [Fig. 3.6 (markers with a cross) and Fig. 3.8a].
Individual monthly hydraulic head readings, taken simultaneously over a 3-year period
(Fig. 3.6), showed the persistence of hydraulic head trends, similar to those of the yearly

average, throughout the seasons at site M.
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Figure 3.8. Vertical profiles of hydrology-related parameters at site M and site T
(where available). (a) Annual average (December 2012-November 2013) of hydraulic
heads at site M and T; (b) and (c) water stable isotopes, 8'°0 and 8°H, in groundwater at
sites M and T, and in site M clay pore water; (d) groundwater *H at sites M and T; ()
*H/’He ages, corrected where necessary for radiogenic He contribution and degassing at
the time of sampling; (f) estimates of horizontal hydraulic conductivity from slug tests at

select wells. The lithologs and gray shading as in Figure 3.4.

3.3.7 Stable isotopic signatures of groundwater (“H and '*0)

Groundwater from the shallow aquifer and clay pore water from the surface and
shallow aquifer clays displayed the most enriched/positive stable isotopic signature (Fig.
3.8bc; Fig. 3.17 and Table 3.3 in Appendix). The thick clay layer at site M, as well as the
upper grey layer of the intermediate aquifer had, on the other hand, the most depleted
stable isotopic values, albeit with some scatter. The rest of the intermediate aquifer
samples at site M (from the orange and the deeper gray layers) formed a spread of 5°H
and 8'®O values in between those noted for the shallow aquifer and the upper
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intermediate aquifer/thick clay (Fig. 3.17). Within this range, groundwater from well nest
3 at the southern end of site M had the most positive 8°H and 8'°0, whereas the most
negative values were observed at well nest 4, west of the South-North transect (Fig.
3.8bc). The two deeper samples from site T (from above and below the thin clay layer at
this site) plotted within the more positive end of the range of 8°H and §'°O for site M
intermediate aquifer. All of the samples bore a signature of evaporation to a various
extent before the groundwater was recharged because they plotted to the right of the
values expected for rainwater, represented by the global meteoric water line (GMWL,

Fig. 3.17 in Appendix) described by 8°H = 8* §'°0 + 10%o (Craig, 1961).

3.3.8 ’H tracer and *H/’He dating of groundwater

Quite a similar vertical and horizontal distribution to that of the water stable
isotopes was observed at site M for another tracer of groundwater flow, tritium (CH; Fig.
3.8d and Table 3.4 in Appendix). Elevated levels of *H, a telltale sign of recharge with
young groundwater, were found in the intermediate aquifer at site M, at depths of >50 m
bgl, and that despite the presence of a 10-15 m thick clay layer at the site. The amount of
*H decreased along the S-N transect at site M, while well nest 4, west of the transect,
appeared isolated from the supply of the radioactive H isotope. Tritium values at each M
well nest were the highest in the orange sand layer, and decreased in the grey layers at top
and bottom of the aquifer, but the upper intermediate aquifer immediately beneath the
thick clay layer was markedly devoid of detectable *H. The highest overall levels of *H
were found in the upper part of the shallow aquifer at site T, whereas more modest

amounts were observed in the two site T wells straddling the thin clay layer at depth.
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The concentrations of *H and its radioactive daughter *He were used to estimate
the age of the intruding young groundwater by calculating the time elapsed since
recharge ("H/°He age, Figs. 3.8¢ and 3.9, and Tables 3.4 and 3.5 in Appendix). In order
to calculate the amount of *He contributed by the radioactive decay of *H (“tritiogenic
*He” or “’Hey”), the concentrations of noble gases He (as *He) and Ne were plotted
against each other to account for different pools of He (Fig. 3.18 in Appendix). The
recharge temperature for all samples was assumed to be 26 °C, close to the current
average shallow groundwater temperatures at the site (Table 3.2). The concentrations of
He and Ne exceeded the contributions of the solubility equilibrium with the atmosphere
due to excess air formation (trapped bubbles) by a large amount only in sample M3.1,
and slightly in samples M4.1 and M2.5. Samples M4.1 and M2.5 also had excess He
compared to the excess air curve at 26 °C, which was attributed to the production of
radiogenic He. All other samples were degassed compared to the solubility equilibrium to
various degrees: 3 samples had a slight deficit of Ne (<10%), while the remaining 4

samples lost up to 30% of the He and 40% of the Ne expected at equilibrium.
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Figure 3.9. “Total H” tracer (sum of current *H levels and estimated tritiogenic
He) plotted against the year of groundwater recharge obtained from *H/’He age,
and compared to the input of *H from precipitation. This approach to analyzing the
*H/’He ages (Ekwurzel et al., 1994) can demonstrate if a dated groundwater sample was
recharged in its entirety in a given year, provided that the sample falls on the *H input
curve from precipitation. If it falls below the input curve, it is a mixture of groundwater
with different ages; in the case of binary mixing between *H-dead (recharged >70 yr ago)
and recently recharged groundwater, the proportion of recent recharge can be estimated
and is shown as percentage by the dashed lines. The estimated input of *H from Dhaka
precipitation, and its dispersed signature in groundwater, were calculated as in Stute
(2001) and Stute et al. (2007). Grey symbols indicate samples from the shallow aquifer,
while filled and open symbols in color are from the orange sand and lower gray sand

layers of the intermediate aquifer, respectively.

139



For the ages presented in Figs. 3.8e and 3.9, the degassing loss was assumed to
have occurred at sampling, without a significant amount of fractionation between He and
Ne and their isotopes. The concentrations of He were then back corrected for the
degassed samples to the values they would have had (1) at solubility equilibrium, (2) with
a slight excess air amount as in sample M2.5, or (3) with a larger amount of excess air as
in sample M3.1. Six of the degassed samples (all except M4.5) were also assumed to
have a contribution of radiogenic He similar to that of the samples M2.5 and M4.1
because they had larger deficits of Ne than He, whereas loss due to degassing would have
favored larger deficits of He (Aeschbach-Hertig et al., 1999; Stute and Schlosser, 1999).
The *He/*He ratio in solubility equilibrium with the atmosphere (1.36x10°®), and where
necessary the ratio in the atmosphere (1.384x10°®) and in the radiogenic He (crustal 2x10"
%), were then utilized to calculate the amount of *Heyy and the *H/’He ages. In case of the
degassed samples, the average of the three corrections for degassing was reported. The
standard deviations of the three ages resulting from the back corrections (¢ corr.), as well
as the standard deviations in ages resulting from the analytical errors alone (c anal.), were
reported in Table 3.4 (Appendix); the larger of the two errors in individual samples was
used in Figs. 3.8e and 3.9.

The calculation presented above was also carried out, as a quality control, without
radiogenic He corrections in the 8 samples with probable radiogenic He contributions,
assuming either (1) the three scenarios of degassing at the time of sampling, or (2) that
degassing occurred at the time of recharge by exchange with atmosphere. The resulting
age averages and error estimates from these additional calculations are presented in Table

3.5 (Appendix).
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The apparent *H/’He ages of site M samples in 2011 (Fig. 3.8¢) ranged from 11 to
69 years. Samples from ~20 m bgl in the shallow aquifer had a constant age of roughly
30 years. In the intermediate aquifer, however, the samples collected from the orange
sand layer had younger ages than those from the deeper grey sand layer, providing further
evidence that the flow in the grey layer is less vigorous. The youngest age of ~11 years
was found in well M3.5, screened in the orange layer at the southern edge of the site, but
there was otherwise no evidence of a simple S-N flowpath along the orange sand layer at
the site, as the *H/’He age increased to ~39 years at well nest 1 (middle of the transect),
but leveled off at ~25-27 years at well nests 2 (northern end of the transect) and 4 (west
of the S-N transect). The above interpretation of *H/’He ages only holds true either if the
sampled groundwater was entirely recharged at one time point since the nuclear bomb
testing started, or if the groundwater is a binary mix of recently recharged groundwater
containing bomb-produced *H and older, pre-bomb groundwater. In the latter case, the
*H/’He ages only apply to the fraction of groundwater contributed by recent recharge.

The actual amount of mixing or dispersion in groundwater samples can be
estimated by adding the measured “H to the estimated *Heyy;, their sum acting as a “stable
’H” conservative tracer (Ekwurzel et al., 1994, Stute et al., 1997; Stute et al., 2007). The
initial input of *H from the atmosphere by precipitation was estimated for Bangladesh,
and its signal in groundwater predicted using typical rates of dispersion, by Stute (2001)
and Stute et al. (2007). The comparison of *H+Heyy estimates at site M to the
groundwater input curve (Fig. 3.9) showed that only the most recently recharged sample
at M3.5 (orange sand at southern edge of the site) fell on the input curve, and thus was

not mixed with the pre-bomb groundwater. High percentages of admixed younger
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groundwater were found in the shallow groundwater (50-70%), and in the orange sand
layer along the S-N transect (nests M1 and M2, ~50%). Lower contributions of recent
recharge were observed in the deeper grey layer of the intermediate aquifer compared to
the orange sand, and well nest 4 at both intermediate aquifer depths received less young

groundwater input than the wells along the S-N transect.

3.3.9 Aquifer testing results

Slug tests

Slug testing of individual wells on site determined the horizontal hydraulic
conductivity (Ky) in the vicinity of well screens to be ~1-7x10™ m/s in the intermediate
aquifer (Fig. 3.8f, and Table 3.3 in Appendix). No pattern in the vertical distribution of
Ky, was noted that could be correlated to the observed inflow of young groundwater in the
middle of the aquifer. Specifically, Ky in the upper intermediate aquifer was both at a
minimum value for the aquifer (well M4.4) and at a maximum (wells M1.4 and M2 .4).
The response to the slug test at well M1.4 was oscillatory, indicating a high horizontal
conductivity, and such a response curve could not be fitted by the method used for the
non-oscillating wells. In the shallow aquifer, K;, was roughly one order of magnitude
higher, as the measured value at M4.1 was 2.2x10™* m/s. The response curve in M1.1, the

well with a long screen permeating the entire shallow aquifer, was also oscillatory.

Pumping tests
Pumping in either aquifer did not induce measureable drawdown in the other (Fig.

3.10). A temporary water level increase (reverse water level fluctuation from the
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expected) was actually noted in the unpumped aquifer, noted in the literature as the
Noordbergum effect (Kim and Parizek, 1997). This can be attributed to the existence of a
compressible low-conductivity unit between the two aquifers: mechanical propagation of
the pumping stress (deformation in the compressible, soft aquitard) is faster than the
hydraulic response (drawdown) propagation in low-conductivity units (Kim and Parizek,
1997).

The observed drawdown curves in the intermediate aquifer during pumping tests
were subject to corrections for barometric fluctuations and the background seasonal
downward water level trend, discussed further in section 3.7.1 (Appendix). The early-
time segment (initial 100 minutes) of the corrected drawdown curves was used to make
estimates of the intermediate aquifer hydraulic conductivity and storativity by linear
fitting of the drawdown observed over time or distance from the pumping well (see Fig.
3.21 in Appendix for examples), resulting in estimates on the order of ~1x10™* m/s for the
horizontal hydraulic conductivity and ~6x10™ for storativity (Table 3.6 in Appendix).
Because these methods assume a laterally extensive, homogeneous, confined aquifer,
only early time points were used for the estimates, as the observed drawdown at later
time points was significantly less than that expected from the classical Theis drawdown
(Theis, 1935) of a confined aquifer (see Fig. 22 in Appendix for an example of drawdown
at M1.5 with analytical fits). The drawdown might have been reduced due to a laterally
uniform leakage through the confining unit such as the thick clay layer at site M. If so,
the analytical solution by Hantush-Jacob for a leaky confined aquifer (Hantush and
Jacob, 1954) would estimate the vertical hydraulic conductivity of the clay layer to be on

the order of ~1-2x107 m/s (example of analytical solutions in Fig. 22). However, an
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alternative explanation of the early stabilization of drawdown in the intermediate aquifer
is that it is in direct contact with the shallow aquifer at some lateral distance, as observed

in the vicinity of site T where the thick clay layer is absent.
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Figure 3.10. Hydraulic head response in select monitoring wells during pumping
tests performed by pumping (a) from the shallow aquifer, PW A; and (b) from the

intermediate aquifer, PW B. Arrows indicate the time pumps went on (green) or off
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(red) in the pumped aquifer. Portions of the drawdown curves within blue squares are
enlarged to demonstrate the Noordbergum effect (Kim and Parizek, 1997) — hydraulic
head jump in the non-pumped aquifer — when the pump goes on in the other aquifer. Note
the lack of other impacts on intermediate aquifer water levels when pumping from the
shallow aquifer, and vice versa. All hydraulic heads were corrected for barometric

pressure fluctuations and the seasonal water level trend.

Numerical models in MODFLOW (described in Appendix sections 3.7.2 and
3.7.3), taking into account the shallow aquifer, the clay layer, and the intermediate
aquifer, showed that the high value of clay vertical conductivity (107 m/s range), causing
a uniformly distributed leakage through the clay, is unrealistic because the hydraulic
heads of the shallow and intermediate aquifer would equalize over time. Another
conceptual approach to the model, where lower clay conductivity was set (10° m/s), but
the thick clay layer was absent near site T, resulted in the shallow and intermediate
aquifer water levels close to those observed both in steady state and during the pumping
tests. This argues further for the lateral recharge at site M, and confirmed the K; and S of

the intermediate aquifer to be in the range of ~1x10™ m/s and 6x10, respectively.
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3.4 Discussion

3.4.1 Aquifer sediment age and stratigraphic setting

The two aquifers at site M, shallow and intermediate, are made up of distinct
sediments deposited at different times, as evidenced by their bulk chemistry, radiocarbon,
and carbon isotopic data (Figs. 3.2 and 3.3; Fig. 3.14 and Table 3.1 in Appendix). The
similarity of elemental compositions in all layers of the intermediate aquifer sands, and
their depleted signature when compared to the shallow aquifer, argued that they had the
same depositional history despite the variations in color and redox status. A similar trend
towards lower total content of Ca, Fe, K, and Mn was observed for gray and orange
Pleistocene sands in West Bengal by McArthur et al. (2008) and in Vietnam by van Geen
et al. (2013), and attributed to the intense leaching of the sediment under steeper
horizontal hydraulic gradients in the Pleistocene sea level lowstand. Radiocarbon data
from the clay layers above, within, and below the intermediate aquifer constrained its
deposition age to >8.5 ka BP and <36 ka BP, consistent with a late Pleistocene age. The
age limit of 8.5 ka BP is quite robust, as the observed '“C age of the overlying silty clay
layer was highly consistent between the buried plant material (leaf /wood fragments) and
total (bulk) organic carbon in the clay. Contrary to another report from the area (Zheng et
al., 2005), sedimentary organic C measured at this depth was not affected by the addition
of older C from upstream terrestrial OC pools at the time of deposition. However,
radiocarbon ages of bulk sedimentary organic carbon from deeper clay lenses (~17-36 ka
BP beneath the aquifer, and ~12 ka BP at ~50 m bgl in the upper gray layer) do provide

an upper limit on intermediate aquifer sediment age, given the possibility that older
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terrestrial OC might have affected the dating (Eglinton et al., 1997). The "*C signatures of
TOC samples from these clay layers, progressively enriched from -20%o. below the
aquifer to -15%o in the upper gray layer, agreed nicely nevertheless with the developing
aridity during late Pleistocene, and the resulting dominance of C4 plants (e.g. grasses),
observed in records elsewhere in the basin (Sarkar et al., 2009). Above the intermediate
aquifer, the sudden change in °C fingerprint to -28 to -30%o in the Holocene silty clay
marked a clear signal of climatic shift.

The age of the thick clay layer (8.5 ka BP) and its bottom depth of 40-45 m bgl
aligned well with the observed basin-wide onset of rapid accumulation of Holocene
sediment: 40-50 m thick sequence of Holocene sediment was deposited across Bengal
Basin during the second stage of rapid global sea level rise (11-7 ka BP; SL rise defined
by Fairbanks (1989)). Transgression of coastlines towards the interior of the basin at ~11-
9 ka BP was accompanied by monsoon intensification, resulting in stronger river flows,
rapid Himalayan weathering, and massive sediment transport that peaked at ~8.5 ka BP
in eastern Bengal delta and quickly filled in the space created by rising sea levels
(Goodbred and Kuehl, 2000a, b; McArthur et al., 2008; Sarkar et al., 2009). At that time,
peat and clay layers rich in organic matter, such as the one observed at our site (Fig. 3.3
and Table 3.1), were deposited and C3 plants adjusted to a wetter climate, mangroves in
particular, dominated the vegetation, leaving behind the observed ">C imprint of -25% to
-30%0 (McArthur et al., 2008; Sarkar et al., 2009). The sedimentation rate between 17 and
5 ka BP was rather constant at our site, but given the '*C and °C signatures that match

well with the above studies, it is reasonable to consider the bottom of the thick clay layer
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to be the lowest stratum of the Holocene sequence, underlain by the Pleistocene

intermediate aquifer.

3.4.2 Hydrogeology at the site

The stratigraphic setting present at site M was interrupted at site T, ~300 m south
of well nest M1, where the thick Holocene clay layer was absent, perhaps scoured by a
small version of paleochannels like those found in the West Bengal studies (McArthur et
al., 2010; McArthur et al., 2011; McArthur et al., 2008). The shallow aquifer extends
deeper at site T and is laterally juxtaposed to the intermediate aquifer at M, allowing for a
direct flowpath from the shallow to the intermediate aquifer without an obstruction by the
clay layer. This “recharge window” of the intermediate aquifer, coupled to the increasing
downward hydraulic gradient across the thick Holocene clay layer, dominated the
groundwater flow patterns at site M, as conceptualized in Fig. 3.11. Presumably, there is
a natural background balance achieved between the lateral flow in the intermediate
aquifer, the vertical leakage through the clayey units, and the concentration of
contaminants in the leakage, defining overall contaminant flux and concentrations; this
balance may be altered by a local increase in pumpage from the transmissive orange sand
beneath the clay layer or a regional increase in pumping from equivalent or greater

depths.

148



Site M Site T

N S

Figure 3.11. Conceptual model of flow from south to north between sites T and M.
Representation of lithology beneath sites M and T is accurate; the rest is interpolated.
Vertical exaggeration is x3.5. The arrows show predominant water flow patterns and
their size/length corresponds to the velocity of flow. The inflow of *H-rich groundwater
from site T area is postulated, as is the leakage of DOC, Na, Cl, Fe, and As from the clay

layers.

The lower and temporally declining hydraulic heads are maintained in the
intermediate aquifer wherever there is a low-conductivity unit capable of sustaining a

vertical hydraulic gradient, such as at site M. However, where the clay aquitard pinches
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out, like at site T, the hydraulic head at 53 m bgl was high and characteristic of the
shallow aquifer (Figs. 3.6, 3.7a, and 3.8a). As the distance from the recharge window and
away from the clay edge increases, as across the S-N transect at site M, so does the
downward vertical hydraulic gradient across the clay, and the heads in intermediate
aquifer decrease. The observed constant horizontal hydraulic gradient (Fig. 3.16 in
Appendix) of ~3-4x107 from the bottom of the shallow aquifer at site T to the northern
end of site M, along the middle of the intermediate aquifer, provided a nice illustration of
this principle and the MODLOW model with a discontinuity in the clay layer also seemed
in agreement with the observations of general head patterns (Appendix 3.7.2). The flow is
not necessarily aligned in the S-N direction, as the horizontal gradient is poorly
constrained in the E-W direction due to the lack of monitoring wells along that axis. It is
not clear as yet whether the downward hydraulic gradients from shallow to intermediate
aquifers in the area are a regional feature driven by diffuse and distant pumping at greater
depths, including large-scale withdrawals ~25 km west for Dhaka municipal supplies
(Hoque et al., 2007), or if they occur due to local pumping from the intermediate and
deep aquifers that has yet to be identified.

Another confirmation of both a degree of hydraulic separation between the
shallow and intermediate aquifers provided by the clay, and of their connection at the
recharge window, came from the observations made during pumping tests (Fig. 3.10) and
over the long-term monitoring with pressure transducers (Fig. 3.7). Pumping from either
aquifer did not induce a clear response in the other, besides the instantaneous reverse
hydraulic signal called the “Noordbergum effect”, indicating that the clay layer is

compressible, but does provide a good amount of hydraulic barrier to flow between the
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aquifers. The drawdown observed when pumping the intermediate aquifer, however,
flattened out too soon for a confined aquifer (Fig. 3.22 in Appendix), and the
MODFLOW model confirmed that such a feature could be explained by a connection to
the shallow aquifer near site T (Figs 3.24 and 3.25 in Appendix). In terms of the long-
term fluctuations recorded by pressure transducers (Fig. 3.7a), the two aquifers respond
very similarly to the external forcing on a range of time scales, thus they must be
connected to a degree. The daily fluctuations induced by shallow irrigation pumping,
visible in dry season as noisier hydrographs (Fig. 3.7b), show a clear impact of the
shallow zone pressure changes, but also illustrate that this impact is lesser in the
intermediate aquifer with thicker confining clay and further away from a discontinuity in
clay layer, such as at site M compared to site T.

In spite of the persistent horizontal hydraulic gradient in the intermediate aquifer,
the actual groundwater flow pattern is not a simple and uniform flow from south to north,
as evidenced by the variable *H/’He ages along the S-N transect (Figs. 3.8¢ and 3.9).
Non-uniform spatial recharge and variable length flowpaths are implied by the patchy
tracer distribution. Nevertheless, the *H/°He groundwater dating technique demonstrated
that groundwater in the orange sand at southern edge of site M (M3.5) was the youngest
(10.6 years) and entirely made up of recent recharge (Figs. 3.8e and 3.9). Given the
distance and the horizontal hydraulic gradient between site T and M3 of 273 m and
3.2x107, respectively, and assuming a porosity of 0.3, the hydraulic conductivity of the
intermediate aquifer calculated from the *H/°He age is 7.7x10™ m/s. The true horizontal
hydraulic conductivity is probably higher and the horizontal flow faster than estimated

above, given that the recently recharged groundwater at site T would first need to flow
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downward, which is a slower processes, before it can continue laterally towards site M.
This estimate, nonetheless, falls between the lower range of conductivities estimated at
individual wells by point-specific slug tests (1-7x10” m/s, Fig. 3.8f) and the higher,
spatially-integrated, and more representative conductivities estimated from the pumping
tests (~1x10™* m/s, Table 3.6 in Appendix), also employed in the corresponding
MODFLOW models (Table 3.7 in Appendix). It is plausible, therefore, that the recent
recharge at site M was sourced somewhere near site T, where the highest *H levels were
observed in the very shallow aquifer, but more complex flowpaths originating from
various other locations cannot be excluded. The two deepest wells at site T, located
within a distance of <5 m from the thin Pleistocene clay layer, were probably not directly
upstream from site M in terms of the actual inflow of groundwater, judging by their
relatively modest *H levels, and are likely affected by the clay layer, given also the high
Cl contents, and a moderate amount of DOC in T3.

In order to establish a complete hydrologic picture of the intermediate aquifer, we
must also examine the flow balance for the whole system, including the flows between
the shallow and the intermediate aquifers, as well as the recharge/discharge balance for
the shallow aquifer. Although the shallow groundwater mostly enters the intermediate
aquifer by lateral inflow in the areas of contact between the two aquifers where the
confining clay layers are absent, the overall flow from the shallow to intermediate aquifer
must also have a vertical component. A spatially averaged vertical hydraulic conductivity
within the zone of influence of the pumping tests, including both the clay layers and the
sandy “recharge windows” where the clay is missing, was obtained by fitting the leaky

aquifer Hantush-Jacob solution to the pumping test drawdown curves (Fig. 22 in
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Appendix). Using a representative vertical conductivity thus obtained of 1x10” m/s, and
assuming a downward hydraulic gradient of 1 m across a distance of 10 m, as
encountered at the site, the calculated recharge of the intermediate aquifer from the
shallow aquifer is 0.32 m/yr (Darcy velocity).

The amount of downward flow from the shallow aquifer or “leakage” calculated
above is within the range of shallow aquifer recharge and discharge fluxes (~0.75 m/yr
total) estimated by a detailed hydrological model in nearby Munshiganj by Harvey et al.
(2006), although their model did not include any water flow from the shallow aquifer to
deeper zones. The balance between precipitation and evapotranspiration at their site,
which is probably similar to ours, leaves a precipitation surplus of ~0.6-0.7 m/yr that
could recharge the shallow aquifer. Our site has no major streams and few ponds, so a
large portion of the 0.6-0.7 m/yr surplus can be split between irrigating the fields (0.45
m/yr at the site of Harvey et al., 2006; 0.21 m/yr used in the basin models by Michael and
Voss, 2008) and recharging the intermediate aquifer. Finally, our intermediate aquifer
recharge rate of 0.32 m/yr is also consistent with a vertical one-dimensional back-of-the-
envelope calculation of the groundwater residence time: assuming an aquifer thickness of
30 m and a porosity of 0.3, the residence time of groundwater is 28.5 yr (30 m x 0.3 /
0.32 m/yr), which compares closely to the *H/’He ages of groundwater from the orange
sand layer of the intermediate aquifer (11-39 yr, 25.5 yr average; Table 3.4).

Within the intermediate aquifer, the horizontal flow is not equally distributed in
all the layers. Instead, most flow occurrs in the orange sand layer, a little less along the
lower grey sand unit, and the least along the upper grey sand of the intermediate aquifer.

This was implied by younger *H/°He ages and higher percentages of recently recharged
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groundwater (traced by *H+"Heyy, Fig. 3.9) in the orange sand than in the deeper grey,
and the lack of detectable *H in the upper grey sand (Fig. 3.8d). The horizontal hydraulic
gradient along the upper intermediate aquifer was also a little less pronounced (Figs. 3.6
and 3.8a). The stable isotopic signature also confirmed this flow pattern, as the
intermediate aquifer samples from the orange and deeper grey layers formed a spread of
values varying between the heavier °H and 8'°0 observed in the shallow aquifer (M and
T) and the more depleted values in the intermediate aquifer’s upper grey layer. The latter
might reflect the stable isotopic signature of the intermediate aquifer prior to the intrusion
of recent recharge because the thick Holocene clay had similarly depleted values (Fig.
3.8bc).

The reasons for less vigorous groundwater flow and less flushing of the upper
intermediate aquifer, and to a lesser extent, also of the lower grey sand layer, cannot be
found in a difference in the hydraulic conductivity of the grey and orange sand, as slug
tests did not show such evidence (Fig. 3.8f), and the grain sizes observed while drilling
were not remarkably different. Therefore, the more likely explanation of the slower flow
along the upper and lower layer of the aquifer would be the effect of flow hindrance by
the undulating clay layers that delimit the intermediate aquifer. Both the overlying
Holocene and the underlying Pleistocene clay layers appear at quite a variable range of
elevation-corrected depths even on such a small spatial scale as at site M (Figs. 3.2 and
3.11), thus the combined effect of such flow obstructions could be key to the lesser
inflow of recent recharge. In addition to that, the downward gradient across the thick
Holocene clay layer must allow for some groundwater leaking vertically through the clay

layer, thus further dispersing the lateral inflows at this depth. The downward vertical
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gradient also continues within the intermediate aquifer (this is clear from the yearly
average water levels in Fig. 3.8a), which has the effect of displacing the horizontal flow
lines of groundwater towards deeper parts of the aquifer. If the clay leakance component
is small, the displacement, dispersion, and dilution of the lateral flow will not be great

except at the clay/sand interface.

3.4.3 Impact of clay layers and recent recharge on aquifer redox status and
radiocarbon ages of DIC and DOC

Based on the consistent stratigraphy at site M and the separation of Holocene and
Pleistocene aquifers by a clay layer aquitard, the intermediate aquifer would be expected
to contain older, low-As groundwater with a constant chemical signature different from
that of the shallow aquifer. However, a lack of the thick confining layer further south at
site T, the observed failures of community wells, and the variable redox status of the
intermediate aquifer sediments, provided an indication that the groundwater chemistry of
the aquifer might be much more complex.

The most rapidly flushed layer of the intermediate aquifer coincided with the
depth of the least reducing sediment and groundwater. The orange sand has the lowest
percentage of Fe(Il) in the acid-leachable iron fraction (Fig. 3.3d), while groundwater in
this layer contains dissolved Fe and As minima (Fig. 3.4). At the same time, Mn peaked
at this depth, and there was detectable SO, (Fig. 3.15 in Appendix), thus the low-As
orange layer of the intermediate aquifer was poised at Mn reduction, but anoxia did not
go as far as Fe and SO4 reduction. Similar correlations between the Mn peak and low As

were also observed at other sites (Berg et al., 2008; McArthur et al., 2010; McArthur et
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al., 2008). Groundwater composition in the deeper grey sand layer of the intermediate
aquifer did not differ much from that in the orange sand, except in the deepest well of
well nest 4 where high Fe and Na, as well as low Ca, typical of the upper grey layer, were
observed. This “reversal” of chemistry at the bottom of the aquifer, however, occurred at
the nest with the least amount of recent recharge outside of the upper grey sand zone
(Figs. 3.8d and 3.9), and fairly close to the basal clay layer from which the DOC and Na
could be leaching. Otherwise, like with the groundwater composition, chemical
differences between the orange and the lower grey sand are minimal, as they exhibited a
very slight difference in the amount of acid-leachable Fe(Il)/Fe (Fig. 3.3d). The observed
similarity between the labile Fe redox status of these sands indicated that they are in a
delicate balance and could easily change their color, and more importantly, their sorptive
capacity dependent on the Fe mineralogy.

Unlike the studies that linked increasing anoxia and As concentrations to the
intrusion of shallow groundwater into the Pleistocene aquifers (Berg et al., 2008;
McArthur et al., 2010; McArthur et al., 2008; van Geen et al., 2013) or the Holocene
aquifers (Harvey et al., 2002; Neumann et al., 2010; Polizzotto et al., 2008), our study
found that the incursion of recently recharged groundwater did not cause elevated As
levels, and might in fact protect the middle of the intermediate aquifer by hydrodynamic
shear, and dilution, dispersion, and diversion of the contaminated groundwater seeping
from the clay layers at upper and lower limits of the aquifer. The abovementioned studies
found that recent recharge exacerbated the anoxia because it contained high levels of
dissolved organics coming from sources like ponds, latrines/human waste, fresh biomass,

Holocene sediment OC, peat layers etc. At site M, however, there was no evidence of
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increased transport or consumption of DOC along the horizontal flow lines, as DOC
levels were modest in the orange sand layer (Fig. 3.41). The shallow aquifer at site T, the
possible source area of recharge, contained equally low amounts of DOC (Table 3.2 in
Appendix) and only a modest As concentration at 21 m bgl of ~75 pg/L, compared to
nearly 300 pg/L As at the same depth in the shallow aquifer at site M. Site T might, in
fact, be one of the locations that benefit from large rates of flushing by groundwater flow,
keeping the concentrations of As at bay (Berg et al., 2008; McArthur et al., 2010; Stute et
al., 2007; van Geen et al., 2008). The high concentrations of SO4 and Cl in the shallow
aquifer at T (Table 3.2), coupled to very little clay capping at the surface (Fig. 3.2), lend
further support to the rapid flushing and inflow of surface recharge at site T, but without
causing large inputs of DOC, perhaps due to relatively few houses and ponds in the area
(Fig. 3.1b).

The transport of surface-derived DOC and its arrival to the orange sand at Site M
might, of course, be delayed by its adsorption to aquifer sediment (Mailloux et al., 2013),
but the radiocarbon data in DOC and DIC cannot be used to prove such a scenario (Fig.
3.5a). The amounts of '*C in DOC and DIC in the middle layers of the intermediate
aquifer, already shown to be in contact with recharge from the surface, are not any
different from the DOC and DIC "*C in the shallowest wells at site T much closer to the
surface (10 and 21 m bgl). Moreover, a DOC sample with an entirely modern “C
signature was retrieved from well M4.6, arguing that recently recharged DOC can reach
site M wells. As is the case with *H and *Heyy, the observed radiocarbon signatures of
DOC and DIC in the orange and deeper grey sand of the intermediate aquifer are likely

mixtures of bomb-produced, modern '*C transported from the surface and the older '*C
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from the pre-existing groundwater pool recharged before the onset of large downward
hydraulic gradients and the ensuing penetration of younger groundwater. It is also
possible that the younger, more reactive pool of DOC is immediately scavenged by
microbial activity, leaving the more recalcitrant fraction of DOC behind and obscuring
the relationship of DOC to recent recharge (Harvey et al., 2002). In support of that, '“C
was slightly younger in DIC than in DOC for most samples, perhaps reflecting the
preference of microbial metabolism for younger OC pool or a greater subsurface mobility
of DIC, or both, but the question of DOC influx to the intermediate aquifer might be
settled by the studies of '*C in microbial DNA, and microbial population and genetic
diversity (Mailloux et al., 2013).

In the upper gray sand of the intermediate aquifer, the radiocarbon content of both
DOC and DIC was remarkably lower than in the deeper parts of the aquifer. This
observation could be explained either by the lack of inflow of younger, surface-derived C
pools, or by the leakage of the old clay-derived DOC and DIC from the overlying early
Holocene clay, or both. As this zone of the intermediate aquifer had the highest measured
DOC concentrations (second only to those in the clay pore water, Fig. 3.41), and a well-
advanced anoxia with high levels of As, Fe, P, and NHj (Fig. 3.4abcd), contributions of
DOC from the clay are likely and would help explain the local reducing environment.
Microbially mediated oxidation of DOC coupled to reduction of Fe oxyhydroxides
produces NH3 and CO, as byproducts, explaining the NH; and DIC maxima at this depth
(Fig. 3.4d and 3.15f). The correlation of high NHj to elevated As concentrations has been

used as an indicator of advanced reduction of Fe oxyhydroxides (Berg et al., 2008;
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Postma et al., 2007), which dissolves and rearranges Fe oxide phases and can release
adsorbed As and PO, to groundwater (McArthur et al., 2001; Nickson et al., 2000).

In addition, °C signature of the DOC in upper intermediate aquifer (Fig. 5b)
matches precisely the ">C of clay TOC and organic materials (leaves etc.) retrieved from
the bottom of the thick, sticky Holocene clay (Fig. 3.3f). The extremely enriched °C DIC
record (shifted towards more positive values) at this depth is likely a result of
methanogenesis operating amid the advanced reduction (Eh values were also quite
negative, Table 3.2 in Appendix), and was matched by a similar observation in the
shallow aquifer sample (M4.1). Although methane was not explicitly measured, the
methanogenesis metabolism preferably consumes '°C, so the DIC left behind is enriched
in °C, and this process has been linked to high As in groundwater (Harvey et al., 2002).
The older '*C and more enriched °C in DIC of upper gray intermediate aquifer are
unlikely to have been produced by carbonate dissolution, given the minimum
concentration of dissolved Ca at this depth (Fig. 3.4f) and the observation that no
sedimentary inorganic C could be measured (<0.01 wt%). In addition, the existence of
old DOC pool that retained reactivity and could be mineralized to DIC (Fig. 3.4j),
potentially oozing from the clay along with old DIC, provided a simpler explanation for
the observed low radiocarbon and enriched C isotopic signatures in DIC at that depth
(Aravena et al., 1995; Wassenaar et al., 1990).

Besides the similarity of trace elemental contents (high Fe, As, and P; low Mn)
and isotopic signatures of C species and water molecules in the upper grey sands of the
intermediate aquifer and in the pore water of thick Holocene clay, there were also other

lines of evidence that indicated the contamination might be coming from the low-
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permeability units. Less reactive elements, such as Na and Cl, were elevated in the clay
pore water and also in the aquifer layer directly beneath it. In the deeper grey layer of
well nest 4 (M4.6a), Na and Fe, but not the more mobile Cl, were also higher and might
be a result of the contact with the Pleistocene clays. The evidence of seepage through the
clay layer, aided by the downward gradients, was found within the clay layer itself also.
There appeared to be a moving front of fresher and younger pore water in the upper part
of the clay layer, as pore water Na and CI increased with depth within the clay unit and
the DOC contained a greater fraction of modern '*C compared to the surrounding
sediment, resulting in younger '*C age by ~2-4 kyr (Figs. 3.3¢, 3.4gh and 3.5a; Tables 3.1
and 3.3 in Appendix). The high Na and CI in the mid-to-lower part of the thick clay layer
could be a remainder of relic seawater (Appelo and Postma, 2005; Szabo et al., 2006),

flushing of which was delayed prior to the onset of higher downward hydraulic gradients.

3.4.4 Modes of clay pore water delivery to the aquifer

The models in MODFLOW (Appendix 3.7.2-3) constrained the overall vertical
conductivity of the thick clay layer to <10® m/s in order to explain the maintained water
level difference of ~1 m between the shallow and intermediate aquifers. Assuming a clay
thickness of 10 m and a porosity of 0.3, this vertical conductivity would result in a
modest vertical advective velocity of ~1 cm/yr, similar to earlier estimates of Zheng et al.
(2005) at nearby site B. That low amount of uniform downward leakage may not be
great, but if contaminant concentrations are high and the hydraulic gradients are constant
or increasing, as is the case in our field area (Fig. 3.13 in Appendix), the relative and

absolute flux is still important (Chen et al., 2005). Besides the uniform vertical leakage
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along the downward hydraulic gradient, there are also other ways to disperse the contents
of clay pore waters. The fact that the bottom depth of the clay layer undulates
considerably even within the 5 litholog locations on the scale of ~200 m (Figs. 3.2 and
3.11) means that the surface of contact between the aquifer and the aquitard is large and
spread out over many different depths. The organics and As 0ozing from the clays can be
transported across this surface along diffusive gradients at various depths, and then
dispersed by horizontal flow within a large section of the upper grey layer.

Furthermore, the downward vertical gradient within the intermediate aquifer
focuses downward both the clay seepage and the more rapid lateral recharge occurring
beneath it in the orange sand layer. Such gradients also partly explain why the impact of
the overlying, Holocene clay layer is larger on the aquifer chemistry than that of the
underlying Pleistocene clay; the underlying units would likely be an important source of
leakage and solutes if hydraulic gradients were upwards (Szabo et al., 1997), but the
downward hydraulic gradient continues at greater depths at our site. The Pleistocene clay
also has less impact compared to the Holocene clay because its pore water contains less
DOC, Fe, As, P, Na, and CI (Fig. 3.4abcgh), and lower levels of total Fe and OC are
present in the sediment (Fig. 3.3e, and Fig. 3.14a in Appendix), perhaps heavily leached
in a period of extensive recharge at the end of Last Glacial Maximum.

Another way to increase the delivery of clay pore waters to the aquifer includes
the squeezing of the clay due to subsidence, recently linked to the widespread As
contamination of the Pleistocene aquifer in the Mekong Delta (Erban et al., 2013), where
the land subsidence due to deep aquifer pumping can reach up to 3 cm/yr in places. Near

Dhaka, land subsidence can reach up to 1.2 cm/yr (Steckler et al., 2010), thus it could
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have an impact on the availability of labile organics in local aquifers. Moreover, as the
observed Noordbergum effect when turning irrigation pumps on and off (Fig. 3.10) has
been linked to the rapid deformations of the low-permeability unit skeleton (Kim and
Parizek, 1997), it means that the clay present on site is squeezable and might deliver a
pulse of organics and/or Fe and As every time farmers irrigate in the vicinity, as they did
during our pumping tests. The irrigation at our site takes place at shallow depths, but the
Noordbergum effect operates when either aquifer, below or above the compressible low-
conductivity unit, is pumped (Fig. 3.10). The barometric efficiency estimate of 0.1 for the
intermediate aquifer (Appendix 3.7.1) also indicates a highly compressible confining
unit, as 90% of the atmospheric pressure changes are transmitted to the aquifer, and
additional measurement may allow for a degree of vulnerability assessment (Hussein et
al., 2013). McMahon and Chapelle (1991b) showed that DOC fermentation outpaces
DOC respiration in low-permeability units, resulting in the accumulation of simple
organic acids in clay layers; when this DOC reaches aquifer sediments, it gets readily
respired and fuels the reduction of Fe and/or SO4, or methanogenesis (McMahon and
Chapelle, 1991a; McMahon et al., 1992). In Southeast Asia, such seeping of DOC from
clay/peat OM has been proposed in a Plesitocene aquifer of the Red River delta and in a
shallow, Holocene aquifer in West Bengal, India (Berg et al., 2008; McArthur et al.,
2004), transporting along Fe, As, and PO,, and helping release more by reducing iron

oxyhydroxides (FeOOH) present in the aquifer sands.
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3.4.5 Estimates of clay pore water mixing in groundwater and redox mass balances
impacting groundwater contaminants

In order to constrain the amount of reduction occurring in the upper horizon of the
intermediate aquifer, which contains a maximum in Na and CI concentrations within the
intermediate aquifer, Na and Cl from all groundwater samples and from the mid-clay-
layer pore water were plotted together on a binary plot (Fig. 3.12a) and the contributions
of different endmembers assessed. Chloride can be used as an inert tracer because it does
not participate in redox reactions, its uptake by biota is small relative to its
concentrations, and it sorbs minimally to negatively charged sand and clay surfaces at
circumneutral pH. The arrival of high As groundwater to a deep pumping well was, for
example, traced to a peak in Cl in West Bengal (Mukherjee et al., 2011). Sodium, on the
other hand, can participate in cation exchange reactions on sediment surfaces, but it sorbs
much less than the divalent Ca or Mg ions, or K ion with the much smaller hydrated
radius (Kielland, 1937). The average of samples in the upper intermediate aquifer fell
~1/3 of the distance along the mixing line from deeper groundwater to the clay pore
water. That implied the groundwater in upper, grey layer of the intermediate aquifer
contained ~1/3 clay pore water from above, and ~2/3 groundwater flowing horizontally
within the aquifer. Based on that mixing ratio, additional releases of Fe, PO4, and some
As must occur when the advected DOC is coupled to dissimilatory iron reduction in order

to match their concentrations within the upper intermediate aquifer.
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Figure 3.12. Binary mixing plots of (a) Na and (b) dissolved organic carbon (DOC)
plotted against the conservative anion, Cl. Groundwater was grouped into “shallow”
(shallow aquifer), “interm. below clay” (from the reduced upper grey layer of the
intermediate aquifer) and “intermediate” (below the reduced zone, orange and deeper
grey layer of the intermediate aquifer). Average compositions of each group of

groundwater and that of the clay pore water are shown as larger and bolder-color

164



symbols. The grey line represents a mixing line, connecting averages of two endmember
compositions: clay pore water and intermediate groundwater; groundwater composition
falling along or near the line represents a mixture of the two endmembers. Shallow
groundwater from site M has a similar DOC, Na, and Cl composition to the

“intermediate”.

The amount of DOC available for the reduction processes can also be obtained by
the binary mixing plot with CI (Fig. 3.12b). The average of upper intermediate aquifer
samples (0.37 mM) fell below the mixing line because DOC was depleted relative to the
expected 0.71 mM if 1/3 of the mixture came from the clay pore water. The difference
(0.34 mM) suggested the amount of DOC that reacted and was consumed, per pore
volume (PV), in resident reduction processes of the upper intermediate aquifer, such as
Fe and SO, reduction and methanogenesis. Adding to that the ~15% of unconsumed
DOC that retained reactivity (Fig. 3.4j) in the upper interm. aquifer, we obtain ~0.4 mM
of DOC per PV available for reduction processes. Assuming a ratio of 4 moles of Fe
reduced by 1 mole of DOC (Postma et al., 2007), up to 1.6 mM (or ~90 mg/L) of Fe
could be released into the groundwater via reduction of sediment by 1 PV of flow,
assuming 100% of the reduced Fe is released to the dissolved phase. Although much of
the reduced Fe can be incorporated into rearranged Fe mineral phases instead, such as
magnetite (Horneman et al., 2004; van Geen et al., 2004), or mixed-layer “green” rust ,
the quantity of reductants present is sufficient for the observed maximum of 10 mg/L Fe

below the clay.
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Dissolved arsenic observed in the upper intermediate aquifer could be a product
of As release when FeOOH was reduced to the point at which little As resorption to
mixed Fe phases occurs (McArthur et al., 2008). However, given a high degree of
decoupling in Fe and As release from sediment (Dhar et al., 2011; Horneman et al., 2004;
Tufano and Fendorf, 2008; Tufano et al., 2008; van Geen et al., 2004), and the modest
concentrations (18-54 ng/L As, except a well in nest 1 with ~250 pg/L, Fig. 3.4a), it is
hard to resolve whether As came from the reduction occurring in upper parts of the
aquifer or was transported from the overlying clay and met by minimal sorption to
reduced Fe phases in the aquifer. Another process that might exert control over As
release in the upper intermediate aquifer could be SO4reduction: the 1-2 mg/L SOy, (i.e.
0.01-0.02 mM, based on the mixing ratio) likely contributed by the clay pore water
seepage into the upper intermediate aquifer must be reduced in that layer, as no SO4 was
detected there (Fig. 3.15¢). That would require 0.02-0.04 mM DOC, assuming again that
DOC can give off 4 electrons to reduce S from +6 to -2 oxidation state. Sulfate reduction,
therefore, consumes a relatively small proportion of the available DOC, but could exert
some control over the pM-range dissolved As concentrations by precipitating As in Fe-
As-sulfides (Buschmann and Berg, 2009) or promoting Fe mineral rearrangements that
favor the sequestration of As (Saalfield and Bostick, 2009).

The arrival and additional release of As and other reduction products in upper
portion of the intermediate aquifer due to the large surface area contact with Holocene
clays, combined with less vigorous flushing of the layer, resulted in accumulation of As
in this part of the aquifer. When the failed community well was pumped, increasing

vertical flow velocities and/or opening up the preferential flow paths, dissolved As could
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migrate freely and relatively fast within the sandy aquifer without hindrance by additional
confining layers. Such a scenario was likely responsible for the documented failures of
community well 12 at our site; once the well was abandoned and the pumping had
ceased, the encroaching As within deeper layers of the intermediate aquifer was resorbed
to the still-orange sediment. An equivalent scenario was observed by McArthur et al.
(2010) in a well installed in Pleistocene sands in direct contact (no clay separation) with
high-As aquifer above: As increased while well was hand-pumped by villagers, but fell

back to previous levels <1 year upon the cessation of pumping.

3.4.6 Significance and implications

This is the first time to the authors’ knowledge that a low-As Pleistocene aquifer
in the Bengal Basin was shown to be possibly contaminated by the seepage of organic C,
As and other reduction products from a confining unit. It offers, thus, a novel perspective
that the low-conductivity units can also add to the contamination owing to their pore
water chemistry, as recently proposed by Erban et al. (2013) based on a large-scale
survey in the Mekong delta, and therefore, their presence is not always singularly
beneficial, as considered in the hydrological models of vertical transport of As by
Michael and Voss (2008, 2009b). Although the confining unit in our study isolates the
underlying aquifer from direct vertical incursions of the shallow groundwater and
electron donors, as did the Pleistocene, orange colored paleosol in the studies by
McArthur et al. (2010; 2011; 2008), the clay was dated to early Holocene at our site, and

DOC accumulated in its pore water is drawn down along the increasingly downward
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hydraulic gradient and squeezed by pressure pulses from large scale pumping to set off
and/or exacerbate reduction in the Late Pleistocene aquifer.

Furthermore, because the reactive DOC leached from a clay layer whose bulk
organic radiocarbon age precisely matched that of the buried plant material (~8.5 ka BP),
the contribution of young OM coming from the surface by way of shallow irrigation
and/or recharge from freshly excavated ponds (Harvey et al., 2002; Neumann et al., 2010;
Polizzotto et al., 2008) could be excluded. Thus, we provided additional evidence that
organic matter buried in, and co-deposited with, Holocene sediments can retain a great
amount of reactivity, fueling the sediment reduction and As contamination in previously
low-As aquifers. Concurrently, we showed that recent recharge from the surface does not
necessarily contaminate the aquifer. The nature of organic matter and chemical
composition of the infiltrating shallow groundwater will affect the result such recharge
has on As release or retention (Neumann et al., 2010; Rowland et al., 2006). If it contains
low amounts of reactive DOC and/or high levels of oxidants such as SOj, like shallow
groundwater at the likely location of recharge in our study does, it could help maintain
the vulnerable intermediate-depth aquifer low in As.

The above findings point to the need for re-evaluating the vulnerability of low-As
aquifers that reduce the exposure of population to As in drinking and cooking water.
Whereas well installations in the intermediate-depth low-As aquifers (35-150 m bgl)
might be cheaper to install because they usually only require the traditional “hand
flapper” or “sludger” method, these aquifers may be more vulnerable to As
contamination than previously presumed. The increasing usage of deep wells is only

likely to further magnify the downward vertical hydraulic gradients, drawing down more
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contaminants from leaky clay units and causing a more rapid recharge adjacent to patchy
low-permeability layers by shallow groundwater of either beneficial or detrimental
compositions (like witnessed near public supply wells in the U.S., e.g. Ayotte et al.,
2011; Landon et al., 2008). Certainly, the vertical anisotropy of aggregated smaller clay
and silt layers can delay the migration of contaminated groundwater (Burgess et al.,
2010; Michael and Voss, 2009a, b), and so can the geochemical properties of the
sediment that result in the adsorption and retardation of As plume (Burgess et al., 2010;
Radloff et al., 2011; Robinson et al., 2011; Stollenwerk et al., 2007). However, as the
aforementioned studies also argued, local evaluation of heads and aquifer properties
especially including leakance (Hussein et al., 2013) in vulnerable areas is vital, as is the
groundwater quality monitoring in areas where intermediate-depth wells are used for
water supply (Dhar et al., 2008). Attention should be paid also to the potential impacts of
deeper, pre-Pleistocene clay layers that might affect As in groundwater, as has been
proposed by Erban et al. (2013) in the lower Mekong.

Our study provided an example of aquifer contamination with As once the
aquitard protection had been breached and a portion of the pumped low-As aquifer had
been reduced: the contamination of a pumped well ensued rapidly under the lower
vertical anisotropy within the aquifer. That the intermediate aquifers are vulnerable to
inflows of shallow groundwater potentially carrying along high DOC and As is not new.
However, this study argues that care must be taken not only to also install wells deeper,
but also to install them away from the confining units, in particular if they contain, like
the Holocene clays do at our site, high levels of organics and dissolved reduction

products.
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3.5 Conclusions

The presented geochemical and hydrologic study of an intermediate-depth (40-75
m bgl) low-arsenic aquifer on a single village scale revealed that clay layers do not
necessarily protect low-As aquifers from As contamination. In this particular
configuration, the clay layer contributed As to the aquifer, as well as organic matter that
may have enhanced reductive processes and in situ As release. The recharge with shallow
groundwater that bypassed the clay layer, on the other hand, may actually have helped
flush the aquifer, preventing the accumulation of reduction products and maintaining
low-As conditions. Pumped wells, like the local community well, can fail if As
contamination already exists in the aquifer and frequent pumping accelerates As
migration within the aquifer toward the well screen. Thus, although the intermediate
aquifers can be an important and affordable source of low-As drinking water in
Bangladesh, care must be taken to install the drinking wells deep enough, away from

organic-rich clay layers, and to test the wells regularly for arsenic.
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3.7 Appendix

3.7.1 Pumping test drawdown curve corrections

The drawdown curves in individual wells were first corrected for atmospheric
pressure fluctuations recorded by air pressure transducer during the pumping tests. Three
methods were used to estimate the barometric efficiency, necessary for correcting the
water levels appropriately: the slope method, the Clark method, and the graphic method
(Fig. 3.19). The methods are suitable for a confined aquifer with instantaneous pressure
equilibration in the wellbore (no wellbore storage nor “skin” effects), and are described in
a USGS report by Gonthier (2007). Pressure logger data at 20-min intervals from May-
August were used for the estimates, avoiding the random daily noise from shallow
irrigation pumping. The estimated barometric efficiency is 0.1, which means that 90% of
the atmospheric pressure changes are not borne by the confining unit matrix. In other
words, the confining clay attenuates 10% of the atmospheric pressure change and
transmits 90% of it to the aquifer, indicating a highly compressible unit. In practice, the
water levels reported by pressure transducers need to be corrected by -0.9%Ap,m, as the
pressure transducers in an open well record the total downhole pressure, consisting of the
atmospheric pressure (changed by +1.0xAp.m) and the water level (changed by -0.1x
Apam because of the 10% higher or lower pressure in the atmosphere than in the confined
aquifer).

After the barometric pressure changes were corrected for, a correction for the
seasonal water level trend was also applied to the intermediate aquifer drawdown curves.

The trend used was -4.2154 cm/day, obtained by a linear fit of pressure transducer data
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from 16™-25"™ January 2011, excluding the times when the aquifer was pumped for our
experiments (Fig. 3.20). The successful pumping test reported was performed between
19™-22™ January. The remaining features visible in the intermediate aquifer drawdown
curves are likely tidal signals and/or the effects of regional pumping, and are present

throughout the data set.

3.7.2 MODFLOW model set-up

A numerical, 3D flow model was setup to model hydraulic heads observed in the
field during pumping tests and to assess if leakage through the thick clay layer or through
the clay layer discontinuity at site T is responsible for the observed drawdown curves.
GMSS.1 software (Aquaveo) was used to run MODFLOW-2000, a U.S. Geological
Survey modular finite-difference groundwater flow model, version 1.19.01. The model
grid was made of 15 layers, simulating three distinct formations: shallow aquifer (3
layers), thick clay (5 layers), and intermediate aquifer (7 layers). The thickness of each
formation was set to the thickness observed in the litholog of well nest M1 (Fig. 3.2), as
listed in Table 3.7, and referenced layer elevations in m above sea level were used, as in
the field data. The model layers (4-8) corresponding to the thick clay also contained a
polygon centered on site T used to simulate the discontinuity in clay layer. Total length of
the grid in x and y direction was 1,800%1,800 m, with pumping well B (intermediate
aquifer) occupying the middle of the grid (Figs. 3.23 and 24). The grid cell x and y
dimensions ranged from 1 to 50 m, with refined grid (1x1 m) located at well nests M1-
M4, as well as pumping well B. Observation wells were nested in the middle of the 1x1

m cells, in a layer corresponding to their elevation-corrected depth (Table 3.8).
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Two conceptual models were examined: (1) laterally extensive, but leaky, clay
layer (with a higher vertical conductivity, K,), without a break in clay layer near site T;
and (2) clay layer cells in an arbitrarily-defined polygon near site T were assigned the
intermediate aquifer parameters instead in order to simulate recharge from shallow to
intermediate aquifer that bypasses the clay layer. The clay vertical conductivity (K,)
outside the polygon was, in turn, lower by 2 orders of magnitude relative to the leaky clay
K, in model (1).

A steady state model with representative parameters (Ky, K./anisotropy, S, Table
3.7) for all layers was run to calibrate the model against the initial head distribution, as
observed in the field immediately before the pumping test started (Table 3.8). The values
used for the intermediate aquifer Ky and S were set to the average of time-drawdown
estimates made from early-time drawdown curves (Fig. 3.21 and Table 3.6). The vertical
anisotropy was assumed to be 10, resulting in K, = Ky, / 10. Ten-fold higher values of K
and K, were used for the shallow aquifer, based on the slug test results for K; (Table 3.2)
and assuming the same vertical anisotropy as in the intermediate aquifer, while the
specific yield was set to that of a typical medium-to-fine sand aquifer, 0.23 (p.79, Fetter,
2001). General head boundaries (head-dependent flux boundary) were used along the
model side edges, while the bottom of the model was a no-flow boundary. Initial heads
for the steady-state model, including the boundaries, were set to: (a) observed hydraulic
head in the shallow aquifer, ~1 m higher than in the intermediate aquifer, and (b) a
gradient across the intermediate aquifer from south (higher head) to north (lower head).

After a satisfactory distribution of initial hydraulic heads was obtained, matching

the field observations to <10 cm, 3D hydraulic heads from the steady state model were
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transferred as starting hydraulic heads to a transient model. The transient model was run
with field-observed pumping flow rates and time periods, and was checked against
drawdown curves in observation wells. The time step used ranged from 5 minutes at the
time when the pumping started and the water levels were changing rapidly, gradually
increasing to 2 hours at later stages of pumping. A similar time step spacing pattern was

applied during the recovery phase when the pumping ceased.

3.7.3 MODFLOW results

In scenario (1), simulating the laterally extensive leaky clay layer, without a
lateral discontinuity, the clay vertical hydraulic conductivity (K,) was set to a typical
value of 1.6x107 m/s, estimated from the leaky confined aquifer analytical solution by
Hantush-Jacob (example in Fig. 3.22). This scenario resulted in the equalization of
hydraulic heads between the shallow and the intermediate aquifer in the model. In order
to maintain the hydraulic head difference between the two aquifers as observed at site M,
an unrealistically high horizontal gradient across the intermediate aquifer and low heads
at the northern general head boundary of the model had to be imposed. This conceptual
model was, thus, discarded from further consideration.

In scenario (2), simulating a discontinuity in an otherwise non-leaky clay layer,
the approach was to first set the vertical hydraulic conductivity of the clay to a value that
would result in a typical confined aquifer drawdown, i.e. the Theis curve. The model was,
thus, first run in a transient mode to test the clay layer conductivity values. The Theis
drawdown was obtained using a clay K, of 1x10” m/s everywhere (no recharge window).

This K, value is in the regular range of clay vertical conductivities (p.85, Fetter, 2001)
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and was observed by Zheng et al. (2005) at the nearby site B. Model boundaries did not
affect the Theis drawdown, and the model could accurately replicate this analytical
solution. Next, parameters in the polygon overlying site T, and corresponding to the
model layers in the clay, were changed to match those of the intermediate aquifer, while
the rest of the clay vertical conductivities were maintained at 10 m/s (as in Table 3.7).
The steady-state model with these parameters was fine-tuned to produce a distribution of
hydraulic heads matching the observed initial heads in the field (Table 3.8), the errors
ranging from <1 to 9 cm. The general head boundaries within the intermediate aquifer
ranged from 3.45 m at southern edge of the model to 1.30 m at the northern edge, which
was realistic given the field-observed lateral gradients (Fig. 3.16). The plan (at mid-depth
through the intermediate aquifer) and a S-N view of the modeled steady state hydraulic
heads are shown in Fig. 3.23. Note the locally elevated hydraulic heads beneath the
recharge window and the increasing vertical hydraulic gradient across the clay layer with
lateral distance away from the discontinuity.

The initial head 3D distribution produced above was fed into the transient model
of the pumping test from the intermediate aquifer using the observed flow rates and
pumping duration. A plan view of the hydraulic heads at mid-depth through the
intermediate aquifer at final stages of the pumping, showing the drawdown cone, is
presented in Fig. 3.24. The model managed to reproduce the major features of observed
drawdown curves (Fig. 3.25), including the rapid stabilization of drawdown and the lack
of induced drawdown in the shallow aquifer. Upon the cessation of pumping, hydraulic
heads recovered to a level higher than the initial heads, likely due to being on a rising

edge of the cyclical variations also noted during the stable segment of drawdown curves

186



and possibly related to tidal forcing. The model suggests that the lateral inflow of
groundwater from site T area is realistic and that the hydraulic conductivity and
storativity estimated from analytical models are reasonable. It also provides a constraint

on the vertical conductivity of the thick clay layer, likely to be ~10™ m/s.
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Figure 3.13. Long-term hydrographs from the nearby site B. Hydrographs collected
at site B (Zheng et al., 2005) since 2000 demonstrate a growing water level contrast
between the shallow (14 m bgl) and the intermediate (53 m bgl) aquifer, separated by two

thin (<5 m) clay layers.
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Figure 3.14. Additional vertical profiles of bulk sediment composition. Bulk sediment

concentrations of Fe, As, Mn, and K in the sediment from sites M and T measured by a

portable XRF instrument. Standard deviations of the XRF measurements are mostly

smaller than the symbol size, except those of As that were +1 ppm.
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Figure 3.15. Additional vertical profiles of groundwater chemistry at well nests M1-
4 and clay pore water squeezed from sediment cuttings recovered near well nest M1.
Profiles of aqueous (a) Mg, (b) K, and (c) SO4, (d) pH, (e) alkalinity, and (f) dissolved
inorganic carbon (DOC). Averages and standard deviations of 5-12 samples (Mg and K),
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or 4-8 samples (SO4), are shown where available. Otherwise, an average of 1-3 samples
is shown without error bars. Single time-point measurements of pH, alkalinity, and DIC
are shown. A generic site litholog is displayed to the right of the profiles and the shading

indicates the extent of major clay/silt layers encountered at the site.
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Figure 3.16. Nearly constant northward horizontal hydraulic gradient from site T to
site M from December to June. Hydraulic heads plotted are from the bottom of the
shallow aquifer at site T (T3, 52 m bgl) and from wells tapping the orange sand layer in
the intermediate aquifer at site M, along the south-to-north transect: M3.5 (60 m bgl),
M1.5 (61 m bgl), and M2.5 (60 m bgl). The horizontal gradient is on average ~3-4x107

(3-4 m/km).
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Figure 3.17. Stable isotopic composition (60 and &*H) of various types of
groundwater and clay pore water from sites M and T, plotted along the Global
Meteoric Water Line (GMWL). Note the similarity in stable isotope signatures from
the thick clay layer at site M and the upper grey sand of the intermediate aquifer. Site T
and shallow aquifer groundwater at site M are also closely aligned. The GMWL from

Craig (1961).
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Figure 3.18. A plot of Ne vs. He (as ‘He) concentrations in site M groundwater
showing the effects of degassing and radiogenic He contributions. Expected
concentrations of Ne and He in solubility equilibrium with the atmosphere at a
temperature range of 18-32 °C (pink symbols), and those with excess air at 26 °C
(additional dissolution of bubbles with atmospheric concentrations, green line) are shown
to aid the interpretation of observed groundwater concentrations. Most samples, except
the two marked by circles, contain radiogenic He due to the excess of He relative to Ne.
The majority of samples (marked by crosses) are also degassed, as their Ne
concentrations are lower than that expected in the solubility equilibrium with atmosphere

at 26 °C.
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Figure 3.19. Graphs used to determine the barometric efficiency of the intermediate
aquifer by (a) the slope method, (b) the Clark method, and (c) the graphic method.
The methods are described in a USGS report by Gonthier (2007). The estimated
barometric efficiency is 0.1, which means that the confining clay attenuates 10% of the
atmospheric pressure change and transmits 90% of it to the aquifer, indicating a highly
compressible unit.
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Figure 3.20. Declining seasonal water trend in the intermediate aquifer at the time
of pumping tests. A linear fit (green line) of the pressure logger data from January 16-25
(shown in red) were used for the estimated seasonal trend of -4.2154 cm/day during the
pumping test from intermediate aquifer performed January 19-22. The gaps in water level
data occur at the times of pumping tests, which were not taken into account for the season

trend estimate.
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Figure 3.21. Examples of the methods used to determine hydraulic conductivity and
storativity of the intermediate aquifer at early time points of the pumping test. (a)
Time drawdown at well M1.5 in the intermediate aquifer with the data (red) used for the
linear fit. (b) Distance drawdown method showing measured drawdown across different
wells at t = 100 min of the pumping test. The values from different observation wells are

reported in Table 3.6.
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Figure 3.22. Example of analytical models for the confined aquifer (Theis solution)
and leaky confined aquifer (Hantush-Jacob solution) used to fit the observed
drawdown in M1.5 tapping the intermediate aquifer when pumping from the same
aquifer. All hydraulic heads were corrected for barometric pressure fluctuations and the
seasonal water level trend. The indicated values of horizontal hydraulic conductivity (K)
and storativity (S) of the intermediate aquifer were obtained by linear fits of early time
drawdown data (as in Figure 3.20a). The value for vertical hydraulic conductivity in the
thick clay (K;) was visually estimated from the plot. Instead of a leaky confining unit, an
alternative explanation for the reduced drawdown, relative to that expected in a confined

aquifer, would be a discontinuity in the clay layer at some lateral distance away.
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Figure 3.23. Steady state (initial) hydraulic heads in the MODFLOW model. (a) Plan
view of the modeled area and the grid. Site M is located at the center of the refined grid,
while site T is in the middle of the recharge polygon shown in white. Hydraulic heads
contours are shown for layer 13, mid-depth through the intermediate aquifer. Vertical
hydraulic conductivity in the clay is set to a low value (K, = 10” m/s) everywhere except
in the white polygon, where K, equals that of the intermediate aquifer (1.2x10” m/s).
Note the elevated heads near the recharge polygon. (b) South-North transect through the
middle of the model, showing the vertical distribution of hydraulic heads. Note the
increasing vertical hydraulic gradient across the clay with distance from the discontinuity.

(c) Plan view of the initial heads at site M, zoomed in from (a).
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Figure 3.24. MODFLOW modeled hydraulic heads in the intermediate aquifer
during the pumping test. Plan view of (a) the entire grid and (b) the site M area after
~47 hr of pumping, just before the pump was turned off for the recovery phase. All model

parameters and hydraulic heads shown as in Figure 3.22.
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Figure 3.25. MODFLOW model fits (thin lines) of the observed drawdown in select
monitoring wells across site M. The inset shows hydraulic heads in the shallow aquifer
(M1). Major features are reproduced, except the water level recovery upon the cessation
of pumping to hydraulic heads above their initial values. This feature is related to the
semi-diurnal cycles not subtracted from the background, also visible during the stable

segment of the drawdown curves, and likely related to the tidal forcing.
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Table 3.1. Radiocarbon dating and *3C analysis of the sediment samples.

Well nest Depth (m) C phase %0C® YCFM'to “Cage (kaBP) &%C(%oPDB) NOSAMS #°
2 29.9 clayTOoC® 061 0.5244 +0.0027 5.18 +0.04 -23.36 05-103433
2 34.1 clay TOC 0.41 0.4120 +0.0034 7.12 +0.07 -23.68 05-103479
4 36.9 leaves - 0.3384 +0.0015 8.70 +0.04 -28.92 05-91989
4 36.9 clay TOC 5.78 0.3399 +0.0018 8.67 +0.04 -29.01 05-91887
1 37.2 charcoal - 0.3897 +0.0018 7.57 +0.04 -28.29 05-91885
2 37.2 wood - 0.3506 +0.0022 8.42 +0.05 -29.59 05-91886
2 37.2 clay TOC 6.53 0.3483 +0.0015 8.47 +0.04 -29.03 05-91888
3 39.3 leaves - 0.3443 +0.0015 8.57 +0.04 -30.25 05-91942
2 50.6 clay TOC 0.32 0.2474 +0.0014 11.20 +0.05 -15.44 05-92087
C 51.2 clay TOC 0.27 0.2243 +0.0013 12.00 +0.05 -14.94 05-91944
2 73.8 clay TOC 0.10 0.1176 +0.0009 17.20 +0.07 -21.91 05-92782
e 79.2 clay TOC 0.19 0.0110 +0.0022 36.20 +1.60 -19.80 05-91949
T 433 clay TOC n/a 0.3605 +0.0017 8.20 +0.04 -29.31 05-98335
T 58.5 clay TOC n/a 0.1963 +0.0016 13.10 +0.07 -10.98 05-98597
T 67.7 clay TOC n/a 0.0456 +0.0016 24.80 +0.28 -11.70 05-98598

? % OC Is organic carbon as a percentage of total sediment mass (clay TOC samples only)

® EM is "fraction modern

n 14

. CFM of 1 indicates **C age of 0

¢ NOSAMS # is the tracking number at the National Ocean Science Accelerator Mass-Spectrometer facility

4 70C stands for "total organic carbon" i.e. bulk sedimentary OC

n/a = not analyzed
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Table 3.2. (part 1): Groundwater and pore water chemical and physical parameters

We Depth (m) Na(mg/L) to Mg(mg/L) to Si(mg/L) o P(mg/Ll) to K(mg/L) +o Ca(mg/L) to Mn(pg/l) to Fe(mg/L) to  As(ug/l) to Sr(ug/l) o Ba(pug/Ll) to  Cl(mg/L) to F(mg/L) *o SO, (mg/L) +o
M1.1 17.5 13 2 14 1 32 3 1.6 0.4 3.2 0.4 43 5 503 116 8.6 21 182 20 72 6 88 16 7.3 1.2 0.17 0.04 n/d n/d
M1.4 41.1 52 2 14 0 43 3 11 0.2 3.1 0.1 28 2 41 8 10.4 2.4 45 10 92 5 149 16 12.0 0.7 0.25 0.04 n/d n/d
Ml.4a 50.9 19 2 24 2 31 2 0.7 0.1 2.6 0.2 57 3 108 30 9.6 23 248 37 161 4 184 13 19.7 15 0.29 0.04 0.20 -
M1.5 61.3 12 2 22 3 38 4 0.1 0.1 2.0 0.3 57 6 391 104 0.8 0.9 2 3 151 6 129 8 8.3 1.0 0.41 0.04 0.47 0.23
M1.6 64.5 14 1 24 3 37 4 0.2 0.1 2.4 0.3 64 4 434 90 1.0 0.6 5 1 179 14 162 22 7.0 0.6 0.44 0.05 0.16 -
M2.1 20.1 11 - 15 - 34 - 2.0 - 3.6 - 44 - 768 - 8.4 - 127 - 69 - 97 - 8.4 - 0.17 - n/d n/d
M2.4 44.9 40 2 21 1 42 3 0.7 0.1 3.1 0.1 46 1 170 39 8.2 11 54 7 149 6 185 13 8.3 0.4 0.24 0.02 n/d n/d
M2.5 60.1 16 1 25 3 46 4 0.1 0.0 21 0.5 57 4 935 132 0.8 0.5 3 4 162 6 154 15 7.8 0.7 0.30 0.04 0.76 0.38
M2.6 68.6 18 - 28 - 35 - 0.1 - 2.4 - 65 - 597 - 1.6 - 2 - 176 - 143 - 6.7 - 0.32 - 0.27 -
M3.1 19.9 11 - 16 - 24 - 1.3 - 3.7 - 62 - 681 - 8.1 - 266 - 94 - 113 - 5.7 - 0.19 - n/d n/d
M3.5 59.8 14 - 25 - 34 - 0.1 - 2.2 - 61 - 900 - 0.3 - 3 - n/a n/a 35 - 7.9 - 0.40 - 0.13 -
M3.6 67.4 12 - 26 - 35 - 0.1 - 2.6 - 62 - 333 - 0.7 - 2 - 168 - 93 - 8.0 - 0.45 0.03 0.34 0.20
M4.1 20.6 12 1 14 1 28 3 1.8 0.5 3.2 0.2 52 4 1087 276 5.9 22 298 66 89 13 69 15 3.6 0.8 0.27 0.02 0.44 -
M4.4 41.8 69 4 9 1 41 7 1.3 0.3 34 0.5 20 1 129 54 10.4 4.7 18 3 59 2 140 24 18.8 1.4 0.28 0.07 0.12 -
M4.5 54.5 20 4 17 1 40 5 0.2 0.1 2.2 0.1 48 6 152 76 23 1.3 11 2 126 8 182 13 9.7 13 0.30 0.04 0.04 -
M4.6 63.5 27 - 21 - 43 - 0.0 - 2.0 - 48 - 203 - 0.3 - 2 - n/a n/a 97 - 6.3 - 0.35 - 0.36 -
M4.6a 69.2 82 - 11 - 51 - 0.2 - 2.1 - 29 - 389 - 5.2 - 5 - 60 - 60 - 6.4 0.3 0.29 0.07 0.39 -
M1 CLAY 1.5 59 28 37 0.1 5.2 70 718 4.9 16 94 228 47.3 0.18 20.36
M1 CLAY 3.0 36 28 36 0.4 4.5 68 897 2.0 42 88 139 87.2 0.26 19.52
M1 CLAY 4.6 27 20 42 0.1 5.1 50 213 0.2 47 81 126 44.7 0.20 1.17
M1 CLAY 6.1 29 17 41 0.4 4.9 44 133 0.2 64 81 113 285 0.22 0.90
M1 CLAY 24.4 25 15 39 0.0 6.0 39 169 0.1 88 74 111 13.0 0.13 1.30
M1 CLAY 27.4 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 347 0.21 7.00
M1 CLAY 29.0 56 20 60 0.9 7.6 66 226 3.8 175 126 173 26.6 0.18 243
M1 CLAY 30.5 103 18 70 11 7.6 51 241 6.5 141 107 145 29.8 0.19 235
M1 CLAY 32,0 107 16 63 0.9 7.7 32 186 4.5 95 80 137 317 0.18 2.54
M1 CLAY 335 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 63.2 0.19 9.95
M1 CLAY 36.6 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 52.8 0.27 6.46
M1 CLAY 45.7 21 6 18 n/d 2.0 11 48 0.0 3 33 67 27.2 0.24 243
M1 CLAY 51.8 21 10 16 n/d 3.2 20 62 0.1 27 57 95 59.8 0.25 231
M1 CLAY 70.7 45 13 45 0.1 4.8 26 119 1.4 21 81 162 25.8 0.22 2.14
T1 9.8 20 16 29 2.6 5.2 58 230 9.6 75 105 117 243 0.19 3.09
T2 20.6 25 19 29 0.9 3.1 a7 1269 12.2 27 71 117 27.7 0.10 23.46
T3 52.2 22 26 26 0.9 35 40 173 32 6 102 57 9.5 0.55 0.24
T4 63.1 15 29 27 0.2 2.4 41 1362 1.7 9 93 34 16.4 0.36 n/d

means std. devi

n/a = not analyzed
n/d = not detected

n was not calculated because only 1-3 monthyl samples were averaged



Table 3.2. (part 1l): Groundwater and pore water chemical and physical parameters; also slug test results.

Well Depth (m) NH; (mg/LN) Alk. (mEg/L) DIC (mM)A DOC (mM)* % reactive DOC Cond. (mS/cm) pH eH Temp. (C) 5%0 (%) o 5°H (%) *o Slug test Ky, (m/s)
M1.1 17.5 1.45 4.3 4.8 0.15 35.1 0.459 7.29 -163.5 n/a n/a n/a n/a n/a
M1.4 41.1 10.43 6.6 9.9 0.45 18.7 0.655 6.68 -122.9 26.34 -4.43 0.02 -27.54 0.03
M1l.4a 50.9 2.62 6.0 7.1 0.41 14.0 0.679 7.11 -171.3 26.37 -3.26 0.04 -21.32  0.08
M1.5 61.3 0.08 6.6 8.0 0.17 -3.5 0.612 7.05 -54.6 26.52 -3.16 0.01 -20.05 0.09
M1.6 64.5 0.22 6.2 7.8 0.20 6.8 0.634 6.97 -69.6 26.63 -3.20 0.04 -20.73  0.02
M2.1 20.1 n/a 4.3 4.6 n/a n/a 0.425 7.54 -165.9 n/a n/a n/a n/a n/a
M2.4 44.9 5.38 6.4 8.4 0.35 n/a 0.668 6.87 -112.0 26.30 -4.49 0.02 -27.04 0.10
M2.5 60.1 0.21 6.1 7.6 0.15 n/a 0.607 6.97 -32.8 26.39 -3.09 0.02 -17.20 0.07
M2.6 68.6 n/a 6.4 7.9 n/a n/a 0.635 6.98 -66.8 26.50 -3.15 0.03 -21.23  0.02
M3.1 19.9 n/a 5.2 6.1 n/a n/a 0.564 7.12 -160.6 26.20 -2.39 0.02 -12.02 0.07
M3.5 59.8 n/a 5.7 7.1 n/a n/a 0.572 6.97 -67.8 26.16 -3.02 0.02 -17.15 0.02 4.36E-5
M3.6 67.4 n/a 6.1 7.1 n/a n/a 0.611 7.15 -78.0 26.18 -3.44 0.01 -20.13  0.05 n/a
M4.1 20.6 0.92 5.0 5.7 0.20 n/a 0.514 7.22 -168.2 26.46 -2.90 0.01 -14.25 0.04 22.0 E-5
M4.4 41.8 4.7 5.1 7.3 0.30 n/a 0.604 6.72 -90.0 26.69 -4.41 0.01 -27.45 0.06 0.71E-5
M4.5 54.5 0.33 4.4 53 0.14 n/a 0.472 7.05 -82.0 26.43 -3.77 0.04 -24.836 0.10 3.87E-5
M4.6 63.5 n/a 53 7.1 n/a n/a 0.538 6.83 -50.3 26.56 -3.90 0.03 -24.55 0.01 n/a
M4.6a 69.2 n/a 4.9 6.2 n/a n/a 0.501 6.92 -68.0 26.65 -3.89 0.04 -23.32  0.09 n/a
M1 CLAY 1.5 6.3 0.60 529 -1.95 0.03 -9.17 0.13
M1 CLAY 3.0 4.8 0.57 52.8 -2.14 0.03 -10.98 0.02
M1 CLAY 4.6 n/a 0.69 n/a -1.46 0.06 -6.82 0.24
M1 CLAY 6.1 n/a 0.60 n/a -1.47 0.04 -6.91 0.23
M1 CLAY 24.4 n/a 0.72 n/a -1.71 0.02 -8.12 0.08
M1 CLAY 27.4 n/a n/a n/a n/a n/a n/a n/a
M1 CLAY 29.0 5.7 1.75 41.1 -4.15 0.06 -25.01 0.19
M1 CLAY 30.5 7.7 1.80 24.1 -4.45 0.05 -27.35 0.20
M1 CLAY 32.0 7.2 1.88 14.8 -4.08 0.02 -25.07 0.23
M1 CLAY 335 n/a n/a n/a -3.06 0.01 -18.12  0.07
M1 CLAY 36.6 n/a n/a n/a n/a n/a n/a n/a
M1 CLAY 45.7 n/a n/a n/a -3.29 0.01 -20.27 0.14
M1 CLAY 51.8 n/a n/a n/a -2.61 0.02 -16.20 0.06
M1 CLAY 70.7 n/a 1.21 n/a -2.97 0.07 -17.40 0.09
T1 9.8 53 0.20 0.481 7.58 -88.5 25.73 -3.21 0.02 -17.75 0.12
T2 20.6 6.2 0.22 0.535 7.71 -117.9 25.81 -1.88 0.14 -10.27 1.08
T3 52.2 6.7 0.33 0.554 7.82 -99.9 25.85 -3.08 0.07 -16.21  0.80
T4 63.1 5.4 0.11 0.495 7.73 -43.8 25.90 -3.26 0.01 -17.63 0.04

ADIC values for site M nests 1-4 were calculated from pH and alka
DIC in M1 clay pore water was measured on the Shimadzu carbon analyzer. DIC at site T was measured by NOSAMS

*DOC values were measured on the Shimadzu carbon analyzer, except at site T (measured by NOSAMS)

&0scillating water level during slug test

n/a = not analyzed

ty measured simultaneously in the field.
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Table 3.3. Radiocarbon dating and **C analysis of dissolved inorganic and organic carbon (DIC and DOC) in groundwater

Well Depth(m) DIC™CFm® +o  DIC*Cage(yr) o DIC %C (%)  NOSAMS #° DOC¥CFM +o  DOC“Cage(yr) to DOC 6%C (%) NOSAMS #

M4.1 20.6 0.9607 0.0034 320 30 -7.1 0S-89968 0.8114 0.0030 1680 30 -23.9 0S-102042
M1 CLAY 29.0 n/a n/a n/a n/a n/a n/a 0.6821 0.0027 3070 30 -25.8 0S5-101625
M1 CLAY 30.5 n/a n/a n/a n/a n/a n/a 0.8147 0.0024 1650 25 -26.0 0S-101626
M1 CLAY 32.0 n/a n/a n/a n/a n/a n/a 0.6629 0.0018 3300 20 -25.7 05-102082

M1.4 41.1 0.6705 0.0025 3210 30 -4.0 0S-90067 0.6110 0.0032 3960 40 -29.7 0S-101494

M4.4 41.8 0.6278 0.0022 3740 25 -5.7 0S5-89969 0.5369 0.0023 4990 35 -32.2 05-102041

M1.4a 50.9 n/a n/a n/a n/a n/a n/a 0.8521 0.0021 1280 20 -26.8 0S-101813

M4.5 54.5 0.8774 0.0027 1050 25 -16.1 0S-90175 0.8289 0.0019 1510 20 -25.3 0S-102065

M1.5 61.3 0.9312 0.0030 570 25 -16.6 0S-90066 0.8259 0.0021 1540 20 -24.9 0S-101857

M4.6 63.5 0.8592 0.0028 1220 25 -16.2 0S-90173 0.9748 0.0027 205 20 -27.6 0S§-102111

M1.6 64.5 0.9018 0.0034 830 30 -17.1 0S-90176 0.8304 0.0027 1490 25 -25.0 0S-101682

T1 9.8 0.9682 0.0023 260 20 -11.9 0S-100759 0.8163 0.0025 1630 25 -16.4 0S-102154
T2 20.6 0.9967 0.0024 25 20 -17.1 0S-100760 0.8451 0.0029 1350 25 -26.8 0S-102130
T3 52.2 0.8549 0.0023 1260 20 -11.3 0S-100762 0.6589 0.0028 3350 35 -28.0 0S-102233
T4 63.1 0.8909 0.0029 930 25 -14.8 0S-100764 0.7432 0.0023 2380 25 -25.9 0S-102414

2 EM is "fraction modern". **C FM of 1 indicates **C age of 0

® NOSAMS # is the tracking number at the National Ocean Science Accelerator Mass-Spectrometer facility
n/a = not analyzed
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Table 3.4. *H/3He dating parameters and ages calculated using radiogenic He correction (except where noted)

Well ID Depth H tlo “He Ne &°He » 3H+3He  3H/*He age* £ 1o corr.* + 1o anal.®
m TU TU x10® ccSTP g? x107® ccSTP g % TU years years  years
M1.1 17.5 n/a n/a n/a n/a n/a n/a n/a n/a n/a
M1.4 41.1 0.09 0.03 n/a n/a n/a n/a n/a n/a n/a
M1.4a 50.9 1.61 0.05 n/a n/a n/a n/a n/a n/a n/a
M1.5 61.3 2.04 0.06 4.47 16.64 50.1 18.2 39.2 1.9 0.4
M1.6 64.5 0.54 0.03 4.73 17.40 20.1 8.4 49.1 1.4 1.0
M2.1 20.1 n/a n/a n/a n/a n/a n/a n/a n/a n/a
M2.4 44.9 0.06 0.03 n/a n/a n/a n/a n/a n/a n/a
M2.5 60.1 1.22 0.05 4.84 18.03 7.2 5.5 27.0 - 0.6
M2.6 68.6 0.13 0.03 4.70 17.20 -3.5 13 40.5 1.8 4.2
m3.1° 19.9 1.89 0.06 5.47 21.92 24.3 9.7 29.3 - 0.4
M3.5 59.8 2.68 0.06 3.10 10.75 0.2 4.8 10.6 0.0 0.3
M3.6 67.4 1.21  0.05 3.89 13.06 0.7 4.9 24.9 0.1 0.6
M4.1 20.6 1.94 0.05 4.81 18.17 34.4 13.1 34.2 - 0.4
M4.4 41.8 -0.01 0.03 n/a n/a n/a n/a n/a n/a n/a
Ma4.5° 54.5 0.81 0.04 3.21 13.91 8.5 33 25.0 3.0 0.6
M4.6 63.5 0.08 0.03 4.15 15.22 5.6 3.7 68.6 1.2 6.2
M4.6a 69.2 0.18 0.03 n/a n/a n/a n/a n/a n/a n/a

A83He is a % difference from the atmospheric 3He/AHe ratio

*The 3H/3He age is a mean of three ages calculated from degassing corrections, and 1o corr. is the standard deviation of the mean.
Samples M2.5, M3.1, and M4.1 were not degassed (-)

&Standard error propagated from the analytical measurements alone, excluding degassing corrections

sSamples M3.1 and M4.5 were not corrected for radiogenic He contribution to the 3He/*He ratio

n/a = not analyzed
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Table 3.5. *H/3He ages and errors calculated without radiogenic He corrections, assuming
degassing occurred either at time of sampling (with a range of corrections) or at time of recharge

Well ID Depth  3H/He age* + 1o corr.* 3H/?He age A tlcanal.®
m years years years years

M1.1 17.5 n/a n/a n/a n/a
M1.4 41.1 n/a n/a n/a n/a
M1.4a 50.9 n/a n/a n/a n/a
M1.5 61.3 37.4 2.1 35.2 0.5
M1.6 64.5 44.9 1.8 42.5 1.0
M2.1 20.1 n/a n/a n/a n/a
M2.4 449 n/a n/a n/a n/a
M2.5 60.1 19.3 - 19.3 0.8
M2.6 68.6 ND ND ND ND
M3.1 19.9 29.3 - 29.3 0.5
M3.5 59.8 2.8 0.1 0.2 0.6
M3.6 67.4 7.3 0.4 2.2 1.1
M4.1 20.6 32.0 - 32.0 0.5
M4.4 41.8 n/a n/a n/a n/a
M4.5 54.5 25.0 3.0 18.9 0.9
M4.6 63.5 57.5 2.3 50.5 6.1
M4.6a 69.2 n/a n/a n/a n/a

*The 3H/3He age is a mean of three ages calculated from degassing corrections, and 1o corr. is the standard
deviation of the mean. Samples M2.5, M3.1, and M4.1 were not degassed (-)

A The *H/>He age calculated by assuming degassing at time of recharge

&Standard error propagated from the analytical measurements alone, excluding degassing corrections

ND = not determinable because of a low measured *H/*He ratio
n/a = not analyzed
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Table 3.6. Estimates of hydraulic conductivity and storativity
based on early-time drawdown methods for a confined aquifer

Estimate type Well Kh (m/s) S
Time C 0.98E-04 3.1E-04
drawdown 1.3 1.1E-04 7.7E-04
14 1.1E-04 7.8E-04
1.5 0.97E-04 4.1E-04
2.3 1.4E-04 5.9E-04
25 1.3E-04 5.8E-04
3.5 1.2E-04 5.0E-04
4.4 1.0E-04 9.4E-04
4.5 1.5E-04 7.1E-04
Average 1.2E-04 6.2E-04
St. Dev. 0.2E-04 2.0E-04
Distance
drawdown n/a 0.82E-04 13E-04
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Table 3.7. MODFLOW model parameters

Formation Total thickness # model Kn K, Vertical # Storativity Specific
(m) layers m/s m/s anisotropy yield
Shallow aquifer 29.3 3 1.2E-03 1.2E-04 10 - 0.23
Thick clay 10.7 5 1.0E-08 1.0E-09 10 0.00012 -
Recharge window* 10.7 5 1.2E-04 1.2E-05 10 0.00062 -
Interm. aquifer 30.5 7 1.2E-04 1.2E-05 10 0.00062 -

A Vertical anisotropy is equal to K, /K, so it is listed here as a redundant parameter
Ky is the horizontal, K, the vertical hydraulic conductivity
* Recharge window is a sub-section of the clay layer, but all parameters were set to those of the interm. Aquifer
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Table 3.8. Initial heads computed by the steady
state model simulating the clay discontinuity

Model Observed Computed A (Comp-Obs)

Well layer head head head
(m) (m) (m)
M1.1 2 4112 4.057 -0.055
M1.4 9 3.149 3.103 -0.046
M1.5 13 3.115 3.102 -0.013
M1.6 14 3.110 3.102 -0.008
M2.5 13 2.957 2.981 0.024
M3.5 13 3.298 3.263 -0.035
M4 .4 9 3.123 3.050 -0.073
M4.5 12 3.145 3.050 -0.095
M4.6 14 3.130 3.050 -0.080
M2.4 9 3.065 2.980 -0.085
M2.6 15 2.914 2.984 0.070
M3.6 15 3.219 3.265 0.046
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Abstract

Deep low-As aquifers in the Bengal Basin are often associated with brown Pleistocene
sands and threatened by pumping-induced leakage of shallower contaminated
groundwater. In order to assess this risk, cores of freshly collected brown sands were
eluted for up to 15 days in the field under anoxic conditions with groundwater elevated in
As, Mn, Fe, and HCO3 pumped directly from a shallow well. Retardation factors of 20-40
for As relative to groundwater flow were calculated for flow rates of 5-60 pore
volumes/day using a simple 1-dimensional flow model calibrated with Br. Sediment
extractions and flushing with low-As groundwater in the field remobilized 53-89% of the
adsorbed As, which is consistent with the underlying assumption of largely reversible
exchange. Towards the end of the lowest flow rate experiments, solid phase Fe(III) at the
front end of the columns became reduced, and combined with the reduction of
unexpectedly high SO, in the input water, further lowered As mobility. The findings
confirm the recent field observations across a range of spatial and temporal scales that
brown sands have the capacity to delay As contamination of the deeper aquifers that, in

Bangladesh alone, are already tapped by thousands of community wells.
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4.1 Introduction

Tens of millions of people are exposed to harmful As levels via drinking
groundwater with >10 pg/L As from tubewells tapping shallow, grey-colored sand
aquifers in Bangladesh and throughout Southeast Asia (BGS and DPHE, 2001;
Ravenscroft et al., 2009). Chronic exposure to As can have various adverse health effects,
such as skin lesions, cancers of the bladder, pancreas, lungs and liver, cardiovascular
disease, and the impediment of childhood intellectual development (Argos et al., 2010;
Wasserman et al., 2007; Yu et al., 2003). The installation of over 100,000 community
(shared) wells in Bangladesh alone, tapping aquifers below the shallow, high-As zone,
starting at >30 m below ground level (bgl), and often deeper than 150 m bgl, has been an
increasingly popular and effective way of providing safe drinking water in rural areas
(Ahmed et al., 2006; Burgess et al., 2010; JICA and DPHE, 2010; van Geen et al., 2007).
Although these aquifers can be composed of both grey and brown sands, the brown sands
coated primarily by Fe(Ill) oxides invariably host low-As groundwater and their
deposition predates the rise in sea level that started about 15,000 years ago (BGS and
DPHE, 2001; Burgess et al., 2010; Zheng et al., 2005).

It has been pointed out that increased pumping from the deeper, Pleistocene
aquifers for urban supply or irrigation could induce leakage of shallow groundwater
around discontinuous confining units, carrying with it high As and organic matter
concentrations to the depths where groundwater is typically uncontaminated (Harvey et
al., 2002; Michael and Voss, 2008). The 40-m drop in groundwater level due to massive

pumping recorded between 1984 and 2002 in the low-As Dupi Tila formation below
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Dhaka (Hoque et al., 2007), the contamination with As of a Pleistocene aquifer beneath
Hanoi in Vietnam (Winkel et al, 2011), and the purported contamination of an
unconfined section of a >150 m deep aquifer in West Bengal (Mukherjee et al., 2011) are
indeed all sources of concern. At a more local scale, especially in areas where
groundwater levels in the deep aquifer are below groundwater in the shallow aquifer
(Zheng et al., 2005), cracked casings and flow along the annulus could also contaminate
aquifers and groundwater pumped from deep wells (van Geen et al., 2007).

Predictions of deeper aquifer sustainability, based on hydrological flow models of
the Bengal Basin with various theoretical distributions of low-conductivity units (Michael
and Voss, 2008, 2009a, b), demonstrated that the aquifer would likely remain As-safe
(<10 pg/L in groundwater) for centuries, provided that the irrigation pumping remained
constrained to the shallow aquifer. However, the diminishing yields and rising As
concentrations in cultivated crops might justify the switch of irrigation to deep
groundwater (Panaullah et al., 2009; Ravenscroft et al., 2013). At the same time, several
recent field studies have indicated a degree of As adsorption in brown aquifer sands that
could significantly delay contamination even if shallow groundwater were to reach a
Pleistocene low-As aquifer (McArthur et al., 2010; McArthur et al., 2008; Radloff et al.,
2011; van Geen et al., 2013). Hydrological models coupled to a transport model to
include the possibility of As adsorption on aquifer sediment resulted in more optimistic
predictions of deep aquifer sustainability (Radloff et al., 2011). On the one hand, brown
sands can reduce As mobility by adsorption, but on the other As can also be mobilized
from brown sands in the presence of infiltrating microbes and/or organic molecules from

shallow groundwater due to reduction of sedimentary As(V) and/or Fe oxyhydroxides
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(Dhar et al., 2011; Robinson et al., 2011). Therefore, the adsorption and other reactions of
As on brown sand clearly require careful characterization to ensure realistic predictions
can be made for the deeper aquifer sustainability.

On the one hand, field-based, in situ studies probably provide the most realistic
assessment of As adsorption on the Pleistocene brown sands. One such study, performed
in the Red River delta of Vietnam at a location where shallow Pleistocene brown sands
are located laterally down-gradient from the reduced grey aquifer (van Geen et al., 2013),
estimated As retardation factors based on an interpolated history of pumping and the
observed groundwater ages at a reduction front moving down the Pleistocene aquifer. A
similarly convenient site in the Bengal Basin with a lateral migration of As into the
Pleistocene formation has been identified in West Bengal, India (McArthur et al., 2010;
McArthur et al., 2008), and yielded comparable As retardation estimates, however like in
Vietnam, these studies have their limitations because the history of groundwater flow
over longer time scales was not fully constrained. Another in sifu study of As sorption on
brown sediment used the push/pull technique to artificially accelerate the process
(Radloff et al., 2011), but the interpretation of results was complicated by discontinuous
pumping, necessitated models with multivariate parameters to represent pore-scale
processes, and was only possible at early time points before significant dispersion of the
injected inert tracer occurred.

Laboratory studies, on the other hand, although at times easier to interpret,
introduce artifacts such as the sediments disturbed by long-term storage and experimental
handling, and utilize artificial groundwater (Dhar et al., 2011; Robinson et al., 2011;

Stollenwerk et al., 2007). Moreover, laboratory methods like batch reactor experiments

216



(Dhar et al., 2011; Stollenwerk et al., 2007) do not faithfully reproduce the water-to-
sediment ratio and pore scale processes. Other laboratory methods, such as column
experiments, suffer from their own limitations, as they are unable to reproduce the
complex dispersion patterns in aquifers (e.g. Harvey and Gorelick, 2000), and they might
miss the precipitation and exchange reactions that can happen under variable ionic
strength and pH conditions. The column experiments, nevertheless, provide a flow-
through system that allows simple, one-dimensional modeling of As retardation
properties. However, the only column study to date with the natural low-As sediment
from Bangladesh (Robinson et al., 2011) used stored, repacked shallow brown sand
eluted with artificial groundwater and did not provide direct estimates of As retardation.
In this study, we use column experiments to study As adsorption onto brown,
low-As sand from Bangladesh in a well-controlled, one-dimensional flow system that
attempts to bridge the gap between the field and laboratory studies. In order to
approximate the in sifu conditions to the greatest extent possible, the columns are made
from freshly collected sediment cores fitted without repacking or disturbing the sand, and
maintained under anoxic conditions at all times. Shallow, in sifu groundwater with high
levels of As, Mn, SO4, Fe and HCO3, and moderate levels of PO, and Si, is used to elute
the columns until a nearly complete breakthrough of As occurs and the breakthrough
curves are employed to extract As retardation parameters. Since the adsorption under
column flow conditions can be kinetically limited (Darland and Inskeep, 1997; Zhang
and Selim, 2006), the columns are run at various pore velocities to investigate their effect
on As breakthrough, and As sorption is additionally assessed by batch equilibrium and

kinetics experiments set up with deep, low-As groundwater spiked by As(IIl), the
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predominant species of As in the shallow groundwater. The reversibility of As sorption is
also evaluated by flushing the As-laden columns with low-As groundwater and/or by
sediment extractions. This approach resulted in conservative and straightforward
estimates of As retardation by sorption to the natural aquifer brown sands under rigorous
conditions resembling those encountered in the field. Moreover, the column experiments
also allowed us to directly observe redox transformations on the solid phase and their

relationship to As retention on the sediment.
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4.2 Methods

4.2.1 Sediment collection and column preparation

Sediment cores 30 cm long and 1.8 cm in diameter were recovered at 30-60 cm
(1-2 ft) intervals from approximately 12 to 20 m (38 to 66 ft) depth from two duplicate
boreholes located in the village of Purinda, Araihazar upazilla (23.8541° N, 90.6354° E).
At this location, orange sand of ~medium grain size is present at a depth only 30 ft (~9
m) below ground level, beneath the layers of grey clay (0-15 ft bgl) and orange clay (15-
30 ft bgl, litholog shown in Fig. 4.1b). The boreholes were spaced ~1m from each other
and drilled by the traditional sludger method (Horneman et al., 2004) to a specified depth
at which a manual push soil corer (AMS 424.45) was employed to recover a core. Upon
retrieval, the top several centimeters of the cores were discarded to ensure only
undisturbed material was utilized, and then the cores were refrigerated in nitrogen-
flushed airtight Mylar bags with oxygen adsorbents (Sorbent Systems). Within 24 hours
upon collection, the cores were used to prepare columns for sorption experiments (Table
4.2 lists exact lengths, depths, PV size in mL), or to combine sediment from defined
depth ranges and preserve it as above for batch sorption experiments. Intact cores were
cut into 11 shorter segments, selected for being well-compacted, and fit with custom-
made column plugs to prepare ~10 cm long columns of sand. A small amount of glass
wool (1-2 mm final thickness) was inserted between the sand and the plugs to prevent
mobilization of clay-size particles. The inflow end of each column was the top end of the

core in its natural orientation.
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4.2.2 Column experimental set-up and sampling

Column experiments were performed to simulate natural transport of As from the
shallow aquifer through the deeper, orange sediments. Ten of the columns prepared as
indicated above were flushed with natural, high-As groundwater (594 pg/L As, ~99% of
which is As(IIl), Table 4.3) from 12 m depth at a site approximately 8.3 km SW of the
coring location (shallow aquifer in Dari village, 23.78534° N and 90.60322° E), described
in detail by Zheng et al. (2005). High-As groundwater was brought up to the surface by a
submersible pump (Typhoon, Proactive) at a flow rate of ~5 L/min through a thick,
braided hose, then channeled into each column through separate pieces of Tygon tubing
of various inner diameters to regulate the flow rate (Fig. 4.1a). A peristaltic pump
(Minipuls 3, Gilson) maintained column flow from the bottom up at ~5, ~15-18, or ~60
pore volumes per day (linear velocities of 0.5, 15-18, and 60 m/day, respectively). A
larger fraction of the submersible pump flow was used to overflow a carboy in which the
columns were bathing throughout the experiment in order to assure they remained under
anoxic conditions. Dissolved oxygen (DO) tests conducted on two of the columns with a

0-40 ppb DO kit (Chemetrics) showed that no O, was present in the effluent.
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Eight of the columns were terminated after ~70, ~120 or ~150 PV were eluted,
listed in the order of increasing pore velocities. As for the remaining two columns (from
38ft and 42ft, ~18 PV/day), the supply of inflowing well water was switched after 120-
125 PV to a low-As well (<1 pg/L As, Table 4.3) from 44 m depth at the same site. After
~13 hours of low-As groundwater inflow, an unplanned interruption of flow occurred for
~22 hours, upon which the flow was reestablished for the remainder of the flushing
experiment.

Fluid fractions of 6-12 mL size (~0.75-1.5 PV) were collected 2, 3, or 6-8 times
per day (in order of increasing pore velocity), while the mass of eluent between the
samples was monitored for flow rate and PV calculations. The first sample from each
column was filtered through 0.45 pum syringe filters (Whatman 6753-2504) to collect any
fine particles mobilized by the initiation of column flow. Column samples for As
speciation were spiked with 1.25 mM EDTA (final concentration) prior to the collection
of the sample in order to prevent Fe precipitation and Fe-As reactions in the tube (Bednar
et al., 2002). These samples were passed through As speciation cartridges (Metalsoft
Center, Highland Park, NJ) immediately upon collection to split As(IIl) from As(V)
(Meng et al., 2001); prior testing in our laboratory confirmed no interference of the 1.25
mM EDTA with As species separation. Column fractions were acidified with trace
analysis grade HCI (Optima, Fisher Scientific) to 1% acid (final). Occasional samples (1
in every 3-5) were left unacidified for anion analysis on an ion chromatograph.

The influent high- or low-As groundwater was sampled daily through a sampling
port attached to the submersible pump hose. Dissolved O, was also tested daily with a 0-

40 ppb kit (Chemetrics). Temperature, conductivity, pH and ORP (oxidation-reduction
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potential) were monitored by probes in a flow cell (MP 556 from YSI, Inc.) Alkalinity
titrations (Gran, 1952a) were performed on the well water, as well as several column
samples, immediately upon collection. All parameters measured in groundwater from the
source wells were reported as the average of daily samples (Table 4.3). When
experiments were completed, all columns were stored refrigerated in N,-flushed airtight

Mylar bags with oxygen adsorbents.

4.2.3 Bromide (Br) tracer tests in columns

Two of the columns assembled in the field (from 42 and 66 ft bgl) were used in
later laboratory testing of column porosity and longitudinal dispersivity using the
breakthrough of a mostly inert (non-sorbing) bromide anion. The columns were
preconditioned for ~3-4 PV at a pore velocity of 35-37 PV/day using an artificial
groundwater solution without detectable bromide, upon which Br was added to the
inflowing solution at 170 mg/L final concentration and the breakthrough was observed.
After ~2 PV of complete Br breakthrough, the inflow was switched to a Br-free solution,
and flushing of Br from the column was observed. Pore volumes were calculated based
on the volume of effluent that flowed between the entry of Br (or Br-free solution) into
the column and the point at which 'z of the maximum Br concentration was reached at
both the rising and the falling flanks of the breakthrough curves. Porosity of the sediment
within the column was then estimated from the calculated pore volumes and the total
volume of the columns (Table 4.2). Only the rising portion of the Br breakthrough was

used for longitudinal dispersivity estimates by the advection-dispersion model.

223



4.2.4 Batch adsorption experiments

The adsorption of As was also assessed in small batch reactors using the initial
sediment from column experiment cores at a few select depth ranges, preserved as
described above for 12 days post-collection. Approximately 5 g of the sediment was
placed in 12 mL amber glass vials under N, atmosphere in a glove bag (Sigma-Aldrich),
and ~11.5 mL of low-As groundwater (Table 4.3) was added to the brim of each vial. The
groundwater was collected on the same day in 150 mL glass serum bottles by filling them
inside an overflowing bucket and crimp sealing with gas impermeable blue butyl rubber
septa (Bellco). The batch vials were then spiked with As(IIl) to a final concentration of
996 pg/L in the dissolved phase for the batch kinetic (“BK”’) experiments, or to a range of
concentrations (217-57,700 ug/L. As final) in separate vials for the batch isotherm (“BI”)
experiments. Arsenite from a reagent grade NaAsO, salt (Sigma-Aldrich) was used for
spikes, as virtually all As was in the form of As(IIl) in the shallow groundwater used in
column experiments. The vials were then crimped with grey butyl rubber septa
(Wheaton) and left shaking at a room temperature of ~25 °C. The supernatants were
collected and filtered through 0.45 pum syringe filters (Whatman 6753-2504) at a range of
time points from 2.7 h to 32 d for the kinetic (BK) experiment, or at the end of the 32-day
period for the isotherm (BI) experiment, with each vial providing a single point for the
measurement of the dissolved phase As. Batch isotherms were constructed by plotting the
concentration of As sorbed on the sediment, Q [M/M], against the concentration of As
measured in the dissolved phase, C [M/L’], after 32 days of equilibration. The values of

Q were calculated the mass difference between the initial spiked concentration of As in
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the dissolved phase and that measured at the end of the experiment (C), and normalizing

it to the sediment mass in batch reactors.

4.2.5 Sediment analyses

Upon the completion of flow experiments, some of the columns were sectioned
(inlet, middle, and outlet) and the sediment was collected for immediate extractions by
IM phosphate in the field and/or preserved refrigerated in N,-flushed airtight Mylar bags
with oxygen adsorbents for sequential extractions by MilliQ ultrapure water (18 MQ),
IM phosphate, and 1.2N hot HCl ~3 months later in the laboratory. Initial sediment,
collected from the same core as its corresponding column and not subjected to column
experiments, was used in extractions for comparison to the column-flushed sediment. A
weighted average of the extractions performed on column sections was used to report the
total amount of As extracted from each column. The percent amount of As removed by
extractions was in turn expressed relative to the amount of total As adsorbed or desorbed
from the sediment during column experiments, calculated by integrating the difference
between the influent and effluent As concentrations for all samples during the loading or
the flushing stage.

Extractions with the ultrapure (MilliQ) water were performed by adding ~12 mL
of N,-flushed ultrapure water to ~1 g of sediment in amber glass vials, filled to the brim
and crimp-shut with a grey rubber stopper inside an aerobic chamber, followed by
shaking for ~1 month at the room temperature. Water extractions were designed to assess
the amount of As, Fe, and Mn that could be released back to the dissolved phase by

simply changing their background concentrations and allowing ample time to reach

225



equilibrium. Following that, or starting with 1 g of fresh sediment in case of the non-
sequential extractions in the field, extractions with N,-purged 1M NaH,PO, solution for
24 h at room temperature (Jung and Zheng, 2006; Keon et al., 2001; van Geen et al.,
2008) were performed. The final extraction in the sequential scheme was carried out with
hot (80 °C) 1.2N HCI for 30 min (Horneman et al., 2004; van Geen et al., 2004).
Sediments were washed twice between sequential extractions by centrifuging with
ultrapure water. All extracts were collected through the 0.45 um syringe filters.

Select samples of the initial and post-column sediment were neatly packed in
Saran wrap immediately upon the completion of column experiments and the diffuse
spectral reflectance between 530 and 520 nm (or 550 and 500 nm) was measured to
indicate the speciation of Fe in solid phase (Horneman et al., 2004). Finally, grain size
analysis was performed on sediment from depth ranges representative of the column
experiments by separating the core sediment on sieves of various diameters (2,500, 500,
150, and 63 pm). The sieve-separated size fraction of <63 um was subsequently analyzed
for grain sizes ranging from 70 to 0.8 um (dimension of maximum length, L) by a
Coulter counter. Surface area of the sediment was estimated by combining all of the size
fractions and assuming that sediment within a size fraction was shaped either as spheres
with a diameter equal to the fraction’s average L, or square platelets with sides equal to

the size fraction’s average L and a thickness of d = 1/20 x average L.

4.2.6 Analysis of groundwater samples and sediment extracts
The analysis of Na, Ca, Mg, K, Si, S, P, As, Fe, and Mn in source well and

column effluent groundwater, as well as in batch experiment supernatants and sediment
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extracts (As) was performed on samples acidified in the laboratory to 1% HCI (Optima,
Fisher) using high-resolution inductively coupled plasma-mass spectrometry (HR ICP-
MS) as outlined in Cheng et al. (2004). The analyses were performed to a precision of
<10% and an accuracy of 10% or better when compared to internal laboratory reference
standards. The analysis of Cl in source well and column effluent groundwater was
performed to a precision of <5% on a DX-120 ion-chromatograph (Dionex, Thermo

Scientific) using a Na,CO3/NaHCOj; eluent.
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4.3 Results

4.3.1 Arsenic adsorption in field columns

The shallow, reducing groundwater used to elute the columns (Table 4.3)
contained high concentrations of dissolved elements related to sediment reduction,
including As (594 pg/L), Fe (2.2 mg/L), and Mn (6.4 mg/L), accompanied by an
unusually high level of SO4 in anoxic groundwater (26 mg/L S). With no detectable
dissolved oxygen, this groundwater also had a moderate PO, level (0.4 mg/L P), high
alkalinity (7.6 mM) and a pH of 6.7. Arsenic is efficiently scavenged from the inflowing
groundwater in column experiments, with initial breakthrough to >10 pug/L As only
occurring after 10 PV in the columns from 50-66 ft depth and after 20 PV in those from
38-42 ft depth (Fig. 4.2). Similarly, the breakthrough of As to 2 of the influent
concentration occurs earlier, at 17-23 PV, in the cores from 50-66 ft depth, but is delayed
to 33-46 PV in the cores from 38-42 ft. Arsenic speciation in the column effluent (data
not shown) indicates that most As samples are >90% As(III), with some samples in the
80-90% range, arguing that little oxidation of the dissolved phase As occurs in the
columns.

Whereas a nearly complete breakthrough was observed by PV 50-80 (day 3-4) in
the medium pore velocity columns (15-18 PV/d), dissolved As in most of these columns
remained below the input concentration, and declined gently in the final stages of
breakthrough until they were disconnected on day 7. The two fast flowing columns (60
PV/d) exhibited a transient decline in As levels, followed by a complete breakthrough

(Fig. 4.2a) until they were terminated on day 3. However, in the two low pore velocity
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columns (5 PV/d), As levels in the effluent started decreasing after 35-45 PV were eluted

by days 7-9, and continued so until the experiment ended on day 15 (Figs. 4.2 and 4.3).

700 1
A
600 ————
© om0 . oo o
500 | (@ - % (] ¢ (:I O
- Y0 g “ "o Y o
- (o}
o
® 400 - . 50ft 60 PV/day
E o © 50ft 15 PV/day
g 300 A o ® 54ft 15 PV/day
S O 54ft 5 PV/day
200 1 ' ® 58ft 60 PV/day
Model K, = 4.2 L/kg ¢
100 5 R 24 ) 66ft 17 PV/day
o © —High-As inflow
0 be ' e ' —Model fit
0 30 60 90 120 150
700 -
B n
o
o
600 - =
® o
500 .
o
F o o
3T 400 - .
B
= ® 42ft 18 PV/day
< 300 7 O 42ft 5 PViday
2 n ® 38fta 18 PV/day
S 200 o
© Model K, = 9.0 Likg 38ft b 18 PV/day
2/ o R=45 = High-As inflow
0
100 o (Batchfit K=11.1 —Model fit
ncnm:, R=353) = =Batch K
0 - v L L] T 1
0 30 60 90 120 150
PV

229



Figure 4.2. Breakthrough curves of As at various pore velocities in columns with
sediment from depth ranges of (a) 50-66 ft, and (b) 38-42 ft. The model (after van
Genuchten, 1982) accounted for retardation and longitudinal dispersion. The longitudinal
dispersivities were set to those observed in the Br breakthrough: (a) 0.7 cm and (b) 0.5
cm (Appendix section 4.7.1), and no kinetic effects were incorporated in the model. The
values of sorption constant used by models (K4) and the resulting retardation factor (R),
are indicated on the panels. Sorption constants (K =~ Kq) extracted from the high-As range
Langmuir fits of batch sorption isotherms are similar for the 50-66 ft sediment (a), and

slightly higher in the 38-42 sand (b), the model fit with this K indicated by a dashed line.

The breakthrough of As in columns containing sediment from matching depths
varies surprisingly little with pore velocities ranging 12-fold from ~5 to ~60 PV/d (Fig.
4.2). The BTCs of As can be modeled by a 1-dimensional advection-dispersion model,
calibrated for dispersion against a bromide tracer, and described in detail in section 4.7.1
(Appendix). The model does not take adsorption kinetics into account, but instead uses a
retardation factor (R) related to the equilibrium partitioning coefficient of As between the
solid and the dissolved phase (Kq) by the following equation:

Rz 4 2P

(eq. 1)

where 0 is the porosity (0.33) and p is the bulk sediment density (1.54 g/cm?), calculated
from the dry sediment density and 0. The dry sediment density of 2.29 g/cm’ was
estimated, in turn, from the wet sediment density (1.87 g/cm’) of saturated columns
weighed in the field and 6. The longitudinal dispersivities estimated from Br BTCs (Fig.

4.8 and Table 4.2) for the two depth ranges of column sediments were deployed in the
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model. The equilibrium sorption advection-dispersion model provides rather good visual
fits of the observed As BTCs in columns from 50-66 and 38-42 ft depth using Kq values
of 4.2 and 9 L/kg, respectively, which is translated by eq. (1) to retardation factors of 21

and 43 (Fig. 4.2).

4.3.2 Chemical changes observed in the column experiments

The BTCs of other constituents monitored in the column effluent (Fig. 4.9 in
Appendix), indicated that the breakthrough of cations occurred by PV 20, regardless of
the column sediment depth, with Ca and K exchanging on the sediment for Mg, and
rather constant Na concentrations. The anions, Cl and SO4 (shown as S), achieved
immediate breakthrough, as expected from their negative charges and little affinity for
site-specific adsorption. Alkalinity was only measured in a few column effluent samples
(data not shown) and matched that of the source well. Manganese broke through
completely, with more retardation in the sediment from 38-42 ft depth, similar to As
BTCs. Most Fe, and a large proportion of PO4 (shown as P), was removed from the
dissolved phase by column sediments. Only one column from the 50-66 ft depth range
and two others from the 38-42 ft range exhibited a breakthrough of dissolved Fe, while
PO4 was consistently higher in the effluent from 38-42 ft columns, in line with more As

retention at that depth range.
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Figure 4.3. The breakthrough of (a) As and (b) S from 5 PV/day columns. As and
SO4 concentrations decreased after 35-45 PV (7-9 days) of flow in the low pore velocity
columns and continued to decline until the end of experiments on day 15. The columns
with sediment from corresponding depths, but performed at 15-18 PV/day and terminated

on day 7, are also shown for comparison.
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Most notably, SO4 was found to decrease after 30 PV, concomitantly with the
decline in As levels, only in the two low pore velocity columns (Fig. 4.3). In addition,
these two columns had the most complete Mn breakthrough, releasing additional Mn
above the influent concentrations, and they were among the three columns with
measurable Fe in the effluent (Fig. 4.9, part III), indicating more reducing conditions in
the slow-flowing columns. In agreement with more reduction occurring in these columns,
sand at the tip of their inlet changed color to dark grey (Fig. 4.1c). The color change was
quantified in the 54 ft low-velocity column by the reduction in diffuse spectral
reflectance (AR) to <40% of the intial AR (Fig. 4.10 in Appendix), indicating that the
speciation of labile Fe phases switched from Fe(III) to Fe(Il) predominance (Horneman et
al., 2004). In the remaining sections of this column, and all of the of medium-velocity
column sections, the final AR ranged between 80-100% of the initial AR, thus remaining
in the AR range of orange sand, with the inlet sections consistently displaying a slightly

lower AR and, thus, more reduced Fe mineralogy.

4.3.3 Column flushing experiment with low-As groundwater

Switching the inflow of two 18 PV/d columns to a source well with low As (<1
png/L, Table 4.3), after 4.7 and 7.6 ppm (ng/g) As were loaded onto the sediment over the
125 and 120 PV of high-As groundwater flow, flushed out 72 and 52% of the loaded As,
respectively, before the experiments were terminated at PV~270 (Figure 4.4 and Table
4.1). The initial switch to a low-As source well did not result in a smooth transition
towards lower dissolved As in the effluent. Instead, due to an accidental ~1 day flow

interruption, As was additionally adsorbed from the stagnant dissolved phase onto the
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column sediment and effluent emerged with <100 pg/L As upon the reestablishment of
flow, clearly demonstrating the amount of kinetic disequilibrium in the columns under
flow conditions. Following that, As was slowly desorbed from the sediment, reaching a
peak in the effluent at PV~180, with a tendency towards continued desorption beyond the

end point of the experiment, as the final concentrations lingered in the 60-80 ng/L range.

700 7
- ® 42ft 18 PViday
o
600 = fem ® 38fta 18 PViday
o am_ "
- =—High-As inflow
500 - = L, " =
. g " ~Low-As inflow
%l’ . -. | B |
% 400 A . B -
< .
g 300 - 5
8 s "
200 "
L]
o = ...l‘...l s,
100 - s " bl T ...'l
o [ =™ Sgem
u
o il i
0 30 60 90 120 150 180 210 240 270
PV

Figure 4.4. Reversibility of As sorption in the field. The inflow of the two medium-
velocity columns was switched to a low-As well after 120 PV (38ft a) and 125 PV (42 ft)
had been eluted over a period of 7 days. Shortly afterwards, an unplanned break in flow
of ~1 day demonstrated the disequilibrium of As sorption, as As concentrations in both
effluents abruptly fell to <100 pg/L. Arsenic was desorbed with continued flushing by the

low-As groundwater.
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4.3.4 Batch experiments

Batch isotherms, reflecting the equilibrium partitioning of As between the
dissolved and solid phase, indicate that the strongest adsorption occurs on the brown sand
from 40-44 ft bgl, followed by that from 46-48 ft and 60-64 ft bgl, while the weakest
adsorbent is the sediment from 52-56 ft bgl (Fig. 4.5). To quantify the partitioning in each
sediment sample, Langmuir isotherms were fit to the data, using the following equation,

modified from Weber et al. (1991) and Limousin et al. (2007):

0
K=—=
C(l—g)

max

(eq. 2)

where Qmax 1S the maximum sorption capacity [M/M, usually pg/g or mg/kg] of the
sediment, and K [L*/M, usually L/kg] is the sorption constant that includes both the
affinity of As for the solid phase and the plateau solid concentration (Qmax). When Q <<
Qmax, K = Q/C, which is nearly identical to the linear equilibrium partitioning coefficient
used in the column models, Kg4, and has the same units.

The values of K were calculated using least squares fits of the linearized version

of equation (2):

+—— (eq. 3)

Q=
Q
>~
a

At a high range of As concentrations, the isotherms were fit (R* > 0.96) using the three
highest data points for each sediment depth, resulting in K values of 11.1, 7.6, 6.7, and
4.2 L/kg and Qmax of 93, 82, 68, and 69 ng/g for the sediment from 40-44, 46-48, 60-64,
and 52-56 ft bgl, respectively. At the lower range of adsorbed (<5 pg/g) and dissolved
(<300 pg/L) As concentrations, similar to the concentrations encountered in the field

column experiments, better visual fits are obtained by adjusting the K to 3-fold higher
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values, resulting in a range from 12.7 L/kg in the 52-56 ft sediment to 33.3 L/kg in the
40-44 ft sand batch experiment (Fig. 4.5 inset). However, as shown by the column
models (Fig. 4.2), column As BTCs are fit better by the Ky values close to the K’s
estimated from the high-range As concentrations in batch isotherms: the K of 4.2 L/kg
from the batch experiment with 52-56 ft sediment provides a good fit for the 50-66 ft
cores, while using the K of 11.1 L/kg from the 40-44 ft batch results in a slightly

overestimated (but still close) fit of As retardation observed in 38-42 ft cores (Fig. 4.2b).
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Figure 4.5. Langmuir isotherms for the column sediments across different depths.
Each point represents a separate batch reactor to which sediment and low-As
groundwater were added, followed by a spike of As(IIl). Two of the depth intervals were
repeated to check for reproducibility. The range of equilibrium constants (K) used are
shown. Higher (3-fold) K values were necessary to fit the data at a lower As

concentration range shown in inset (same units as the main graph).
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Batch kinetics experiments (Fig. 4.6) indicate a gradation of As sorption affinities
among the sands from different depths similar to that observed in the column and batch
isotherm experiments. The time point at which As concentration is <’z of the initial value
of 996 pg/L ranges from <6 hr in the reactors containing 40-44 ft sand to >30 hr in those
with the sand from 52-56 ft bgl. Likewise, the final dissolved concentrations after 32 days
of incubation ranges from 102 to 186 pg/L As in the batch reactors containing 40-44 ft
and 52-56 ft sands, respectively. In the batch experiments overall, dissolved As
concentrations fall rather quickly initially, for instance by 15-30% within the first ~3 hr,
and by ~50% within the first ~42 day. Subsequently, the rate of adsorption progressively
slows toward 5 days, at which point 65-85% of the initial As is adsorbed (150-360 pg/L

As remained in the dissolved phase), and only a small fraction can be further adsorbed by

day 32.
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Figure 4.6. Batch kinetic experiment. Each point represents a separate batch reactor to

which sediment and low-As groundwater were added, followed by a 996 pg/L spike of
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As(IIT). All depth intervals were repeated to check for reproducibility. Data for the first 3

days are shown in the inset (same units as the main graph).

4.3.5 Sediment characteristics and extractable As

The initial sediment used in column and batch experiments contained <0.7 ppm
POy-extractable As (Fig. 4.7), typical of the less reducing sediment hosting <10 pg/L
dissolved As (van Geen et al., 2008; Zheng et al., 2005), and had the diffuse spectral
reflectance derivative at 520 nm of ~1.25, typical of the brown, Pleistocene-age sands
(Horneman et al., 2004; Zheng et al., 2005). The Pleistocene age of these sediments
might further be inferred from their location under a brown clay layer, reminiscent of the
uneroded interfluves topped by paleosol, described by McArthur at al. (2008).

Sediment extractions in the field demonstrated that ~60-70% of the 5-7 ppm total
As adsorbed from the shallow groundwater (Table 4.1) can be desorbed by IM PO,
extractions, targeting the exchangeable, strongly adsorbed fraction of As (Keon et al.,
2001). Later in the lab, sequential MilliQ water and PO, extractions combined together
desorbed ~45-65% of the adsorbed As. PO, extractions on the same column sediment (66
ft, 17 PV/d) did not differ much whether performed immediately in the field or 3 months
later in the lab (Fig. 4.7). Only a small additional amount of As, mostly <0.5 ppm/column
section and ~7% of total As retained by columns, was mobilized by extractions with hot
1.2N HCI extractions that target As, Mn, or Fe associated with carbonates, Mn oxides,
poorly crystalline Fe oxyhydroxides (Keon et al., 2001) and perhaps some more
crystalline phases, such as goethite or hematite, due to the heating step (Horneman et al.,

2004; van Geen et al., 2004). Overall, 53-72% of As loaded on column sediment was
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removed by the sequential extractions with ultrapure water, PO4, and hot 1.2N HCI
(Table 4.1). In the column where 52% of the total As was already flushed out with low-
As groundwater, sequential extractions released an additional 37% As. Relatively the
least As, only 53% of the total adsorbed by the column sediment, was recovered by

sequential extractions from the low pore velocity column.
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Figure 4.7. Sediment extraction results. Sequential extractions in the laboratory using
MilliQ ultrapure water, 1M phosphate, and 1.2M HCI, and phosphate extractions
performed immediately in the field (non-sequential). Note that the 66ft 17 PV/day

column appears twice, i.e. in both the sequential and the non-sequential extractions.

Within the individual column sections, most As was retained at the inflow end of
the column, except in the column flushed by low-As groundwater where As was

remobilized towards the outflow end (Figure 4.7). Extractions with the ultrapure water
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desorbed relatively little As (<0.8 ppm/column section), especially if the column had
already been flushed with low-As groundwater, demonstrating that As is not easily
desorbed even after 1 month of equilibration with As-free water. The more aggressive
PO, extractions desorbed the largest amount of As, up to ~5.5 ppm, from individual
column sections. The low pore velocity column exhibited the greatest amount of As
zoning between the inflow and outflow sections of the column. The largest amount of
HCl-extractable As, both absolute (>1 ppm) and relative to the POs-ext. As in other
sections, was recovered from the inflow tip of this column, coincident with the location

where sediment turned visibly dark grey in color.
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4.4 Discussion

4.4.1 Adsorption of As by natural, brown sand from Bangladesh

Column experiments conducted in the field using freshly cored sediment without
repacking, maintained under anoxic conditions, and eluted directly with high-As shallow
groundwater, allowed for a 1-dimensional, linear flow under controlled conditions that
generated a series of As breakthrough curves (BTC). Early As BTCs, before they are
significantly affected by reactions other than sorption, can be fit by a simple model
incorporating equilibrium sorption of As and dispersion estimated from bromide BTCs
(Fig. 4.2). The transport of As is retarded by approximately 21-43 times relative to the
movement of groundwater, which translates to a linear As partitioning coefficient (Kg)
between the sediment and the dissolved phase of 4.2-9 L/kg. Our estimate falls within the
middle-to-low range of the K4 values of 1.7-28.7 L/kg reported by recent field and
laboratory studies performed on brown, Pleistocene aquifers and aquifer materials from
Bangladesh, India or Vietnam (Dhar et al., 2011; McArthur et al., 2010; McArthur et al.,
2008; Radloff et al., 2011; Stollenwerk et al., 2007; van Geen et al., 2013). Conversely,
K4 values estimated here fall slightly above the K4 range of 1-6 L/kg found in the grey,
more reduced aquifer or riverbank sediment from across the Bengal Basin (BGS and
DPHE, 2001; Harvey et al., 2002; Jung et al., 2012; Radloff et al., 2011; van Geen et al.,

2008), indicating a higher affinity of brown sands for As sorption.
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4.4.2 Kinetic limitations of the sorption estimates

Kinetic limitations of the experiments might have resulted in an underestimated
K4 and retardation factor of As in the present study due to a relatively fast linear flow in
the columns (0.5-6 m/d) compared to the natural conditions of vertical (in cm’s/yr) or
even horizontal (in m’s/yr) flow in the natural Bengal Basin aquifers (BGS and DPHE,
2001; Harvey et al., 2002; Michael and Voss, 2008; Stute et al., 2007; van Geen et al.,
2008; Zheng et al., 2005). The lack of large variations between As BTCs from depth-
matched columns performed at different pore velocities (Fig. 4.2) could erroneously be
attributed to a lack of major kinetic effect on the sorption observed in flowing columns.
The batch kinetic experiment (Fig. 4.6), however, indicated that As sorption is indeed
subject to kinetic limitations because it took place over a period of multiple days in the
batch reactors, whereas the longest residence time in the low velocity columns was only
~5 hr. Arguing further for the kinetic limitations of sorption in the columns, batch
isotherms performed at the range of solid and dissolved concentrations present in the
columns produced three-fold higher K’s (Fig. 4.5) than those used to fit the observed As
BTCs in column models (Fig. 4.2). This observation suggests that As could be adsorbed
on column sediments to a larger extent if allowed more time to react. That exactly
occurred when column flow was interrupted for ~1 day and dissolved As levels declined
abruptly, confirming the sorption disequilibrium within columns (Fig. 4.4), also noted in
other studies with flow interruptions (Zhang and Selim, 2006).

A puzzle remains as to why the ~12-fold changes in pore velocity did not result in
larger differences between As BTC, as would be expected from the batch kinetic

experiment. At least a part of the answer might lie in the limited comparisons that can be
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drawn between the batch and the column experiments, even if the range of initial As
concentrations used in some batch experiments, both kinetic and the low-range isotherm,
is similar to As levels in the column inflow. Batch reactors have a different water-to-
sediment ratio from the columns, producing a physical difference in the pore-scale
processes. Moreover, the chemical composition of the background solution and the
concentration gradients of As and other sorbates are distinct within the two setups. On the
one hand, batch reactions were performed in low-As groundwater, with As added in a
single spike; the As concentration gradient thus established between the solution and the
grain surface sites was initially sharp, but quickly leveled off after the initial fast
adsorption. On the other hand, the columns were continuously flushed with shallow,
high-As groundwater, replenishing and maintaining high As concentrations in the
solution, but also supplying an entirely different background solution with its own ionic
strength and competing sorbate concentrations. These fundamental differences between
the column and batch experiments highlight the advantages of column experiments as
more representative of the “real world”, but they also make comparisons between these
two types of experiments more difficult.

However, the lack of kinetic effects in the columns might nevertheless offer
additional insights into the mechanisms of As adsorption. Batch kinetic experiments in
this and other studies (Radloff et al., 2011; Raven et al., 1998; Zhang and Selim, 2005,
2006) often conceptualize the pore-scale As sorption process as a two-step reaction,
consisting of a rapid initial step followed by a slow approach to equilibrium. The fast and
slow sites might be chemically different, due to varying site specificities and binding

energies, or the slow sites might be physically limited by diffusion processes near the
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grain surface, within grains, or aggregates (Harvey and Gorelick, 2000; Wood et al.,
1990). It is plausible that the fast sites, occasionally included in column models (Zhang
and Selim, 2005, 2006), reach equilibrium almost instantaneously at a lower Ky than that
of the overall sediment. This would explain both the observed lack of sensitivity of As
BTC:s to the pore velocities explored and the lower column model K4 when compared to
batch isotherm experiments performed in the same As concentration range. As for the
slow sorption sites, the water residence time in columns may not allow enough time for
these sites to impact the BTCs significantly, except near breakthrough where it is obvious
that some additional As adsorption occurs, preventing the complete breakthrough in most
columns.

Another plausible explanation for the lack of As BTC sensitivity to changes in
pore velocity might also be that the sorption kinetics of slow sites, limited by diffusion
processes, actually speed up at higher pore water velocities, as noted by Darland and
Inskeep (1997). In their study, As adsorption rate constants were considered sensitive to
the mixing environment in the columns, and were thus adjusted to higher values to be
able to fit As BTCs at higher column flow velocities. Other studies also required an
increase in sorption rate constants in response to switching from stationary batch reactors
to columns (Zhang and Selim, 2006) or to in situ push/pull experiments (Radloff et al.,

2011).

4.4.3 Reductive transformations in the sediment
The coexistence of elevated As and SOs is not common in Southeast Asian

reduced groundwater (Burnol and Charlet, 2010; Buschmann and Berg, 2009), but could
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occur in the areas of mixing, located near streams and/or close to the water table depth, as
in our shallow source well. The inflow of high-SO4 groundwater can stimulate the growth
of sulfate reducing bacteria that take part in Fe redox cycling and could enhance the
retention of As in our column experiments (Saalfield and Bostick, 2009; Tufano and
Fendorf, 2008), potentially resulting in overestimated As retardation parameters. Indeed,
in the low pore velocity columns (5 PV/day), the reductive dissolution of Fe and Mn
oxides, as well as SO4 reduction, were suggested by the presence of Fe(Il) in the effluent,
additional Mn relative to the influent concentrations (Fig. 4.9 in Appendix) at later stages
of the breakthrough, and the concurrent decline of effluent SO4 and As levels after 35-45
PV had been eluted by day 7-9 (Fig. 4.3). However, as the influence of sulfate and Fe
reduction was mostly constrained to the later stages of breakthrough in the slow flowing
columns, the observed As BTCs controlled by sorption reactions are not brought into
question in the columns performed at higher pore velocities or before the onset of
reduction in the low-velocity columns.

Longer water residence time and the longer experimental timescale of the low
pore velocity columns could allow rate-limited microbial processes to take advantage of
the high sulfate and probably higher organic matter content in shallow groundwater
(Harvey et al., 2002; Islam et al., 2004; McArthur et al., 2004). The reduction of Fe
oxyhydroxides and SOj4 resulted in the formation of a dark grey phase at the inlet of the
low-velocity columns (Fig. 4.1c), quantified by a decrease in diffuse spectral reflectance
(AR, Fig. 4.10 in Appendix). The dramatic decrease in dissolved As concentrations
starting on day 7-9 of the slow flowing columns (Fig. 4.3) was likely related to these

changes in Fe mineralogy, allowing for the resorption, or perhaps precipitation, of As
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until the experiment was terminated on day 15. This additional adsorption/retention of As
is also supported by the high amount of As extracted from the inlet tip of the low-velocity
column compared to the downstream column sections (Fig. 4.7), and by the higher
partitioning of As into the hot HCl-extractable phase at the inlet tip, indicating an
association with Fe phases that are more crystalline and are binding the As somewhat
stronger than by the simple adsorption. Gently declining trends in As concentrations (Fig.
4.2), and a small decrease in AR of the sediment near column inlets (Fig. 4.10) suggested
that enhanced reduction perhaps occurred towards the end of the medium-velocity
column experiments also, but the reaction did not develop fully before these columns
were disconnected on day 7.

The mineral phase formed at the inlet of the slow columns is likely a mixed
Fe(Il)/Fe(Ill) mineral, such as magnetite, which has recently been shown to retain As(III)
or As(V) within solid phase under column flow conditions dominated by Fe and/or SO4
reduction (Saalfield and Bostick, 2009; Tufano and Fendorf, 2008). Arsenic could have
been adsorbed onto the newly formed magnetite surface, or co-precipitated into the
magnetite mineral lattice. Alternatively, a “green rust” could have formed, incorporating
carbonate or SO, ions from the high-alkalinity and high-SO4 inflow into the mixed
Fe(IT)/Fe(IlI) phase resulting from Fe and SO4 reduction, but opposing reports exist as to
the effectiveness of As retention on such a phase (Jonsson and Sherman, 2008; Kocar et
al., 2010). It is unlikely that reduced sulfur phases, such as Fe and As sulfide, directly
coprecipitated As on column sand, as sulfide is often involved in Fe redox cycling and
enhances its mineralogical transformations, but is rarely found to be a major phase

associated with Fe or As deposition under similar field or model conditions (Burnol and
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Charlet, 2010; Kocar et al., 2010; Saalfield and Bostick, 2009). Under sulfate-reducing
conditions, the sulfide mineral sink cannot be completely ruled out, as small amounts of
sulfides could have formed, but would not be detectable by our analysis. The exact phase
formed on natural sediment under the inflow of high-SO4, -Fe, and -As shallow
groundwater warrant future study to examine its structure and the potential to retain As
more strongly, or perhaps release it with continued reduction. It would also be of interest
to examine whether the presence of SO, reduction is necessary to limit the mobility of As

similar to what was observed in the low-velocity columns.

4.4.4 Reversibility of As sorption on column sediments and variability with depth
The sorption of arsenic on column sediments was generally reversible, in
particular in the high and medium velocity column experiments, as demonstrated by a
large percentage of As remobilized by the flushing experiment with low-As groundwater
(Fig. 4.4) and the sediment extractions (Fig. 4.7 and Table 4.1). Nevertheless, a
significant amount of As (11-29% total As) retained from the shallow groundwater was
not desorbed by the aggressive POy extractions that target the readily mobilizable fraction
of As (Keon et al., 2001) and might even overestimate it (Dhar et al., 2011), nor was it
released by the sequential extractions that include a hot HCl leach, targeting amorphous
and perhaps even more crystalline Fe phases (van Geen et al., 2004). The poorest
recovery of retained As (53% by sequential extractions) was observed in the low-velocity
column due to the non-reversible incorporation of As into rearranged Fe phases after the
onset of SO4 reduction in these columns on day 7-9. The medium velocity columns,

however, were disconnected on day 7 before many of the significant biogeochemical
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changes and mineral rearrangements could affect As retention by reversible sorption
reactions.

Leaching of the columns with on-site low-As groundwater performed well at
desorption, comparable in extent to PO4 extractions, and might have recovered most
loaded As if given more time (Fig. 4.4). The effectiveness of flushing with natural low-
As groundwater might have been enhanced by the changes in pH, counter cations, and
ionic strength when the source well was switched (Table 4.3), all of which are known
factors that generally affect sorption (Harter and Naidu, 2001). The doubling of dissolved
Si content, which could decrease As adsorption to the Pleistocene sediment (Stollenwerk
et al., 2007), might have also been partly responsible for the observed mobilization.

There is significant variability in the equilibrium partitioning, sorption extent and
kinetics, and the column breakthrough of As for a single location with visually similar
sediment over a depth range of <30 ft (Figs. 4.2, 4.5, and 4.6). The sediment from 52-56
ft depth consistently exhibited the lowest estimated K values and the slowest adsorption
kinetics, while the opposite was true of the 40-44 ft depth range, and As column BTCs
could also be grouped within sediment depth groups. The shallower brown sand appeared
somewhat finer grained (Fig. 4.1c); in addition, the surface area estimates resulting from
grain size analysis down to 0.8 um (Table 4.4 and Fig. 4.11 in Appendix) showed that the
sand from 40 ft bgl has the highest amount of fine particles and the greatest surface area.
However, the second largest surface area is on the sand from 52-56 ft bgl, coincident with
the poorest As adsorption parameters, so the grain size argument does not provide a full

explanation of the variability.
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The initial amount of POs-extractable As was larger on shallower sediment, which
might confirm its greater affinity for As adsorption, but fails to explain the preferential
adsorption mechanism. A part of the answer might lie in the BTCs of Fe and Mn (Fig. 4.9
in Appendix): poorer Fe retention in the 38-42 ft columns perhaps indicates a slightly
more reducing Fe mineralogy, which could result in the formation of magnetite that
retains As more strongly by surface complex formation or structural incorporation (Kocar
et al., 2010; Saalfield and Bostick, 2009; Tufano and Fendorf, 2008). Arsenite adsorption
could also be enhanced in the presence of higher Fe(Il) sorbed concentrations (Dixit and
Hering, 2006). Furthermore, the similar initial retardation of Mn transport to that of As at
equivalent depth ranges indicates that a difference in sediment Fe mineralogy might
affect both the As and Mn sorption, but there is no clear explanation of these variations,
barring further mineralogical or spectroscopic evidence. The oxidation of As(Ill) by Mn
oxides, invoked to explain the strong retention of As by the Pleistocene brown sediment
(Stollenwerk et al., 2007) is unlikely to have played a role in these experiments, as no

evidence of As(IIl) oxidation to As(V) was found.

4.4.5 Other reactions occurring in the columns

The breakthrough of Ca appeared to be controlled by cation exchange with Mg
and K within the initial ~20 PV of the experiments, upon which it was achieved in all
columns regardless of sediment depth (Fig. 4.9 in Appendix). The saturation of Ca
sorption sites and its complete breakthrough have been related to the release of As(V)
adsorbed onto ferrihydrite (Saalfield and Bostick, 2010), perhaps by forming soluble Ca-

arsenate complexes, but did not seem to affect As(III) adsorption in the columns, varying
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among different depth intervals independently of Ca levels. Relatively high alkalinity in
the influent shallow groundwater (Table 4.3) might have limited the adsorption of As to
some extent (Norrman et al., 2008), due to the competition of bicarbonate and arsenite for
sorption sites, but the effect is probably minimal (Radu et al., 2005; Stollenwerk et al.,
2007). Phosphate is a more significant adsorption competitor of arsenite (Dixit and
Hering, 2003; Stollenwerk et al., 2007), and was clearly scavenged from the dissolved
phase by all columns (Fig. 4.9 in Appendix), thus it must have adversely affected the
adsorption of As to some extent. Although the influent concentration of 0.4 mg/L P was
relatively modest compared to other shallow wells in the area (Dhar et al., 2008; Zheng et
al., 2005), it was still above the levels found in most deep, low-As wells. The roughly
similar Si concentrations in the initial column pore water and the shallow groundwater
inflow mean that silica is unlikely to have affected the adsorption portion of As BTCs,
although it is known to marginally compete with As for sorption sites (Stollenwerk et al.,

2007).

4.4.6 Implications for As mobility and low-As aquifer sustainability

The study demonstrated that the brown, low-As sand from a Bangladeshi aquifer
can adsorb As from infiltrating shallow groundwater, even under rather fast flows
compared to the natural groundwater velocities. The estimated As retardation coefficient
of ~20-40 offers a significant amount of protection to low-As aquifers from As
contamination that might occur with increased pumping, in agreement with other recent
studies on the Pleistocene sediment (McArthur et al., 2010; McArthur et al., 2008;

Radloff et al., 2011; Stollenwerk et al., 2007; van Geen et al., 2013). A distinguishing
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characteristic of this study is that while it was performed under nearly in situ conditions,
with results more representative than the classic batch or column methods, it also avoided
the limitations associated with field experiments, such as complex heterogeneities,
preferential flows, and tracer loss/dispersion (Radloff et al., 2011), and the complex
modeling formulations required to interpret the obtained data from those approaches
(Radloff et al., 2011; Stollenwerk et al., 2007). This simple technique also circumvented
the difficulty of finding field sites where geology and hydrology align in a way that
makes it possible to track As breakthrough and the degree of retardation (McArthur et al.,
2010; McArthur et al., 2008; van Geen et al., 2013). Thus, the results from this approach
could be easily transferred to other locations requiring contaminant transport studies to
initiate simple comparisons — for example, arsenic retardation in other Southeast Asian
Holocene deltaic and riverine sediments.

The retardation of As might have been underestimated due to the relatively high
column flow rates, however the kinetic limitations could indeed be applicable to faster
vertical flows occurring within or around deep wells with mechanical failures subject to a
downward hydraulic gradient. The applicability of our As sorption estimates to the
transport of As in low-As aquifers in the context of natural groundwater and sediment
variability was not explicitly explored here. The groundwater used in our study was
enriched with soluble reduction products or species (As, Fe, Mn) and with known As
adsorption competitors (HCO3, and moderate amounts of PO, and H4Si04), but was also
unusually SOgs-rich for a reducing environment (Buschmann and Berg, 2009), which
could have enhanced the observed retention of As on sediment. Despite these

uncertainties, the agreement between this and other recently published studies with brown
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sand indicates that the natural variability mentioned may not cause large differences in
As retardation. Stratigraphic variability instead may turn out to be more of a controlling
factor for the sustainability of low-As aquifers. The heterogeneity in sediment
distribution, including the locations of grey and orange sands hosting low-As
groundwater, is not well understood (BGS and DPHE, 2001; Burgess et al., 2010; Zheng
et al., 2005) and requires more study. Gray sands might also have a significant, but
slightly lower, capacity for adsorbing As (BGS and DPHE, 2001; Radloff et al., 2011;
van Geen et al., 2008). Aquitard distribution also requires further characterization, as it
can greatly impact the way shallow contaminants infiltrate deeper parts of the aquifer
(Michael and Voss, 2009b).

Another variable needing investigation in the evaluation of low-As aquifer
sustainability is the reactive organic matter (OM) that might arrive with shallow
groundwater intrusion. If reactive, the OM can reduce the brown sediment, cause an
additional release of As, and limit its capacity to adsorb As due to a reduction in surface
area of Fe minerals, much like what happens in the shallow, reduced aquifer, whether the
organic matter be sourced from the surface or co-deposited with the sediment (Harvey et
al., 2002; Mailloux et al., 2013; Neumann et al., 2010; van Geen et al., 2004). Reductive
changes and/or the release of As have already been reported in brown, Pleistocene
sediment studies in the field (McArthur et al., 2010; van Geen et al., 2013) and upon
addition of electron donors in batch (Dhar et al., 2011) or column systems (Robinson et
al., 2011). The reactivity of brown sands observed within the low pore velocity columns
in this study, however, implied that the reduction of Fe oxyhydroxides in the presence of

high SO4 and Fe(Il) levels may, at least initially, limit the mobility of As. Iron mineral
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rearrangements under such conditions might actually help sequester As and reduce the
risk of As contamination, as previously observed on model laboratory materials (Kocar et
al., 2010; Saalfield and Bostick, 2009; Tufano and Fendorf, 2008). The characteristics of
the formed mineral phases warrant further research to determine their stability with
respect to As retention, although the importance of this mineralogical pathway may be of

limited scope in Southeast Asian aquifers due to the rare occurrence of groundwater high

in both As and SO..
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4.5 Conclusions

Column experiments performed with freshly cored sediment and shallow high-
arsenic groundwater can be used to closely mimic in situ studies of As transport
retardation without physically being performed in a low-As aquifer. The migration of As
was delayed by adsorption on aquifer sediments by a factor of 20-40 times compared to
the flow of groundwater, providing an estimate within the same range as those made by
representative field studies. Other, non-sorptive reactions also impact As retention by
aquifer material and warrant further study to predict the long-term behavior of As in low-
As aquifers. This relatively simple method, although it cannot accurately represent
dispersion processes in the aquifer, requires only routine analytical effort and is
transferrable to other locations where the basic retardation properties of contaminants

need characterization in a sedimentary aquifer setting.
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4.7 Appendix

4.7.1 Column porosity and dispersion estimated by Br breakthrough and the 1-
dimensional advection-dispersion model

Bromide breakthrough curves (BTCs) from the two columns prepared in the field
and run later in the laboratory (Fig. 4.8) resulted in estimated column porosities of 0.29
and 0.33 (Table 4.2). For the simplicity of calculations, and because the true variability of
the porosity is unknown, all pore volumes (PV) and pore velocities in PV/day for column
experiments in the field were calculated assuming a porosity of 0.33 (Table 4.2). The two
measured column porosities were utilized, however, to obtain the exact column linear
velocity (v), a necessary input parameter for a 1-dimensional advection-dispersion model
to estimate the longitudinal dispersivity in the two columns. A simple analytical solution
(van Geen et al., 2013; van Geen et al., 2008; van Genuchten and Alves, 1982) was used
to fit the model to observed Br concentrations C at time t for a point at distance x along
the flow path (i.e. the column length for column effluent), assuming that no Br is initially

present in the columns because they were pre-conditioned with Br-free water:

C(X, l) =Co %erfcw.y lexp(vx/D)erfc(Rx—-H}t])

4
2(DRt): 2 2(DRt)* (- 4)

where Cy is the inflowing Br concentration (170 mg/L or 1 in case of the dimensionless
C/Cy), R is the retardation factor (set to 1 in case of Br), and D is the hydrodynamic
dispersion coefficient. The molecular diffusion in negligible in this case, resulting in the

hydrodynamic dispersion expression of D = orv, where oy is the longitudinal dispersivity.
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The values of ar, estimated from the rising flank of Br BTCs are 0.5 and 0.7 cm in the

columns containing the sand from 42 and 66 ft bgl, respectively (Fig. 4.8 and Table 4.2).
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Figure 4.8. Bromide breakthrough curves (normalized to C,y of 170 mg/L) from (a)
42 ft sediment and (b) 66 ft sediment. Br BTCs were used to estimate column porosity
(PV =1 where C/Cy = 0.5) and advection-dispersion model fits (van Genuchten, 1982),
shown as green lines, were employed to estimate longitudinal dispersivity. The resulting

porosity and longitudinal dispersivity are indicated on the panels.
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Figure 4.9. (part I): Breakthrough curves of (a,b) Ca, (c,d) Mg, and (e,f) K in
columns from 50-66 ft bgl (left side panels) and 38-42 ft bgl (right side panels). Note
that the cations reached steady-state concentration by PV~20, regardless of the sediment

depth, in contrast to the sorption of As (Fig. 4.2) and Mn (this figure, part III).
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Figure 4.9. (part II): Breakthrough curves of (g,h) Na, and (i,j) Si in columns from

50-66 ft bgl (left side panels) and 38-42 ft bgl (right side panels).
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Figure 4.9. (part III): Breakthrough curves of (k,]) Mn, (m,n) Fe, and (o,p) P in
columns from 50-66 ft bgl (left side panels) and 38-42 ft bgl (right side panels). Note
that the breakthrough of Mn followed a similar pattern to that of As (Fig. 4.2) with more

retardation in the sediment from 38-42 ft. More dissolved Fe and consistenly higher P
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(proxy for PO4) were present in the 38-42 ft range. Only the 5 PV/day column from 54 ft

bgl released some Fe.
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Figure 4.9. (part IV): Breakthrough curves of (q,r) S, and (s,t) Cl in columns from
50-66 ft bgl (left side panels) and 38-42 ft bgl (right side panels). Note that S (proxy
for SO4) and Cl broke through immediately, as expected from anions. SO4, however, was

reduced in the slow-flowing columns (5 PV/day).
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Figure 4.10. Diffuse spectral reflectance (AR) between 530 and 520 nm (or 550 and
500 nm in samples with *) normalized to the AR of the initial sediment in each
column. The lower the AR, the more grey the sediment color is, indicating a change of
the Fe speciation towards more reduced Fe species, Fe(I). The initial AR of the sediment
was 1.25-1.31 (530-520 nm) or 6.3-6.9 (550-500 nm), typical of the Pleistocene brown

sediment in the area.
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Table 4.1. Reversibility of As sorption: percentage of As removed by flushing with

low-As groundwater a

nd/or PO, extractions.

Depth Pore velocity Total As (final)*  Flush with % As removed by

(ft) PV/day ppm low-As GW? [ GW Flush Field PO, ext. Lab. PO, ext.* Lab. HCI ext.

54 5 5.7 NO - - 45.6 74

66 17 5.5 NO - 63.1 64.9 7.3
38a 18 7.6 YES 51.8 - 30.2° 6.7
38b 18 7.0 NO - 70.9 - -

42 18 4.7 YES 71.6 - - -

* Includes initial PO4-ext. As + column mass balance with hig

h-As groundwater (GW)

A Laboratory extraction performed 4 months later. Includes As extractable by MilliQ water

$ % total As, in addition to the flush with low-As GW
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Table 4.2. Column test parameters.

Depth / borehole  Length  Pore volume* Pore velocity Pore velocity ~Flush with  Br test pore vel. Br test porosity Br test long. disp.®

ft cm mL mL/min PViday  low-As GW? PV/day cm
42b 10.00 8.40 0.027 4.7 - - - -
42 a 9.70 8.15 0.103 18.2 Yes 35.2 0.33 0.5
38a 9.70 8.15 0.100 17.8 Yes - - -
38 b 9.75 8.19 0.105 18.5 - - - -
54 b 10.00 8.40 0.027 4.6 - - - -
54 a 9.50 7.98 0.085 15.3 - - - -
66 a 9.80 8.23 0.105 18.4 - - - -
66 b 10.35 8.69 - - - 37.4 0.29 0.7
50 a 9.90 8.31 0.087 15.1 - - - -
50b 10.00 8.40 0.363 62.2 - - - -
58 a 10.00 8.40 0.339 58.1 - - - -

* Pore volume (PV) calculated from column dimensions by assuming a porosity of 0.33 for all columns.
A Column from 66 ft depth, borehole b was only used for the Br tracer test
$ Longitudinal dispersivity (this value is multiplied by velocity to get the longitudinal dispersion for advection-dispersion model)
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Table 4.3. Groundwater chemistry of the source wells for the column experiments.
Values shown are averages of daily sampling over the duration of column experiments.
Low-As well was used for flushing the two columns from 38 and 42 ft depth and for the

sorption isotherm and kinetics experiments (with added As(lll) spikes).

Measurement Unit Source Well
High-As Low-As
Na mg/L 84.7 51.0
Mg mg/L 43.6 6.0
Si mg/L 35.1 69.5
P mg/L 0.40 0.22
S mg/L 26.1 1.0
K mg/L 21.7 1.5
Ca mg/L 100.7 17.5
Mn Mg/l 6372 62
Fe mg/L 2.24 0.05
As pg/L 593.7 0.3
Aslll pg/L 585.4 0.4
Cl mg/L 153 28
Temp. °C 25.67 26.32
Cond. mS/cm 1.398 0.388
ORP - -89.9 20.5
DO kit Mg/l <5 <5
pH - 6.70 6.37
Alkalinity mM 7.62 2.72
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Table 4.4. Grain size analysis.

Sediment Depth (ft) ===>
40 42 46 50 52-56 58 50-64 66
Size fraction | % of total sed % of total sed % of total sed % of total sed % of total sed % of total sed % of total sed % of total sed
(< XX um)
2500 27 14 12.0 111 8.9 3.0 1.2 29
500 34.8 70.4 63.3 66.1 65.1 74.6 74.2 731
150 42.0 13.0 9.0 8.0 10.8 10.5 9.8 10.6
70 0.2 0.0 0.1 0.1 0.0 0.1 0.0 0.1
62 27 1.1 21 1.0 1.0 0.5 0.5 1.1
31 3.1 25 2.6 2.8 1.0 2.0 1.6 3.2
16 3.7 3.6 34 4.0 1.9 2.6 3.3 3.6
8 29 2.8 34 27 24 2.6 34 23
4 29 25 24 22 3.9 1.9 25 1.6
2 1.5 1.3 0.5 0.6 2.1 0.9 1.7 0.6
1 0.6 0.8 0.5 0.7 1.2 1.1 0.7 0.1
0.8 29 0.6 0.5 0.7 1.5 0.3 1.0 1.0
Surface area (m?/g), assuming spheres ===>
Total sediment 0.25 0.12 0.10 0.1 0.19 0.09 0.15 0.10
Surface area (m?/g), assuming platelets (thickness = 1/20 length) ===>
Total sediment 1.86 0.87 0.73 0.79 1.40 0.68 1.08 0.74
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The following Tables and Figures are NOT referred to in the text

Table 4.5. Time series of the input well groundwater composition;
constituents measured by IC (Cl) and ICP-MS (all else)

Na Mg Si P S K Ca Mn Fe As Aslll Cl Exp.
Date mg/L mg/L mg/L mg/L mg/L mg/L mg/L pg/L mg/L ug/L ug/L mg/L End pt.
SHALLOW HIGH-As WELL
8-Jan-10 Start: all

9-Jan-10 am 80.5 421 35.6 0.38 241 17.2 95 5223 2.06 608 598 150
9-Jan-10 pm 81.0 411 34.2 0.47 247 18.4 99 5944 2.00 589 651 150

10-Jan-10 84.7 44.3 35.9 0.44 26.4 21.7 101 6564 2.10 613 151
11-Jan-10 86.0 43.3 35.6 0.36 26.5 223 102 6748 2.46 596 589 153  High-vel. end
12-Jan-10 85.8 45.0 34.7 0.34 26.9 23.0 100 6661 2.26 602 155
13-Jan-10 86.6 44.5 34.6 0.32 26.6 23.8 102 6357 2.26 572 591 152
14-Jan-10 87.6 44.5 35.1 0.45 26.2 235 104 6664 2.36 583 155
15-Jan-10 85.3 43.9 35.1 0.41 27.6 23.5 103 6812 2.44 586 564 156  Med-vel. end
16-Jan-10 88.5 45.0 347 0.42 26.9 243 101 6715 2.65 577 156

17-Jan-10 89.0 46.0 34.5 0.42 271.7 24.6 100 6867 2.57 588 492 158
18-Jan-10 86.6 43.6 35.2 0.34 26.7 251 104 6969 2.78 601
19-Jan-10 87.0 45.8 35.7 0.33 26.9 26.2 102 7001 277 578 521 155

20-Jan-10 86.5 44.9 371 0.40 26.4 25.9 104 6917 3.04 563 155

21-Jan-10 89.1 44.8 35.4 0.36 25.9 26.9 101 7269 3.06 565 528 156

22-Jan-10 87.1 45.6 354 0.38 26.6 27.7 100 7201 3.00 590 154

23-Jan-10 83.1 43.4 35.0 0.51 25.3 26.4 97 6959 3.09 558 510 155

24-Jan-10 86.4 45.1 35.1 0.47 25.9 27.8 96 6881 3.12 532 151 Low-vel. end
DEEP LOW-As WELL

15-Jan-10 511 6.0 71.3 0.22 1.1 1.7 18 70 0.08 0.3 0.4 28 Start
16-Jan-10 51.9 6.1 69.5 0.23 1.0 1.5 17 68 0.08 0.4 28  (Med-vel. only)
17-Jan-10 51.1 5.8 66.2 0.21 1.0 1.5 17 62 0.03 0.1 28

18-Jan-10 28

19-Jan-10 50.9 6.1 70.1 0.24 1.1 1.5 18 61 0.17 0.4 28

20-Jan-10 51.7 6.0 715 0.22 1.1 1.5 18 61 0.02 0.3 28

21-Jan-10 51.4 5.9 70.4 0.23 1.1 1.5 17 62 0.01 0.1 27

22-Jan-10 50.1 6.0 68.9 0.22 1.0 1.5 17 60 0.02 0.2 28

23-Jan-10 49.4 5.8 71.0 0.21 1.0 1.4 18 55 0.01 0.1 28

24-Jan-10 51.7 5.9 66.2 0.23 1.0 1.5 17 61 0.01 0.3 28 End
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Figure 4.12. (part I): Breakthrough curves from the columns flushed by deep, low-

As groundwater after 120-125 PV of shallow, high-As groundwater inflow. Elements

shown: (a) Mn, (b) Fe, (c) P, (d) Si, (e) S, and (f) Cl.
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Chapter 5:

Conclusions

5.1 General overview

The research presented here focused on the vulnerability of low-As aquifers in
Bangladesh by investigating their hydrologic and geochemical properties across several
spatial and temporal scales. The question of sustainability of these aquifers, located
beneath the shallow aquifers with peaking As concentrations, is intimately coupled to the
changing patterns of groundwater abstraction and the implications these changes will
have on As contamination. The continued rise in pumping of these aquifers, and the
drawdown of shallow groundwater with As and organic matter seem inevitable with
further development. Some researchers (see Ravenscroft et al., 2013 in Introduction) have
argued that the low-As aquifers should also be exploited for food production to maintain
the quantity and quality of crop yields, despite the risks of contaminating this source of
drinking water in the future. My work does not necessarily argue against such a view on
resource development. Although we currently see no evidence of widespread
contamination of deep or intermediate aquifer in our field area, the findings presented
here could help better understand the associated risks and inform the future resource

management.
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5.2 Main findings and their implications

5.2.1 Groundwater recharge and residence times in intermediate (35-120 m) and
deep (>120 m) low-arsenic aquifers east of Dhaka, Bangladesh

Broader-scale patterns in groundwater geochemistry and residence times at depth
were characterized across a 25 km® study area in Chapter 2. The variability of
groundwater chemistry and ages in the intermediate depth zone of low-As aquifers (35-
120 m bgl) demonstrated that a portion of these low-As aquifers is subject to recharge
with shallow groundwater. However, the intrusion of shallow groundwater to this depth,
indicated by elevated concentrations of bomb-released *H (>0.3 TU) or *Cpic (>0.9 FM),
did not correlate with increased groundwater As levels, which is a reassuring finding for
the long-term stability of groundwater quality. The recharge from shallow aquifers might
preferentially originate from low-As zones and/or low-As aquifer sediment has enough
capacity to retard As transport, both of which could contribute to the observed robustness
of the intermediate aquifers. The results from these aquifers also reinforced the fact that
the distribution of confining clay layers is patchy, and that despite their presence in well
lithologs, they do not necessarily protect the wells from shallow groundwater intrusion
that can happen at some lateral distance where the clay capping is absent.

Groundwater at depth >120 m bgl has a fairly constant signature of low Na and
dissolved inorganic carbon (DIC), high Si, and a '*C age of ~10 kyr. The consistent
relationship between radiocarbon and stable isotopes, BC in DIC, and *H and 'O in

water, is compatible with the recharge of deep groundwater at the transition from
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Pleistocene to Holocene when the summer monsoon was intensifying and the dominant
vegetation was changing from that adapted to more arid conditions (e.g. C4 grasses) to
the vegetation more successful in wetter environments (e.g. C3 bushes and mangroves).
Besides being the first report, to our knowledge, of a paleoclimatic record contained
within the groundwater of Bengal basin, the importance of this finding lies in the
possibility that groundwater was trapped or rapidly recharged at the onset of the
Holocene and has not been subject to significant flows since. If groundwater at this depth
had been more or less stagnant, increasing deep groundwater abstraction by installing
large mechanized urban supply systems, such as the one in Dhaka, could dramatically
increase the recharge rate from lateral or vertical leakage and alter the residence time of
groundwater in these aquifers. As the connectivity of deep aquifers to the sources of
lateral recharge, such as the rivers or the hilly basin edges, is not well known, increased
exploitation might induce more infiltration along vertical flowpaths and possibly along
preferential flow pathways with as yet unclear consequences for As contamination.

A linear relationship was found between '*C in DIC and the radiogenic He
modeled from noble gas concentrations in groundwater from all depths in this study. The
noble gas record could, thus, be used to approximate groundwater ages based on the
accumulation of radiogenic He in groundwater elsewhere in the basin and at greater
depths where the '*C technique might not work, as well as in other sandy aquifers. The
key to using this dating technique would be to better constrain the release rates of He

from aquifer sediment, perhaps by measuring U and Th directly in the studied sediment.
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5.2.2 Arsenic contamination exacerbated by clay layers in a low-arsenic aquifer in
Bangladesh

The dominant notions of low-As aquifer vulnerability were challenged by the
work presented in Chapter 3. A confining clay layer may not always protect the
underlying aquifer from contamination, whereas a contact with shallow aquifer via recent
recharge may not always adversely affect the low-As aquifer. At the studied location near
a community well with documented failures despite a sound well construction, the pore
water seeping out of the capping clay layer introduced As, Fe, and NH; into the aquifer,
as well as the organic matter that helps reduce aquifer sediment near the clay layer and
release additional As. The groundwater age in this zone is >60 years, and clay pore water
may enter due to a combined effect of downward hydraulic gradient across the clay and
the stresses that squeeze the compressible clay, such as the long-term compaction and the
short-term pressure pulses when irrigation pumps turn on and off.

The deeper part of the aquifer is well flushed by recent recharge, but there is no
evidence of the recharge bringing reactive DOC, as the sand here is still orange and host
groundwater with <10 ug/L As. A discontinuity in the clay layer south of the site likely
allows the penetration of younger groundwater, but more complex flow paths are also
possible because the downward hydraulic gradient can drive vertical flows across any
other clay discontinuities that might exist. It appears that the faster recharge at depth of
the orange sand currently protects this portion of the aquifer from contamination seeping
downward from the clay and upper part of the aquifer, but it is not clear if this lack of
contamination with As is due to a low-DOC content of the intruding groundwater, or if

the arrival of shallow organics and As to the site is presently delayed by sediment
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adsorption. Unfortunately, the migration of As is observed within the vertical dimension
when a frequently pumped community well is installed in the thin orange sand layer, and
As is transported from the upper, reduced part of the aquifer to the well screen within 1-2
years.

The results of this study call for a re-evaluation of the sustainability concepts for
the low-As aquifer to include the possibility that (1) pore water within deeper clay layers,
and not just peats or surface clay deposits, might exacerbate the As contamination, and
that (2) more rapid recharge might protect the aquifers when the infiltrating groundwater
contains low As or organic matter levels. Another major implication of the study is that
the wells in low-As aquifers might be prone to failures if the aquifer is too thin to provide
flowpaths sufficiently long for As sorption to occur, or if the well is too close to the base
of the edge of a confining unit to avoid mixing with the clay pore water. Caution is
necessary when installing future wells, and the importance of regular testing of water
quality and hydraulic heads is further underscored in order to detect potential problems

within the formation chosen for installation.

5.2.3 Arsenic transport through columns of brown low-arsenic aquifer sand eluted
in the field with shallow groundwater

A novel set-up of the column experiments with fresh sediment cores converted
into columns, and elution with high-As shallow groundwater while the columns were
submerged and maintained anoxic, allowed for a simulation of in situ conditions, while at
the same time providing a simple and controlled flow system for this sorption study. The

transport of As under flow rates explored in the experiment was described by

285



hydrodynamic dispersion, measured with Br tracer, and equilibrium adsorption of As,
resulting in a range of retardation coefficients of ~20-40. A large amount of the adsorbed
As could be desorbed by flushing with low-As groundwater and/or by sediment
extractions targeting the pools of adsorbed As and As incorporated in less crystalline Fe
minerals, however at least 10-30% of the adsorbed As was retained on column sediments.
The retention of As on column sediment by adsorption was likely limited by the
relatively fast flow conditions imposed, but also enhanced by non-sorptive reactions
occurring, particularly in low pore velocity columns. The longer residence time in these
columns allowed for a greater impact of SO, and Fe reduction on Fe mineral
rearrangements that likely incorporated some As scavanged from the dissolved phase.
The retardation of As varied by a factor of 2 within the cores we studied, collected
at a single borehole location, but various types of sediment (e.g. grey sand) are present in
low-As aquifers throughout the basin. The groundwater composition, although highly
reducing, atypically included both high As and high SO, so the reactions occurring under
such conditions might not be geographically representative. Nevertheless, the estimates
of As retardation made in the column experiments are within the range of those reported
in other studies, both in sifu and experimental, thus validating the relevance of this
approach. Furthermore, the method described in our study is relatively simple to execute,
it does not rely on the availability of specific subsurface flow geometries that often make
field studies more difficult to locate, and the results can be interpreted in a
straightforward manner. Thus, barring the availability of sediment cores, the column
experimental method described here is easily transferrable elsewhere and could be

employed to initially and simply characterize the general retardation and reactions of As

286



and other contaminants on diverse aquifer sediments with various groundwater

compositions in the areas of concern worldwide.

5.3 Future work

While the research performed as a part of this thesis has shed light on certain
aspects surrounding the flow of groundwater and transport of arsenic between and within
sandy aquifers in Bangladesh, the findings also raise new questions. The groundwater age
reported in Chapter 2 for low-As aquifers 120-240 m deep, located roughly in the central
part of Bengal basin, was ~10,000 years, however the residence times of groundwater at
greater depths or along the basin edges are unknown. Surveying the ages systematically
across the basin might be able to answer the question whether recharge from basin edges
to deeper parts of the aquifer continues at present; if so, faster recharge from the basin-
margin highlands with more dilute low-arsenic groundwater might be able to protect the
aquifer to a certain degree from vertical intrusion of contaminated shallow groundwater.

As downward vertical gradients grow larger in the region, it would be of interest
to verify if direct vertical recharge and shallow groundwater leakage occur at depths
>100 m bgl in the areas most affected by deep pumping, such as in Dhaka city. The
drawdown cone under Dhaka might have already impacted the groundwater chemistry
and tracers, such as stable isotopes, H, and *C, but this has not been documented yet.
Large rivers, such as the Ganges, the Brahmaputra, and the Meghna surround Dhaka city,
thus the recharge of increasingly exploited deep aquifers could also be occurring from the

rivers. Whether this indeed occurs can be explored by detailed hydraulic head monitoring
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in vicinity of the rivers, as well as by sampling groundwater tracers and chemistry within
the area potentially affected. The goal would be to document what effect the river
recharge, if it occurs, might have on local aquifer redox status. It could bring in additional
organic matter present in the river water or mobilized from the fresh riverbank sediments,
promoting reduction and As release in the deep aquifer. Alternatively, active recharge
with river water could actually improve water quality in the aquifer if it carries a
negligible content of organic matter and lowers total dissolved solids of the groundwater.

The finding in Chapter 3 that organic matter leaching from clay layers can reduce
aquifer sediments calls for the assessment of the impact that clay layers have at greater
depths in the low-As aquifer, in particular in the zone >150 m bgl where many wells are
currently being installed. Older clay units, perhaps predating Pleistocene, could supply
As and reductants to the deep aquifers as they are squeezed by ongoing subsidence in the
Bengal basin due to both the natural processes of compaction and tectonic plate tilting at
the convergence boundary, and the anthropogenic effect of deep pumping near major
cities (see Erban et al., 2013 in Chapter 3). Deep drilling for sediment recovery, coupled
to geologic studies of subsidence and deep well sampling campaigns, may be necessary
in the region to elucidate this topic.

Other questions were also raised by the observations that intermediate aquifer
hydraulic heads both decrease and experience less dry season disturbance from the
shallow irrigation pumping as the lateral distance from a recharge window increases. It is
not clear, for example, what hydrological conditions and aquifer hydraulic properties
exactly control the lower hydraulic heads in the intermediate aquifer and how they

respond to various stressors. It is also not clear whether more isolation from the shallow
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aquifer, and presumably recharge and contaminant inputs, leads to lower As levels and
better groundwater quality for human consumption. It would be of interest, therefore, to
expand the area of study laterally to include more potential recharge windows, identified
by a combination of drilling, high ’H levels, and geophysical techniques, such as
borehole logging and cross-hole resistivity imaging. The study could also be expanded to
a slightly greater depth below the Pleistocene clay layers to evaluate the deep aquifer
hydraulic pressure forcing. A flow model of 1-2 km scale might be able to identify
exactly how distal deep pumping affects the transfer of hydraulic pressure to the
intermediate aquifer and how it affects the flow between the shallow and intermediate
aquifers. A clear picture of flow in the intermediate aquifer might also help answer other
questions of both geochemical and hydrologic significance: how is the intermediate
aquifer As and redox status affected by the penetration of recharge from the surface? Can
a simple deployment of transducers simultaneously collecting pressure data from the
shallow and intermediate aquifers be used to identify vulnerable areas of the intermediate
aquifers? Could a close hydraulic connection to the shallow aquifer be easily identified
by observing the water level difference between the aquifers and the amount of high-
frequency pressure variations?

Lastly, the novel column method of studying As transport through aquifer
sediments presented in Chapter 4 can be deployed in any area considered vulnerable to
As intrusion. Low flow velocities should be used to avoid the concerns of kinetic
limitations, while at the same time adequate experimental monitoring should be
performed to ascertain no oxidative artifacts occur due to the longer residence time in

columns. The estimates of As retardation based on our column experiments appear to be
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in agreement with the field studies in West Bengal, central Bangladesh, and Vietnam,
thus a generalizable As retardation could be used in some local assessments of aquifer
sustainability. However, at locations where sediment or groundwater compositions are
sufficiently different to raise reasonable doubts about the applicability of general As
sorption parameters, As retardation could be assessed fairly efficiently with the column
technique. For example, grey Pleistocene (and older) sediments in the basin have not
been examined for their As sorption properties. As another example, groundwater might
contain high levels of PO, that could compete with arsenite for adsorption sites, or
unusually high concentrations of DOC could both interfere with As adsorption on Fe
oxides and cause Fe mineralogical changes due to reductive processes.

In addition, the column method could be used for scientific purposes in general
because of the ready availability of the sediment for characterization upon the elution-
induced changes. For instance, one could study in real time and in more detail the mineral
transformations of oxidized aquifer sediment caused by the inflow of groundwater with a
significant reducing power. Such transformations have been suggested in numerous field
studies, for example, in Vietnam (see van Geen et al, 2013) or in the upper intermediate
aquifer of site M, both discussed in Chapter 3. In another example, the Fe mineral phase
that formed under sulfate-reducing conditions, and that helped retain As in the low pore
velocity columns of Chapter 4, could be better characterized and its stability and As

sequestration properties better understood.
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5.4 Final remarks

The ultimate question that drove my research was to what extent and how we can
predict the wvulnerability and sustainability of a low-As sedimentary aquifer in
topographically flat river basins or deltas. My best answer would be to assess the factors
that we currently know are the most important in determining the As status of sandy
aquifers subject to a reducing environment: the subsurface geology, the patterns of
groundwater flow to the aquifer in question, and the sources of organic matter (OM).

The source of OM is necessary to supply electron donors and cause anoxia
coupled to reductive release of As from the sediment; without the organics, there would
not be a problem, unless the location suffered from an unusual accumulation of arsenic-
bearing minerals like sulfides. The OM could originate from the surface features such as
the ponds filled with human waste, landfills, biologically productive wetlands or
lowlands accumulating fresh sediment. For the surface sources of OM to matter, we also
need a mode of delivering these organics to the depth via groundwater flow, i.e.
downward hydraulic gradients and conductive sediments. However, the OM could also
be sourced from an underground deposit, such as peats, organics in clay layers, or
dispersed particulate matter in the aquifer. Some knowledge of the subsurface geology is
thus necessary and a primary requirement in every case because it both determines the
underground flow patterns and potentially hides additional sources of organic matter.

A particular attention should be paid to the low-conductivity units such as clays
and peats. They could help on the one hand by diverting groundwater flow derived from

the surface OM sources away from the aquifer, but on the other they could also contribute
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organics to the system and cause or exacerbate sediment reduction. Thus, the lateral
extent of clays, and their properties, such as the organic content and the potential modes
of its delivery to the aquifer, must be evaluated. The absence of low-conductivity units
could be beneficial in certain well-defined cases, for example if the surface sources of
recharge would introduce oxic groundwater low in organics and As to the aquifer.
Finally, the status of aquifer sediment is also important — if the source of OM and As and
a method of their delivery have been identified, less reduced brown/orange sand might
have potential to withstand the intrusion for a longer time. In such a case, if an unusual or
extreme groundwater type is present, for example containing very high PO4, DOC, SO4,
or HCOj; concentrations, the retardation of As could also be experimentally determined to

better inform the assessment.
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