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Abstract Across South Asia, millions of villagers have reduced their exposure to high‐arsenic (As)
groundwater by switching to low‐As wells. Isotopic tracers and flow modeling are used in this study to
understand the groundwater flow system of a semi‐confined aquifer of Pleistocene (>10 kyr) age in
Bangladesh that is generally low in As but has been perturbed by massive pumping at a distance of about
25 km for the municipal water supply of Dhaka. A 10‐ to 15‐m‐thick clay aquitard caps much of the
intermediate aquifer (>40‐ to 90‐m depth) in the 3‐km2 study area, with some interruptions by younger
channel sand deposits indicative of river scouring. Hydraulic heads in the intermediate aquifer below the
clay‐capped areas are 1–2 m lower than in the high‐As shallow aquifer above the clay layer. In contrast,
similar heads in the shallow and intermediate aquifer are observed where the clay layer is missing. The head
distribution suggests a pattern of downward flow through interruptions in the aquitard and lateral advection
from the sandy areas to the confined portion of the aquifer. The interpreted flow system is consistent
with 3H‐

3He ages, stable isotope data, and groundwater flow modeling. Lateral flow could explain an
association of elevated As with high methane concentrations within layers of gray sand below certain
clay‐capped portions of the Pleistocene aquifer. An influx of dissolved organic carbon from the clay layer
itself leading to a reduction of initially orange sands has also likely contributed to the rise of As.

1. Introduction

Groundwater contamination with arsenic (As) threatens the health of more than 200 million people around
the world who are exposed to As in drinking water that exceeds the World Health Organization (WHO)
guideline of 10 μg/L (WHO, 1993; Ravenscroft et al., 2009). Bangladesh, part of the largest river delta in
the world (Morgan & McIntire, 1959), is most affected with a rural population of about 40 million who
are still exposed to As levels that exceed the WHO guideline by a factor of up to a hundred (BBS/
UNICEF, 2011; BGS/DPHE, 2001; Smith et al., 2000). Spatial heterogeneity complicates the prediction of
the distribution of As in the shallow (<50 m deep) Holocene (<12 kyr) aquifers of Bangladesh (Fendorf
et al., 2010; van Geen et al., 2003), but older, deeper (>100 m) Pleistocene aquifers are consistently low in
As in many parts of the region (BGS/DPHE, 2001; Burgess et al., 2010; Choudhury et al., 2016; Khan
et al., 2019; Lapworth et al., 2018; Mihajlov et al., 2016; Ravenscroft et al., 2013). Aquifers in the
Holocene‐Pleistocene transition (50‐ to 100‐m depth) are often also low in As and are increasingly exploited
by local drillers contracted privately by individual households (Hossain et al., 2014; van Geen et al., 2006;
von Brömssen et al., 2007). However, these intermediate aquifers could be more vulnerable to contamina-
tion than deep groundwater due to their proximity to shallow As contaminated aquifers (McArthur
et al., 2008, 2011, 2016; Michael & Khan, 2016). Studying the geochemical and hydrologic processes that
regulate groundwater As within this intermediate zone over time is therefore particularly relevant to
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private well installations to reduce exposure (Jamil et al., 2019). In contrast to these private initiatives,
government policy so far has relied primarily on nationwide installation of deep tubewells (Ravenscroft
et al., 2009, 2013, 2014, 2018) that are too costly for most households.

Elevated levels of As (>100 μg/L) in shallow groundwater across the Ganges‐Brahmaputra Delta have been
widely attributed to microbially mediated reductive dissolution of iron(oxy)hydroxides (Ahmed et al.,
1998, 2004; Berg et al., 2001; Bhattacharya et al., 1997; BGS/DPHE, 2001; Islam et al., 2004; McArthur
et al., 2001; Nickson et al., 1998; Oremland & Stolz, 2003, 2005; Swartz et al., 2004; van Geen et al., 2004).
There is, however, still no consensus about the source of labile carbon that is necessary for such reduction
to take place (Harvey et al., 2002; Mailloux et al., 2013; Mladenov et al., 2010; Neumann et al., 2010;
Polizzotto et al., 2008; Postma et al., 2012; Rowland et al., 2007; Whaley‐Martin et al., 2016). Buried
peat/coal fragments elevated in total organic carbon that were deposited extensively in the Bengal Basin dur-
ing the last marine transgression could be an important source (McArthur et al., 2001, 2004; Rotiroti
et al., 2014). A shallow marine environment during the Holocene transgression also favored the deposition
of a thick sequence of clay that typically separates shallow high‐As groundwater from the confined low‐As
aquifers. However, the clay aquitard itself may contain 1–3 orders of magnitude higher levels of dissolved
organic carbon (DOC) than the sandy aquifers (Hendry & Wassenaar, 2000, 2005) which may diffuse
and/or advect into the underlying aquifer and affect groundwater at the aquifer‐aquitard interface
(Hendry & Schwartz, 1990; Hendry et al., 2003; McMahon, 2001; McMahon & Chapelle, 1991).

In perturbed aquifers, the groundwater flow system is also likely to play an important role in redistributing
As and reactive carbon (Burgess et al., 2010; Desbarats et al., 2014, 2017; Fendorf et al., 2010; MacDonald
et al., 2016; Michael & Voss, 2008; Mihajlov et al., 2016; Mukherjee et al., 2011; Postma et al., 2017; van
Geen et al., 2013; Winkel et al., 2011). Advection of As and young reactive carbon with surface recharge
and groundwater flow has been invoked as the cause of contamination of some low‐As aquifers (Klump

Figure 1. Study area. (a) Location of the study area with respect to Dhaka pumping center; the white rectangle shows the boundary of the child model of Khan
et al. (2016); the perimeter of the basin‐scale parent model of Michael and Voss (2008) is drawn in yellow; red cross‐hatching indicates areas elevated in arsenic
(As); orange polygons are the known regions of low‐As Pleistocene aquifers exposed near the surface. (b) Simulated expansion of the 9‐m water level depth
(maximum suction limit for hand pumped wells) at a depth of 150 m over time (Khan et al., 2016). (c) The heterogeneous distribution of As in Araihazar based on
field‐testing campaign carried out in 2017–2018. The rectangle shows our focus area of investigation (see Figure 2).
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et al., 2006; Lawson et al., 2013;Mailloux et al., 2013; Neumann et al., 2010;
Polizzotto et al., 2005, 2008; Stahl et al., 2016; Whaley‐Martin et al., 2016).
The shallow aquifer of Bangladesh is perturbed by widespread irrigation
pumping for growing rice (Harvey et al., 2002, 2006; Shamsudduha
et al., 2011, 2015). In confined deeper aquifers within a 30‐ to 40‐km
radius of Dhaka, however, water levels have been falling rapidly under
the influence of deep pumping for the city's municipal water supply since
the 1980s (Ahmed et al., 1999; Hoque et al., 2007; IWM and
DWASA, 2011; Khan et al., 2016; Knappett et al., 2016). The Dhaka cone
of depression has expanded beyond the city limits, resulting in hydraulic
gradients that could draw As and/or dissolved organic carbon into aqui-
fers previously low in As (Khan et al., 2016; Knappett et al., 2016).
Groundwater depletion has also been experienced by many other regions
in the United States (e.g., High Plains and Central Valley of California
aquifers), South and Central Asia (e.g., Indus Basin in Pakistan, northwes-
tern India), North China Plain (e.g., the Hai River Basin), North Africa
(e.g., North‐Western Sahara Aquifer System), Middle East (e.g., Sa'dah
Plain, Yemen), Europe (Altiplano region in Murcia, Spain), Australia
(e.g., Great Artesian Basin, Gnangara Groundwater System), and other
localized areas around the world (Famiglietti, 2014; Konikow and
Kendy, 2005; Wada et al., 2010; Werner et al., 2013).

Large‐scale (tens to hundreds of kilometers) numerical models have pre-
viously been used to assess the risk of anthropogenic contamination of
deep (>150 m) low‐As groundwater to downward advection of high‐As
groundwater (Hoque & Burgess, 2012; Hoque et al., 2017; Jusseret
et al., 2009; Khan et al., 2016, 2019; Michael & Khan, 2016; Michael and
Voss 2008; Radloff et al., 2011; Sahu et al., 2013; Shamsudduha et al., 2019;
von Brömssen et al., 2014). However, such models have not been widely
applied at finer resolution to understand the impacts of regional pro-
cesses, like the growth of the Dhaka drawdown cone on local flow pat-
terns and their impacts on long‐term hydrogeochemical processes.

In the present study, we document the distal impact of Dhaka pumping on
the evolution of the local hydrology and distribution of dissolved As
within a vulnerable intermediate aquifer (>40–100 m) in a 3‐km2 area
of Araihazar, Bangladesh.We rely on long‐term geochemical observations
and develop a groundwater flow model constrained by head measure-
ments and verified against isotopic tracers to shed light on the processes
that evidently already led to the contamination of some portions of the
intermediate aquifer, and to make future predictions.

2. Geologic Setting

The study area is bounded by 23.7856°N and 23.7714°N latitude and
90.6229°E and 90.6430°E longitude and part of a larger 25‐km2 area in

Araihazar upazila (sub‐district), Bangladesh, where the ongoing Health Effects of Arsenic Longitudinal
Study was launched in 2000 (Figure 1c; Ahsan et al., 2006). The site is located ~25 km east of the capital
Dhaka and within the eastern perimeter of the expanding cone of depression induced by deep pumping
(Khan et al., 2016; Knappett et al., 2016) (Figure 1). The occurrence of As in Araihazar and the rest of the
country has been shown to be largely geogenic (BGS/DPHE, 2001; Ravenscroft et al., 2009). Low‐As aquifers
are mainly associated with orange‐ or brown‐colored, less reduced, Pleistocene sediment that outcrop in
Dhaka City (Figures 1a and 1b); this area is known as the Madhupur Terrace (Morgan & McIntire, 1959).
Beyond the city limits, however, low‐As aquifers are generally overlain by more reduced Holocene gray
sands commonly containing high dissolved As concentrations (Hoque et al., 2011; Horneman et al., 2004).

Figure 2. Geological and chemical heterogeneity in the study area. (a) The
proportion of clay facies to a depth of 50 m below ground surface (bgs) at
monitoring well locations. Also shown is the distribution of all hand
pumps and irrigation wells. Small dots represent the shallow and deep
wells, and gray open circles represent intermediate depth wells. The white
filled circles indicate the locations of irrigation wells in the area. (b) Spatial
distribution of arsenic in the intermediate aquifer (40–100 m bgs).
Locations of the lettered monitoring sites are indicated with white open
circles. A Google Earth image was used in the background.
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Table 1
Groundwater Physicochemical Parameters in Sand and Clay Formations

Well
ID pH

EC
(μS/cm)

Depth
(m)

Ca
(mg/L)

Mg
(mg/L)

Na
(mg/L)

K
(mg/L)

P
(mg/L)

S
(mg/L)

As
(μg/L)

Fe
(mg/L)

Mn
(mg/L)

F
(mg/L)

Cl
(mg/L)

Br
(mg/L)

DIC
(mg/L)

DOC
(mg/L)

δD
(‰)

δ18O
(‰)

Sand formations
S0 7.1 396 24 51 17 29 4 1.5 0.0 175 9 0.7 0.8 19 0.0 66 1.5 −2.6 −13.6
S1 7.2 459 50 27 12 73 1 0.2 0.1 1 2 0.7 0.5 35 0.2 28 2.0 −5.1 −34.1
S2 6.9 532 59 41 19 21 3 1.1 0.1 41 11 0.8 0.3 8 0.0 71 2.5 −3.2 −20.0
S3 6.6 457 65 33 14 47 2 0.2 0.0 5 0.6 0.7 0.4 9 0.0 70 1.1 −4.2 −25.7
CW‐S 6.9 542 195 33 0.0 28 2 0.2 0.9 2 0.8 0.0 1.2 0 2.6 46 1.1
SS0 7.2 470 20 50 19 19 3 0.8 1.0 56 6 1.1 0.7 17 1.7 59 0.8 −2.2 −12.9
SS1 7.1 569 44 42 19 207 4 1.7 0.1 68 13 0.3 2.0 40 0.1 58 1.9 −4.8 −29.3
SS2 7.0 556 50 37 15 62 1 0.1 0.0 0.2 0.2 1.2 2.5 35 0.1 66 0.5 −5.0 −30.6
SS3 7.1 199 59 44 20 31 2 0.2 0.0 15 4 1.0 2.0 8 0.0 68 2.2 −4.0 −23.2
SS4 7.0 572 72 40 13 57 2 0.1 0.0 1 0.4 0.4 2.7 7 0.1 63 1.2 −4.3 −26.3
M1–1 7.0 418 18 47 15 14 3 1.6 0.0 197 10 0.5 0.2 10 0.0 58 1.5 −2.8 −13.9
M1–4 6.8 610 41 33 15 50 3 1.2 0.0 80 10 0.0 0.4 14 0.1 119 4.2 −4.4 −27.5
M1–4a 7.4 632 51 67 20 20 3 1.0 0.1 352 11 0.1 0.4 25 0.1 85 3.8 −2.7 −19.8
M1–5 6.7 529 61 63 24 14 2 0.1 0.1 0.5 0.2 0.6 0.5 15 0.0 96 1.4 −2.3 −13.3
M1–6 6.8 610 65 63 23 14 2 0.1 0.0 3 0.5 0.4 0.6 9 0.0 94 1.3 −2.4 −13.3
M‐CW 6.8 441 96 33 0.0 26 2 0.1 0.1 0.3 0.1 0.0 1.2 6
T1 6.8 513 10 53 14 17 4 3.1 0.0 95 10 0.2 0.3 22 0.0 64 2.4 −2.7 −14.6
T2 6.8 488 20 39 17 26 2 1.1 0.8 29 16 1.2 0.1 15 0.0 74 2.6 −2.7 −18.0
T3 6.7 516 52 39 25 23 3 1.6 0.0 75 4 0.0 0.7 11 0.0 80 4.0 −2.8 −16.0
T4 6.8 470 62 38 25 17 2 0.0 0.0 2 0.4 1.4 0.5 17 0.0 65 1.3 −2.7 −15.4
CW‐T 6.8 630 195 42 0.0 36 2 0.2 0.4 2 1 0.0 1.3 0 1.3 49 1.9
R0 7.2 301 34 26 6 10 2 1.5 0.0 163 2 0.6 0.9 5 0.0 29 0.5 −3.6 −20.0
R1 7.2 330 51 27 13 13 3 0.5 1.5 23 6 1.2 0.2 8 0.0 32 0.5 −3.1 −18.4
R2 7.2 325 66 27 20 12 3 0.2 0.0 1 1 0.2 0.6 5 0.0 36 0.5 −3.3 −17.9
N0 7.1 822 32 65 28 28 5 2.6 0.1 110 10 0.2 1.1 36 0.7
N1 7.1 540 47 34 20 51 3 0.9 0.0 15 8 0.1 0.2 10 0.1 65 1.7 −4.9 −32.2
N2 7.1 449 63 22 8 73 2 0.2 0.0 5 2 0.3 0.3 13 0.1 59 1.0 −3.7 −27.3
N3 6.8 417 195 49 1.4
O1 7.2 506 56 41 21 20 2 0.8 0.0 55 9 0.0 0.3 16 0.0 53 1.4 −3.2 −20.1
Q1 7.3 575 52 45 24 32 2 0.8 0.0 107 6 0.0 0.3 14 0.1 56 1.6 −5.3 −32.6
Q2 7.3 625 58 35 17 86 2 0.6 0.2 39 7 0.6 0.3 12 0.1 74 0.8 −5.3 −32.9
W‐1 7.3 360 27 39 9 14 2 1.1 0.0 81 5 0.9 0.7 11 0.6 45 0.7 −2.9 −17.7
W‐2 7.2 687 43 56 31 287 6 1.8 0.0 171 8 0.1 1.5 33 0.0 96 3.0 −5.0 −30.5
W‐3 7.1 481 60 39 14 47 1 0.2 0.1 1 2 0.9 2.8 8 0.0 72 0.6 −4.9 −29.6
W‐4 7.0 483 67 24 9 234 1 0.2 0.1 8 3 0.3 1.7 8 0.4 53 0.6 −4.6 −27.3
D1 6.9 403 20 38 0.0 15 4 1.7 0.1 166 17 0.0 0.8 18 0.2 52 1.7
D2 6.8 1,393 59 32 0.0 332 2 0.2 0.3 5 2 0.0 0 1.2 51 0.8
J1 6.8 514 24 35 0.0 12 3 1.4 0.3 93 9 0.0 0.7 14 0.8 51 2.4
J2 6.6 662 59 33 0.0 43 2 0.1 0.3 10 0.5 0.0 1.1 11 0.7 80 3.1
L1 7.1 413 31 28 0.0 12 5 1.9 0.1 48 9 0.0 0.6 10 0.1 40 1.5
L2 7.3 750 62 5 0.0 322 1 0.4 0.5 2 0.3 0.0 5.6 32 1.7 76 0.1
B3 7.3 700 14 78 24 25 4 1.3 2.3 420 8 0.9
B4 7.2 1,022 28 87 28 29 4 1.4 0.0 218 11 0.2
B5 7.3 954 40 58 48 28 5 1.3 0.0 99 8 0.0
B6 7.4 548 53 32 23 83 2 0.3 0.0 12 3 0.3
B7 7.0 988 8 128 0.1 247 8 1.7 30.5 16 13 0.0
B8 7.0 704 11 92 0.0 58 5 2.0 10.5 212 13 0.0
B9 7.4 866 20 86 0.0 27 4 1.2 0.0 433 18 0.0
B‐CW 7.0 301 88 35 0.0 27 2 0.1 0.0 0 1 0.0 0.9 23 0.1
CW‐3 60 44 0.0 50 3 0.1 0.0 2 0.3 0.0 1.7 10 0.0
Clay formations
S 3 33 19 18 0.5 4 26 3 1.0 0.2 11 2.6 24 −3.2 −22.1
S 5 50 38 17 0.1 1 29 1 0.4 0.2 6 0.6 11 −3.9 −24.2
S 26 41 24 38 0.0 1 85 0.1 0.2 0.4 11 0.9 7 −2.7 −17.3
S 31 18 27 58 0.3 1 70 1 0.1 0.4 10 0.6 12 −3.5 −21.7
S 34 11 5 77 0.0 2 22 0 0.1 4.7 22 0.4 30 −3.0 −19.1
S 35 18 7 89 0.0 2 19 0 0.1 3.7 24 0.9 14 −2.7 −18.2
S 38 22 8 90 0.0 1 30 0 0.4 1.6 19 1.3 14 −2.1 −14.8
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The top of the Pleistocene aquifer was weathered (oxidized) during the last glacial maximum (20 ka BP)
when the sediment was subaerially exposed and flushed by meteoric water as the sea level was at least
100m lower than present day (Umitsu, 1994). In the northwestern portion of Araihazar, the oxidized, orange
sand aquifer outcrops as the Madhupur Terrace. In the eastern and southeastern portion of Araihazar, this
formation is buried under organic carbon‐rich recent floodplain sediments of the Meghna and old
Brahmaputra river system. Valley fill, channel migration, and avulsion of rivers and their distributaries
(Morgan &McIntire, 1959; Pickering et al., 2014; Weinman et al., 2008) over the course of geologic time have
partially eroded the sediments in the study area and resulted in the patchy occurrence of orange, oxidized
deposits at variable depths further away from the uplifted Madhupur Terrace (Figure 1). Due to increasing
utilization of the low‐As intermediate (40‐ to 90‐m depth) aquifer in Araihazar for water supply, the number
of private wells tapping these Pleistocene orange sands quadrupled between 2001 and 2018 (supporting
information Figure S1).

3. Methods
3.1. Monitoring Well Nests
3.1.1. Drilling and Installation
In addition to 15 previously described monitoring wells in the study area (Dhar et al., 2008; Horneman
et al., 2004; Mihajlov, 2014; Stute et al., 2007; Zheng et al., 2005), 32 new monitoring wells at 10 nests
(each nest consists of two to five monitoring wells) were installed between June 2012 and January 2017
(Figure 2b and Table 1). The new monitoring wells at Sites T, S, SS, N, Q, R, W, J, L, and D were installed
to depths ranging from 9 to 195 m below ground surface (bgs) (Mozumder, 2019). The manual percussion
(“hand flapper”) drilling technique (Horneman et al., 2004) was employed to install the shallow (<40 m
bgs) and intermediate (>40–80 m bgs) wells with a 1.5‐m screened interval at the bottom. Both sand and clay
drill cuttings retrieved at regular intervals of 1.5 m were preserved for sediment analysis. In addition to four
existing deep wells (>80 m bgs; Mihajlov et al., 2016) in the study area, three more deep wells were installed
by the rotary drilling direct circulation (“donkey‐pump”) method with a screened interval of 6 m. The depths
of all installed wells were verified with a graduated water‐level tape. Each monitoring well was constructed
with a 5‐cm‐diameter stainless steel casing erected above the ground surface, followed by a series of con-
nected 5‐ to 6‐m‐long PVC pipes that extended to the screened interval.
3.1.2. Water Level Monitoring
Hydraulic heads were monitored in 52 piezometers distributed across the study area. Hydraulic heads
were measured manually with a water‐level meter (Solinst Model 101 P2 probe) from the top of the

Table 1
Continued

Well
ID pH

EC
(μS/cm)

Depth
(m)

Ca
(mg/L)

Mg
(mg/L)

Na
(mg/L)

K
(mg/L)

P
(mg/L)

S
(mg/L)

As
(μg/L)

Fe
(mg/L)

Mn
(mg/L)

F
(mg/L)

Cl
(mg/L)

Br
(mg/L)

DIC
(mg/L)

DOC
(mg/L)

δD
(‰)

δ18O
(‰)

S 40 15 8 99 0.0 2 14 0.1 0.4 10 −3.3 −21.0
S 41 15 7 87 0.0 2 13 0 0.4 30 −2.8 −18.1
M 2 466 232 321 0.6 261 8 0 0.2 0.1 292 0.0 21 −2.6 −14.3
M 3 90 43 76 0.0 20 1 0 0.1 0.2 39 16.4 9 −2.3 −10.8
M 5 76 48 43 0.5 6 29 6 1.4 0.3 21 4.6 11 −2.8 −15.3
M 6 76 40 36 0.4 1 49 4 1.9 5 −2.5 −13.5
M 8 61 26 34 2.0 2 54 5 0.6 0.3 12 1.2 24 −2.3 −11.3
M 9 57 23 57 2.7 1 111 4 0.2 0.4 14 0.6 21 −2.3 −10.5
M 27 58 21 22 0.5 1 190 2 0.2 0.5 10 0.9 10 −3.6 −21.2
M 29 60 21 39 0.8 2 138 3 0.2 43 −4.2 −24.8
M 31 51 17 49 1.8 1 149 4 0.2 0.3 6 0.6 49 −3.9 −25.5
M 32 0.4 8 1.0 −4.5 −28.1
M 37 25
M 38 17
M 40 29

Note. The median value is reported where long‐term monitoring data are available.
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casing (TOC) of each monitoring well at regular intervals (on the third week of each month) between 2012
and 2018. The relative elevations of the TOC of each well were surveyed within ±2‐cm accuracy based on
closure using a 150‐m‐long transparent tube filled with water. All relative water level elevations were then
converted to absolute water level elevations (i.e., elevation above mean sea level) with respect to Site B
piezometers (Figure 2b), for which absolute elevation was determined in 2003 using a differential
Global Positioning System (GPS) survey with a precision of ±3 cm (Zheng et al., 2005). Automatic pressure
transducers (Model 3001, Levelogger Edge, Solinst Canada Ltd., Georgetown, Ontario, Canada) were used
in a subset of 25 monitoring wells to record water level in the wells more frequently. Barologgers
(Barologger Edge, Solinst, Georgetown, Canada) were used to record atmospheric pressure at two well
locations that were subtracted from water pressure measurements to obtain water level. All transducers
were set to take synchronous measurements every 20 min. The automated water level measurements were
compared with manual water level measurements to verify their accuracy over the duration of the
deployments.
3.1.3. Onsite Chemical Measurements and Water Sampling
Before taking a sample from amonitoring well, at least one well‐bore volume was purged with a submersible
pump (Typhoon P‐10200). This took 10 to 50 min depending on well depth. Groundwater samples were col-
lected from sand aquifers in 2012–2017 after groundwater pH, oxidation‐reduction potential (ORP), tem-
perature, and electrical conductivity (EC) readings measured in a flow‐through cell had stabilized
(Oakton probes, UX‐35650‐10 and UX‐35634‐30). Pore‐water samples were collected from clay layers by
squeezing at Sites S and M in February 2016 using a mechanical squeezer (Manheim, 1966).

Polyethylene liquid scintillation vials (20‐mlWheaton Fisher 986706) with PolySeal caps were used to collect
groundwater for cation, anion, and trace element analyses. Groundwater samples for stable water isotope
(2H and 18O) analyses were collected in 20‐ml scintillation glass vials with urea PolySeal caps (Wheaton
Fisher 986546) in February 2016 and January 2017. Samples for tritium (3H) were collected in 500‐ml
Amber Boston round bottles (Qorpak GLA00896) with a polycone lined cap (Qorpak 00190) in June 2012,
May 2016, and Feb 2017. A subset of six wells from nest T, R, and S was sampled in duplicate in January
2018 for noble gas analyses (helium, He and neon, Ne) in crimped copper tubes (0.3″ diameter, 30″ length
weighing approximately 40 cm3 of water) following a prescribed protocol (https://water.usgs.gov/lab/
3h3he/sampling/).

Samples for dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) analyses were collected in
22‐ml clear glass vials (Sigma‐Aldrich 27173 Supelco) with PTFE/silicone septum and screw caps (Sigma‐
Aldrich 27021 Supelco) in February 2016 and January 2017. The DOC samples were acidified to 0.1% HCl
in the field immediately after collection. DIC vials were filled without leaving a headspace and not acidified.
For radiocarbon dating of DIC and DOC, groundwater samples were collected in 250‐ml bottles (Qorpak™
GLA00815) with a PolyCone Lined Cap. The DIC radiocarbon samples were preserved with 0.02% HgCl2
and the radiocarbon DOC samples with 0.1% HCl.

To determine methane (CH4) concentrations in groundwater, 60‐ml groundwater samples collected with a
syringe were injected through septa into pre‐evacuated, burnt serum glass bottles fixed with Hg2Cl and
shipped upside‐down for laboratory methane analyses of Sites SS, M, and B nest samples in January 2017
and Sites T, R, S, N, Q, D, J, and L nest samples in January 2018. Measurement of the stable carbon and
hydrogen isotope ratios of CH4 was performed on a subset of groundwater samples.
3.1.4. Groundwater Analysis
Concentrations of major cations and redox‐sensitive trace elements Na, K, Ca, Mg, P, Fe, Mn, Sr, and Ba
were measured by high‐resolution inductively coupled plasma‐mass spectrometry (HR ICP‐MS) in ground-
water acidified to 1% Optima grade HCl in the laboratory at least 1 week ahead of time (Cheng et al., 2004;
van Geen et al., 2007). In the case of As, the precision was on the order of 5% and the detection limit based on
the variability of the blank was <0.1 μg/L. Base cations were measured with a precision of ±10% based on a
laboratory and NIST‐traceable standard. Concentrations of the major groundwater anions Br, F, and Cl were
measured using a High Performance Ion Chromatography System (HPIC) (Dionex Integrion, Thermo
Scientific) with an AS‐18 column. This system has a detection limit of 0.05 mg/L and a precision of ±5%
at environmental concentrations. Elemental concentrations reported in Table 1 indicate the median when
time‐series data are available.
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Stable isotopes of 18O and 2H were analyzed with a Picarro Isotopic Water Analyzer at Lamont‐Doherty
Earth Observatory (LDEO) with a precision of ±0.002–0.065‰ for 18O and ±0.03–0.71‰ for 2H (Table 1).
Working standards for the Picarro were stored in stainless steel casks under argon and measured yearly
against the primary standards VSMOW2, GISP, and SLAP provided by IAEA in Vienna. An aliquot of an
independent standard (not used for normalization) was run with each set of samples. Repeatability of ocean
water measurements was ±0.03–0.05‰ (Walker et al., 2016).

Samples for tritium (3H) were analyzed using the 3He ingrowth technique from the decay of 3H (Bayer
et al., 1989; Ludin et al., 1998). The analytical precision for 3Hmeasurements was ±0.01–0.1 TUwith a detec-
tion limit of 0.05–0.10 TU, where 1 TU corresponds to one 3H atom per 1018 1H atoms. Two internal tritium
standards had reproducibility of 1.1–1.5% (for ~8‐TU tap water) and <50% (for ~0.12‐TU ocean water). Noble
gas concentrations and 3He/4He ratio were determined by mass spectrometry (Ludin et al., 1998; Stute
et al., 2007) with a precision of ±0.05–0.10% for 4He and Ne concentrations and ±0.3–0.5% for 3He/4He
ratios. Long‐term reproducibility of air equilibrated water samples for 4He was 0.3–0.7%, for Ne was
0.3–0.8%, and for 3He/4He was 0.3–0.5%.

Both the DOC (n = 30) and DIC samples (n = 45) were analyzed in triplicate (three injections for each sam-
ple) on a Shimadzu Carbon Analyzer with a precision of ±5% at LDEO. Groundwater methane (CH4) con-
centrations were measured at McMaster University by injecting 50–1,000 μl of headspace from the bottles
using a SRI 8610C gas‐chromatographer with a 0.91 m by 2.1 mm of silica gel column coupled to a flame
ionization detector. Measurements were made in triplicate (RSD ≤10%) to compare with the calibration
curves. PeakSimple Chromatography Software 3.29 (SRI Instruments) was used for peak analyses and inte-
grations. Analyses of δ13C and 2H of CH4 were performed by a GC‐IRMS (Agilent 6890), also at McMaster
University (Whaley‐Martin, 2017).

3.2. Analysis of Sediment Cuttings

Drill cuttings (primarily sand and silt/clay) were wrapped with transparent plastic food wrap upon retrieval.
A Konica Minolta CM‐600d spectrophotometer was used to measure the difference in diffuse spectral reflec-
tance between 530 and 520 nm (Horneman et al., 2004) through the plastic wrap soon after the samples were
collected. Measurements were made in triplicate by the spectrophotometer and recorded for three different
spots on each cuttings sample. Magnetic susceptibility of the sediment cuttings was measured at LDEO with
a magnetic susceptibility meter (Model MS2, Bartington instrument, Oxford, England). A handheld X‐ray
fluorescence analyzer (InnovX Delta) was used in the three‐beam soil mode to determine bulk As, Fe, and
Ca concentrations in the sediment cuttings. Reference NIST standards SRM 2709, 2710, and 2711 were also
analyzed by XRF at least at the beginning and end of each run to check calibration. Analysis of a subset of
powdered sand samples (n = 19) from one of the sites by XRF confirmed that grain size did not affect the
bulk concentrations.

A total of 45 pulverized, oven‐dried drill cuttings of clay and occasionally encountered peat/charcoal layers
from six sites collected from 3‐ to 73‐m depth range were prepared for total carbon (TC) and inorganic car-
bon (IC) analyses. The samples were analyzed on the solid sample module (SSM) of Shimadzu Carbon
Analyzer (TOC‐Vcsn) by dry combustion at 900°C in the TC furnace and at 200°C in the IC furnace after
acidifying the sample. The difference between the TC and IC was reported as total organic carbon (TOC).
A subset of 20 drill cuttings from clay, peat, or buried wood fragments retrieved between 32‐ and 74‐m depth
interval at nine locations was sent to NOSAMS for radiocarbon dating of organic carbon (Elder et al., 1998).
A subset of four clay cuttings was sent to the Particle Technology Lab (Downers Grove, IL) for porosity deter-
mination using the mercury intrusion method (Diamond, 1970) on an AutoPore IV 9500.

3.3. Pumping Tests

Two pumping tests were performed at Site M (Figure 2b). The first test was performed by pumping from the
fully penetrating pumping well “M_A” (Site M, Well A) in the shallow aquifer for approximately 24 hr
(17–18 January 2011). The second test was performed by pumping the entire vertical extent of the intermedi-
ate aquifer from the fully penetrating pumping Well B (M_B) for approximately 48 hr (19–21 January 2011).
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 m3/day), measured by a flow meter (McMaster‐Carr) con-
nected in‐line to a PVC tube carrying the pump outflow.
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Hydraulic heads in multi‐level observation wells and pumping Well C were monitored simultaneously by
Solinst pressure loggers at 2‐s intervals for the first 70 min of the tests, and at 1‐min intervals for the remain-
der of the pumping tests and a 24‐hr recovery period after pumping ended. A barometric pressure logger
recorded atmospheric pressure changes on site at the same time intervals and was used to correct the pres-
sure readings from the submerged loggers as explained in section 3.1.2. Several pressure loggers were
deployed for weeks prior to and after the pumping tests to monitor the seasonally declining hydraulic head
trend and atmospheric pressure changes.

Figure 3. Sediment chemistry distinguishing Holocene from Pleistocene deposits. Depth profiles of sediment age (a and b), diffuse spectral reflectance (c and d),
sediment magnetic mineral content (e and f), and calcium concentrations (g and h) for the clay‐capped Site S (top panel) and sandy Site T (bottom panel) in the
study area. The dotted horizontal gray lines indicate variations to the depth to the Pleistocene aquifer based on sediment radiocarbon dating. Typically, the
Holocene sediment is gray whereas oxidized Pleistocene sediment is yellowish to orange in color (as shown in the accompanying borelogs). The sand facies is
“dotted,” and the clay facies is “hatched.” The black thin band at Site T indicates a peat layer. The blue lines at Site S indicate the extent (or thickness) of the major
clay aquitard capping the intermediate aquifer.
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3.4. Groundwater Flow and Solute Transport Modeling

A small‐scale (3 km2) MODFLOW (Harbaugh, 2005) based steady‐state groundwater flow model was con-
structed using the USGS graphical user interface ModelMuse (Winston, 2019) on the basis of local stratigra-
phy. Both pumping and prepumping simulations were carried out on the basis of the homogeneous case of
the large‐scale (11,025 km2) transient model of Khan et al. (2016) (Figure 1), which was developed by refin-
ing the basin‐scale (362,700 km2) model of Michael and Voss (2008) around Dhaka using the MODFLOW
local grid refinement package. Our small‐scale model has a refined grid size of 50 × 50 m and cell thickness
of 1 m. The model comprises 202 layers with 41 columns in the east‐west direction and 29 rows in the
north‐south direction.
3.4.1. Flow Model Boundary and Initial Conditions
The modeled domain is located about 25 km east of the pumping center in Dhaka City (Figure 1). Recharge
was specified along the top of the model with a spatially uniform rate of 0.5 m/yr. A drain was also specified
along the model top to prevent heads from exceeding the land surface elevation. The specified rate (0.5 m/yr)
of recharge is consistent with regional estimates (Khan et al., 2016; Michael & Voss, 2009; Shamsudduha
et al., 2011; Stute et al., 2007) as well as estimates on the basis of 3H/3He ages of shallow groundwater in
Araihazar, Bangladesh (Stute et al., 2007). To assess the impact of the upper boundary condition, a model
with a top constant head boundary (the assumption made in Michael & Voss, 2008) was also run given that
there is little spatial variation in shallow groundwater head in the study area (Figure S2). The simulated
heads were comparable (within an average absolute difference of 0.05 m) whether a uniform recharge or
a constant head was specified at the model top.

Regional deep hydraulic heads decrease toward Dhaka, resulting in primarily westward flow in the study
area (Khan et al., 2016; Knappett et al., 2016). No‐flow boundaries were, therefore, assigned to the north
and south model sides. The general head boundary (GHB) package was used to set hydraulic boundaries
on the east and west sides and the bottom of the model for both pumping and prepumping scenarios.
GHB is implemented to overcome three challenges: (i) no natural boundary (e.g., river) is present in proxi-
mity to the study area; (ii) a prescribed‐head boundary with an infinite source of water may not be suitable
when local pumping is invoked; and (iii) the stratigraphy is well constrained only within the study area, and
the heterogeneity outside the modeled domain is uncertain. Because knowledge of the regional flow system
is well defined based on previous studies (e.g., Khan et al., 2016), the utilization of reference heads and con-
ductance from the regional model helps justify the use of GHB. GHB allows groundwater flow into and out
of the model domain as a head‐dependent flux with a conductance that represents aquifer resistance to flow
between the simulated domain and known distal reference head.

The reference heads for the GHBwere taken by interpolating the coarsely gridded (1 km× 1 km× 5m) simu-
lated heads from the 66 model layers of Khan et al. (2016) for the pumping and prepumping scenarios.
Because flux through the GHB requires assumption of a constant gradient between the location of the
boundary and the distal defined reference head, the reference hydraulic heads were extracted from the
larger‐scale model at the maximum distance from the edge of the model area across which the gradient is
constant. For the pumping scenario, the distance of the reference heads from the east and west boundary
cells of our model was 1 km. Beyond that distance, the reference heads declined nonlinearly in the west
due to Dhaka pumping and plateaued in the east closer to the Meghna River (Figure S3). Similar simulated
heads were obtained as we varied the distance to the reference heads within ≤1 km. The simulated heads
were sensitive to the nonlinearly distributed reference heads at distances >1 km. Likewise, the GHB at
the bottom of the model was assigned at 200 m with the reference heads extracted from 300 m. The conduc-
tance was calculated at the sides of the model as KhA/L and at the bottom as KvA/L, where A is the
cross‐sectional area perpendicular to flow direction, L is the distance (sediment thickness), and Kh and Kv

are the horizontal and vertical hydraulic conductivity, respectively.
3.4.2. Heterogeneity
A three‐dimensional (3‐D) lithofacies model of the study area was generated in Rockware15 software
(Rockworks™) by interpolating between 33 driller logs (Figure S4a) at 1‐m vertical resolution and 50‐m hor-
izontal resolution (Figure S5). The model consists of twomajor lithofacies (sand and clay) compared to Khan
et al.'s four lithofacies (fine to very fine sand, medium to coarse sand, silt, and clay). Heterogeneity was expli-
citly represented up to a depth of 75 m, and the rest (75–200 m) was kept homogenous but anisotropic
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(Figure S6). The depth for the heterogeneous portion of the model corresponds to the maximum depth local
drillers can reach with the hand‐percussion technique. The cuttings retrieved by hand‐percussion drilling
make a reliable distinction between sand‐ and clay‐sized particles up to a depth of 75 m, whereas the direct
circulation technique (donkey drilling) usually produces unreliable mixed cuttings. A sensitivity analysis
was performed by extending the 3‐D model domain in all directions (with extrapolated lithofacies) beyond
the focus area by 0.5–1 km. Extending the domain did not affect the simulated heads in the study area.
3.4.3. Domestic and Irrigation Pumping
The pumping scenario accounts for domestic and shallow irrigation withdrawals within the model domain.
A total of 1,270 hand pumps and 37 irrigation wells were all assigned individually in the model (Figure 2a).
The hand pumps were identified during a 2012–2013 blanket As testing campaign (van Geen et al., 2014),
whereas the irrigation well locations in the study area were determined in 2014 (Figure 2a).

The depths of domestic hand pump wells ranged from 9 to 197 m, and a screened interval at the bottom of
the wells of 2 m was assumed. The domestic demand was estimated based on usage of 10 L per person per
day (Zheng et al., 2005) and a five‐person household sharing each well, resulting in 50 L of withdrawal
per well per day.

The depth of irrigation wells ranged from 15 to 26 m, with an average screened interval of 5 m. The pumping
rate of themost popular low‐cost 2‐HP submersible irrigation pump (100 QRm 3/16 #85054) was determined
by matching the name of the manufacturer of the pump in the local market. The maximum flow rate of
70 L/min indicated by themanufacturer was used to calculate the rate of irrigation pumping. Since irrigation
pumps are active for 4 months/yr and each pump runs for half a day on average, based on conversations with
local farmers, a pumping rate of about 17% of the maximum pumping rate (11.7 L/min) was spread over
24 hr of every day of the year for the steady‐state model simulation.
3.4.4. Flow Model Calibration
The steady‐state groundwater flow model was calibrated manually to average observed heads for the entire
model domain (0–200 m) with an overall root mean squared error of about 0.5 m (Figure S7). In the hetero-
geneous portion (model top to 75 m bgs), the individual facies K values were adjusted for model calibration.
During each adjustment, equivalent Kh and Kv values were determined numerically in the homogeneous
portion of the model (75–200 m) by simulating Darcy's flux horizontally and vertically across the 75‐m het-
erogeneous domain. The calibrated Ks are similar to that of Khan et al. (2016).

The calibrated Kh value for the sand facies is 2 × 10−4 m/s and 9 × 10−9 m/s for the clay facies. These are
similar to the Kh values for the greater Dhaka region calibrated by Khan et al. (2016) for medium to coarse
sand facies (5.7 to 7.7 × 10−4 m/s) and silt facies (3.9 to 4.4 × 10−9 m/s), respectively. The calibrated equiva-
lent Kh of 1.5 × 10−4 m/s and Kv of 8 × 10−8 m/s (Kh/Kv = 1,875) are also similar to previous values of Khan
et al. (2016) of equivalent Kh of 2 × 10−4 m/s and Kv of 1 × 10−7 m/s (Kh/Kv = 1,818), respectively. A con-
sistent vertical anisotropy (Kh/Kv) of 100 was used for both sand and clay facies whereas Khan et al. (2016)
used a Kh/Kv of 10 for medium to coarse sand, 100 for fine to very fine sand, and 1 for both the silt and clay
facies groups.

The shallow simulated heads were slightly over‐predicted (by ~0.4 m) but were spatially homogeneous
throughout the study area, consistent with measurements. The simulated and measured hydraulic head dis-
tributions in the intermediate aquifer were similar, although there were some discrepancies. The difference
in observed and simulated heads in 20 out of the 30 intermediate wells ranged between −0.49 and 0.44 m
(absolute average error of 0.22 m), five with a discrepancy from −0.86 to 0.66. Four out of the five wells with
a higher average discrepancy of 1.3 m were located near the western boundary. The model under‐prediction
in that area was likely due to proximity to lower boundary heads and a lack of hydrostratigraphic data out-
side of the study area. The simulated deep aquifer heads were consistent with the westerly decreasing
observed heads and flow direction in response to Dhaka pumping. The average difference between simu-
lated andmeasured heads in the deep aquifer (100–195m) was 0.27m (n= 5). Differences in hydraulic heads
among the observations (n = 52) and simulations in all aquifers are well within the seasonal fluctuations of
groundwater level in the study area.
3.4.5. Arsenic Transport Modeling
Advective transport of As was simulated by particle tracking using MODPATH version 6 (Pollock, 2012) to
estimate the travel time required for groundwater to travel from the recharge area into the intermediate
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aquifer in the absence of retardation. Particles were tracked backward from five nests (Sites T, R, S, M, and B)
in the intermediate aquifer (45–65 m) and were allowed to travel over a prescribed time interval of 100 yr for
the pumping scenario and 500 yr for the prepumping scenario.

The MT3DMS package (Zheng & Wang, 1999) was used to simulate advective‐dispersive transport of As in
groundwater while accounting for adsorption (e.g., Michael & Khan, 2016). For simplicity, a constant
(relative) concentration (C/C0) of 1 was applied to the model top, and zero flux along the east and west
boundaries. An initial concentration of 1 was applied to the shallow aquifer (0‐ to 30‐m depth) and 0 was
applied to the rest of the aquifer. In this case, retardation factors of 3, 10, and 30 were applied for all litho-
facies assuming a linear isotherm to predict the three‐dimensional distribution of As in the intermediate
aquifer under different sorption scenarios (Figure S8). A partition coefficient, KD of 1.5 L/kg translates into
a retardation factor (Rf) of 10 when a porosity of 0.3 and bulk density of 1.8 g/cc are assumed. A constant
longitudinal dispersivity value of 10 m and transverse dispersivities of 0.01 (horizontal) and 0.001 m
(vertical) were assigned (Michael & Khan, 2016). Forward simulations were performed with and without
the effect of pumping for 100 and 500 yr, respectively. A porosity of 0.3 was assumed for both MODPATH
and MT3DMS simulations.

4. Results
4.1. Hydrostratigraphy

The shallow aquifer (30m deep) in the study area consists of a fining‐upward sequence of gray channel sands
capped by surficial clay at 29 out of 33 drill sites (Figures 2a and S4a), below which groundwater As levels are
generally elevated compared to deeper aquifers (Figure S1). A thick clay aquitard of variable thickness typi-
cally separates the shallow and intermediate aquifer in Araihazar, as it does in many regions of the Bengal
basin. In our 3‐km2 study area, this aquitard is up to 24 m thick but almost entirely absent at drilling Sites R
and T (Figures 2a and S4a). The top of this aquitard, where present, is generally encountered at 25‐ to 30‐m
depth (Figure S4a). The intermediate aquifer (>40–80 m) located below this aquitard is semi‐confined. In
most cases, depending on location, a second harder clay layer was encountered in the 65‐ to 80‐m depth
range and could not be penetrated with the local driller's hand‐percussion method (Figure S4a). In this
study, this hard clay layer is considered the bottom of the intermediate aquifer. Pumping test results within
this semi‐confined aquifer yielded an average Kh of 1 × 10−4 m/s and storativity (S) of 6.2 × 10−4 (Figure S9
and Table S1), which are typical for confined aquifers composed of medium‐ to fine‐grained sands.

The shallow aquifer is primarily composed of gray sand whereas the intermediate aquifer shows
inter‐fingering of both gray and orange sand sequences (Figure S4a). The difference in sediment color was
quantified by the difference in diffuse spectral reflectance ΔR between 530 and 520 nm (Horneman
et al., 2004). The ΔR values recorded on a total of 461 sediment cuttings of gray sand and clay averaged
0.2 ± 0.1% and contrast with ΔR averaging 0.9 ± 0.2% (n = 111) for drill cuttings retrieved from the oxidized
orange/reddish sand and clay sequences. At 24 of the 33 drill sites, the upper 1–24 m of the intermediate
aquifer sand is gray (reduced) in color. For 12 out of 33 drill sites, there is also a gray sand layer in the inter-
mediate aquifer that is sandwiched between orange (oxidized) sands at a depth that varies from one drill site
to the other. At 5 of the 33 drill sites, the bottom of the clay layer capping the intermediate aquifer is oxidized,
reddish brown in color, and has been described elsewhere as a paleosol (McArthur et al., 2004, 2008, 2011)
that protects the low‐As intermediate orange sand aquifer (Figure S4a).

The proportion of clay relative to sand within the upper 50 m at each drill site varies spatially from 3% to 73%
(Figure 2a). At 5 of the 33 drill sites, the proportion of clay is≤20%. These sandy sites, where the intermediate
aquifer is directly connected to the shallow aquifer, are located on the periphery of the study area.

4.2. The Holocene‐Pleistocene Transition

Oxidized orange sediments are generally considered of Pleistocene age across the Bengal Basin (Ahmed
et al., 2004; McArthur et al., 2004). We refine this assessment in our study area on the basis of radiocarbon
dating of clay or peat, profiles of magnetic susceptibility, and bulk concentrations of calcium (Ca) in sedi-
ment based on the cuttings (Figures 3a, 3b, and 3e–3h). Radiocarbon ages of 23 clay cuttings from between
depths 32 and 78 m range from 6.5 to 36.5 kyr (Figure S4b). Overall, the data show the expected increase in
age with depth, but also that the depth of the Holocene‐Pleistocene boundary can vary significantly within a
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Figure 4. Groundwater hydrogeochemistry at three clay‐capped sites. Depth profiles within sand aquifer and clay aquitard pore waters of dissolved arsenic (As)
(a, g, and m), dissolved organic carbon (DOC) (b, h, and n), dissolved methane (CH4) (c, i, and o), stable isotope of oxygen (δ18O) (d, j, and p), tritium (3H)
(e, k, and q), and average hydraulic head (f, l, and r) at Site S (well ID: S0, S1, S2, and S3), Site SS (well ID: SS0, SS1, SS2, SS3, and SS4), and Site M (well ID: M1–1,
M1–4, M1–4a, M1–5, and M1–6), respectively. Concentrations of As, DOC, CH4, and δ

18O are provided in Tables 1 and 3. The highest measured 3H concentrations
are shown from Table 2. The blue lines indicate the extent (or thickness) of the major clay aquitard capping the intermediate aquifer. The dashed horizontal
gray lines indicate the approximate Holocene to Pleistocene transitional depth based on radiocarbon age of sediment cuttings (see Figure S4b). The dashed vertical
lines indicate the WHO guideline of 10 μg/L for As (a, g, and m) and detectable level (0.1 TU) of 3H (e, k, and q). Note that the x‐axes of As, DOC, and CH4 are
presented in log‐scale.
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lateral distance of a few hundreds of meters. At scoured Site T near the southern boundary of the study area,
which is representative of five other locations (Figure 2a), the confining clay layer is missing and Holocene
gray sands extend all the way down to 53‐m depth. At Site S, representative of 25 locations with a clay cap,
the intermediate aquifer is capped by an oxidized, Pleistocene paleosol at a depth as shallow as 37 m
(Figure 3).

Profiles of magnetic susceptibility and Ca help define the Holocene‐Pleistocene transition at each site
(Figures 3e and 3f). The contribution of magnetite and other magnetic minerals to Holocene sediments
is variable but distinctly higher than for Pleistocene sediments (BGS/DPHE, 2001; Horneman et al., 2004).
The bulk Ca content of Holocene sands is also higher than for Pleistocene intervals (Figures 3g and 3h).
These differences have been attributed, respectively, to the partial reduction of Fe oxides forming magne-
tite and the authigenic precipitation of carbonate in supersaturated Holocene sediments (McArthur

Table 2
Groundwater 3H Concentrations and Apparent 3H/3He Ages Estimated for a Subset of Samples

Well ID
Depth
(m)

3H ± 1σ (TU) 3H/3

He age (yr)2011a 2012 2017 2018

S1 49.7 1.12 ± 0.05 0.22 ± 0.04 45 ± 3
S2 58.6 3.49 ± 0.12 47 ± 1
SS0 19.8 2.03 ± 0.06
SS2 50.3 0.09 ± 0.01
SS3 59.4 0.18 ± 0.02
SS4 71.6 −0.02 ± 0.10
S‐CW 195.0 0.06 ± 0.04
M1–4 41.1 0.09 ± 0.03
M1–4a 50.9 1.61 ± 0.05 1.63 ± 0.05
M1–5 61.3 2.04 ± 0.06 39 ± 2
M1–6 64.5 0.54 ± 0.03 1.14 ± 0.05 49 ± 1
M2–5 60.1 1.22 ± 0.05 27
M2–6 68.6 0.13 ± 0.03 40 ± 2
M3–5 59.8 2.68 ± 0.06 11 ± 0
M3–6 67.4 1.21 ± 0.05 25 ± 0
M4–5 54.5 0.81 ± 0.04 25 ± 3
M4–6 63.5 0.08 ± 0.03 69 ± 1
T1 9.5 2.78 ± 0.07
T2 20.1 3.04 ± 0.08
T3 51.8 1.88 ± 0.06 1.88 ± 0.06 1.83 ± 0.07 24 ± 1
T4 62.3 1.48 ± 0.06 2.10 ± 0.08 14 ± 1
T‐CW 195.0 0.07 ± 0.07
T‐CW‐ dup 195.0 0.04 ± 0.06
R1 50.7 2.64 ± 0.08 2.36 ± 0.09 40 ± 1
R2 65.6 2.72 ± 0.07 2.64 ± 0.09 27 ± 1
N0 32.0 1.17 ± 0.09
N1 47.4 −0.04 ± 0.02
N2 63.0 −0.06 ± 0.01
Q1 52.2 0.08 ± 0.02
Q2 58.0 0.06 ± 0.01
W1 27.4 2.26 ± 0.06
W2 42.7 0.05 ± 0.02
W4 67.7 0.04 ± 0.02
J1 25.0 1.96 ± 0.09
J2 59.1 0.11 ± 0.07
L1 30.5 2.14 ± 0.10
L2 61.6 0.25 ± 0.10
D2 59.4 −0.02 ± 0.07
O1 56.3 1.16 ± 0.04
CW3 60 −0.03 ± 0.03
a

After Mihajlov et al. (2020).
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et al., 2008; van Geen et al., 2013). These authigenic phases evidently
never formed or were not preserved during subaerial exposure of
Pleistocene sediments during the most recent low stand in sea level
about 20 kyr ago.

Unlike Ca, the solid phase As and Fe content of Holocene and Pleistocene
sands are comparable. The average As concentrations of the Holocene
gray and Pleistocene orange sands are 3 ± 1 mg/kg (n = 100) and
2 ± 1 mg/kg (n = 21), respectively, based on measurements from six sites
drilled in the study area. Arsenic concentrations in clay are typically
higher (up to 7–15 mg/kg) than in sand cuttings, but there is no noticeable
difference between Holocene and Pleistocene clay. The bulk Fe concen-
tration of Pleistocene (1.0 ± 0.3%, n = 21) and Holocene gray sand
(1.2 ± 0.4%, n = 100) is similar.

The gray Holocene aquifer contains wood fragments and peat‐ or
charcoal‐like fragments in the study area (Figure S4a) of a type that has
been dated extensively in other parts of the country (Goodbred &
Kuehl, 2000). In our study area, a total of 16 buried peat/wood layers were
discovered during drilling in 14 out of the 33 logs within the 6‐ to 52‐m
depth interval. The concentrations of total organic carbon (TOC) mea-
sured in seven such peat fragments from five locations ranged from 12%
to 50% by weight with an average of 30 ± 10%, contrasting with an average
of about 0.5 ± 0.2% (maximum of 3.1%) measured on 38 less dark clay cut-
tings retrieved from six locations in the study area. The TOC (%) for gray
Holocene clay is systematically >0.1% whereas the orange Pleistocene
clay sequences typically contain <0.1% organic carbon (Figure S10).

4.3. Groundwater Chemistry
4.3.1. Clay‐Capped Portion of Intermediate Aquifer
Sites S and SS are two geologically comparable sites located 150 m apart in
the center of the study area (Figure 2b). In this area, the intermediate
aquifer is capped by a stiff, confining clay layer (Figures 4a–4l). At Site
S, the top half of the confining clay layer is reduced, gray and of
Holocene age and the bottom half is oxidized and of Pleistocene age
(Figure 3a). The top and bottom sands of the Pleistocene aquifer are

orange and low in groundwater As (<5 μg/L) whereas the reduced, gray middle of the aquifer is elevated
in groundwater As (40 ± 5 μg/L) (Figure 4a). This reduced portion of the aquifer with elevated As at Site
S is also high in dissolved Fe (11 ± 2 mg/L), P (1 ± 0.5 mg/L), DOC (2.5 mg/L), CH4 (484 ± 24 μmol/L),
and bomb‐produced 3H (3.5 ± 0.1 TU) compared to the oxidized portions of the aquifer above and below
(Figures 4a–4c, 4e, S11a, and S11b and Tables 1–3). The composition of groundwater in reduced, gray sand
is similar to that of shallow groundwater at this site (Figure 4d). The southward extension of the reduced por-
tion of the intermediate aquifer at Site SS is less elevated in dissolved As (15 ± 2 μg/L) with barely detectable
(>0.1 TU) 3H, but DOC and CH4 levels are comparable to those in the reduced portions of the intermediate
aquifer at Site S (Figures 4g‐i, 4k). In gray sand just below the clay layer at Site SS, both As and CH4 concen-
trations are high at 70 μg/L and 1,200 μmol/L, respectively. The CH4 is depleted (<−58 ± 5‰) in δ13C
(−63‰ to −86‰, n = 9) and δ2H (−109‰ to −209‰, n = 4), which confirms its biogenic origin (Table 3)
(Simpkins & Parkin, 1993).

Site M, located 450 m south of Site S (Figure 2b), has been studied extensively following the repeated failure
(i.e., a rise in As) of a community well installed in the intermediate aquifer that served the neighboring vil-
lagers (Mihajlov et al., 2020; van Geen et al., 2006). Long‐term monitoring of two wells at Site M, where the
intermediate aquifer is capped by thick clay, indicates elevated levels of As (80 ± 29 and 350 ± 21 μg/L), Fe
(10 ± 2 and 11 ± 1 mg/L), P (~1 ± 0.1 mg/L), DOC (~4 mg/L), and CH4 concentrations (1,200 ± 100 and
690 ± 70 μmol/L). In contrast, the wells installed in the oxidized, lower portion of the aquifer (>55 m) are
low in As, Fe, P, and CH4 (Figures 4m–4o, S11g, and S11h). Unlike at Site S, 3H was not detected in the

Table 3
Methane and Its Isotopes in Groundwater of Araihazar, Bangladesh

Well ID Depth (m) CH4 (±1σ) (μmol/L) δ13C (‰) δD (‰)

S0 24.4 10 ± 1
S1 49.7 59 ± 4
S2 58.6 484 ± 24
S3 64.7 13 ± 1
SS0 19.8 11 ± 0.1 −70.5
SS1 44.2 1,239 ± 93 −67.3
SS2 50.3 21 ± 1 −72.4
SS3 59.4 662 ± 60 −79.6
SS4 71.6 22 ± 2 −62.6
M1–1 17.5 252 ± 5
M1–4 41.1 1,199 ± 100
M1–4a 50.9 688 ± 70
M1–5 61.3 9 ± 1
M1–6 64.5 9 ± 1
T1 9.5 63a

T2 20.1 1 ± 0.1
T3 51.8 90 ± 5
T4 62.3 2 ± 0.1
R0 33.5 8 ± 0.4
R1 50.7 1 ± 0.1
R2 65.6 2 ± 0.1
N1 47.4 943 ± 47
Q1 52.2 25 ± 1
J2 59.1 44 ± 2
L2 61.6 10 ± 1
CW‐B 88 65 ± 2 −80.6 −109.2
B3 14.2 2.5 ± 0.01
B4 27.9 208 ± 10 −84.1 −160.8
B5 40.1 207 ± 14 −85.8 −209.0
B6 52.7 331 ± 27 −84.4 −200.5
B7 8.1 3 ± 0.1
B8 11.1 11 ± 1
B9 20.3 34 ± 3

aMeasured in the field using a GX‐6000 IR Analyzer (RKI Instruments).
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well immediately below the confining clay layer (Figure 4q). The stable isotopic composition of groundwater
in gray sand beneath the thick clay differs by 1.5‰ and 12.5‰ for 18O and 2H, respectively, from that of
groundwater in the shallow aquifer above the clay (Figure 4p).

Pore waters extracted from clay at Sites S and M are elevated in dissolved As (maximum of 190 μg/L) and
contain an order of magnitude higher DOC concentrations (maximum of 49 mg/L with an average of
20 ± 5 mg/L) compared to groundwater in the intermediate aquifer (Figures 4a, 4b, 4m, and 4n). The stable
isotopic composition of clay pore water in both gray and orange clay at Site S is comparable to that of the
shallow aquifer (Figure 4d). Groundwater just below the orange clay is more depleted in 18O by about 2‰
at this site. In contrast, the stable isotope composition of gray clay water at Site M is similar to that of ground-
water in gray sand just below the clay (Figure 4p). At both sites, high concentrations of conservative ele-
ments (e.g., Na and Br) were detected in the clay and the intermediate aquifer directly beneath it
(Figures S11c, S11f, S11i, and S11l).

The ages of groundwater containing detectable 3H (>0.1 TU) in the intermediate aquifer range from 11 to
49 yr at Site M (n = 9) and 45 to 47 yr at Site S (n = 2) (Table 2). With the exception of Wells S2 and
M3.5, the 3H + 3He content of these samples, which is unaffected by 3H decay, accounts for <70% of the pre-
dicted value based on a smoothed version of 3H input to groundwater since 1950 (Figure S12), indicating that
most of these samples are mixtures of old groundwater recharged before bomb‐3H input with younger
groundwater containing bomb‐3H.

Figure 5. Groundwater hydrogeochemistry at two sandy sites. Depth profiles of groundwater arsenic (As) (a and g), dissolved organic carbon (DOC) (b and h),
dissolved methane (CH4) (c and i), stable isotope of oxygen (δ18O) (d and j), tritium (3H) (e and k), and average hydraulic head (f and l) at the sandy Site
T (well ID: T1, T2, T3, and T4) and Site R (well ID: R0, R1, and R2), respectively. See Figure 4 for the explanation of the dashed gray lines. The x‐axes of As, DOC,
and CH4 are in log‐scale.
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4.3.2. Portion of Intermediate Aquifer Without a Clay Cap
The composition of groundwater as a function of depth at the two sandy Sites R and T, 700 m to the west
and 750 m to the south of Site M, is somewhat featureless compared to Sites SS, S, and M (Figures 2 and 5).
The gray sandy aquifer at Sites R and T is elevated in dissolved As (>50 μg/L) to a depth of 55 m (Figures 5a
and 5g). At greater depth, groundwater in contact with orange Pleistocene sands contains <5 μg/L of As.
The DOC concentrations at Site T are relatively high (highest at 4 mg/L in an intermediate well installed
immediately below a peat layer) whereas all monitoring wells at Site R are consistently low (0.5 mg/L) in
DOC (Figures 5b and 5h). Methane concentrations in groundwater at the sandy sites are lower than that
in the gray sand layers where the intermediate aquifer is capped by clay, by a factor of 10 and 100 at
Sites T and R, respectively (Figures 5c and 5i).

The stable isotope compositions of groundwater in the shallow and intermediate aquifer at sandy Sites R and
T, including orange sands at depth, are similar to those of the shallow aquifer (Figures 5d and 5j).
Bomb‐produced 3H also penetrates the intermediate aquifers to the depth of orange sand at all sandy sites
(Figures 5e and 5k). The estimated age of groundwater in the intermediate aquifer based on the 3H/3He
method at Sites T and R ranges from 14 to 24 yr and 22 to 38 yr, respectively (Table 2). The distribution of
3H+3He relative to predicted bomb input show no indication of mixing of young and old groundwater in
these samples, unlike the 3H‐containing samples from the portion of the intermediate aquifer capped by clay
(Figure S12).
4.3.3. Long‐Term Changes in As Concentrations in the Intermediate Aquifer
Two intermediate wells at clay‐capped Sites M and Bmonitored for more than 5 yr indicate a steady increase
in As concentrations, a third well at Site S shows steady As levels, while fourth at Site N indicates a slight
decline in As (Figure 6a). Both wells with rising As were installed beneath the gray confining clay layer,
at the same depth of 41 m. Well M1–4 (41 m) at the clay‐capped Site M, which is devoid of 3H and has a simi-
lar isotopic and conservative solute composition to that of overlying clay pore‐water (Mihajlov et al., 2020)
(Figures 4p, S11i, and S11k), shows a steady increase in As from 40 μg/L in February 2011 to 150 μg/L in
October 2017. At a slightly lower rate, groundwater As in Well B5 (41 m) has been rising steadily from
20 μg/L in October 2002 to 110 μg/L in December 2017 (Figure 6a; data since 2011 are shown). Rather than
a thick clay layer, the transition between the shallow and intermediate aquifer at Site B is characterized by
multiple thinner clay layers (Zheng et al., 2005). At the sandy Site T, As concentrations in one intermediate
well (T3 at 52 m) screened near a peat layer have been fluctuating widely and rising since July 2015
(Figure 6b). Other monitoring wells in the intermediate aquifer in the study area show either constant

Figure 6. Evolution of As concentrations in the intermediate aquifer. (a) Increase (B5 and M1–4), decrease (N2), and stable (S2) As concentrations in four wells in
the confined aquifer. (b) Examples of cyclic rise and fall (T3) and steady decline (T1, T2, and T4) in As concentrations in a sandy site.
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Figure 7. Simulated hydraulic heads in the study area. The simulated hydraulic heads above mean sea level (amsl) in the
intermediate aquifer at 55‐m depth (a) and deep aquifer at 195‐m depth (b) under the current pumping condition.
Simulated groundwater ages (yr) derived from reverse particle tracking results are also shown for the intermediate
aquifer (a). Average observed heads (inside white circles) shown for a subset of intermediate wells (50–60 m deep) where
long‐termmonitoring data are available and for three recently installed deep wells (195 m). The black dashed line in (a) is
drawn along the south‐north transect of Figure 8. A Google Earth image was used in the background.
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concentrations or variable concentrations of dissolved As without a clear trend or connection to seasonal
variations in water level.

4.4. Groundwater Heads

The hydraulic head data are subdivided into shallow (8–40 m, n = 17), intermediate (40–90 m, n = 30), and
deep (>90–195 m, n= 5) aquifer in accordance with the local stratigraphy. Seasonal variations in water level
of about 4 m in amplitude parallel each other at different depths, with the highest heads recorded during the
monsoon (August–September) and the lowest levels in March–April (Figure S13). In shallow and intermedi-
ate aquifer depths, water levels average 4.1 ± 0.2 (±1σ) and 2.5 ± 0.8 m above mean sea level (amsl),
respectively.

Across all locations, the average vertical head differences between a pair of shallow and intermediate wells
from the same nest in clay‐capped sites such as S, SS, and M (Figures 4f, 4l, 4r, and S13a) range between 1.3
and 2.8 m (n = 21) and average 2 ± 0.5 m. The corresponding vertical head gradient varies from 0.03 to 0.07.
In contrast, the average vertical head differences between nested shallow and an intermediate depth wells at
sandy sites such as T and R (Figures 5f, 5l, and S13b) range from 0.01 to 0.6 m (n= 7) and average 0.3 ± 0.2 m.
The corresponding average vertical head gradient at the sandy sites is 0.01. There is a general trend of declin-
ing water levels in the intermediate aquifer as a function of increasing thickness of the confining clay aqui-
tard in the study area (Figure S14).

The lateral distribution of hydraulic heads across the intermediate aquifer suggest groundwater flow from
the sandy area in the south toward the clay‐capped areas in the north. The average hydraulic head along
the south‐north transect within the intermediate aquifer (50–60 m bgs) decreases from about 3.8 m at the
sandy site Well T3 to 2.6 m at the 12‐m‐thick clay‐capped site Well M1–4a to 2 m at the 17‐m clay‐capped
site Well S1 (Figures 4f, 4l, 4r, 5f, and 5l). Pressure transducer data indicate that the groundwater level in
the deep aquifer is declining at a rate of 0.5 m/yr in the study area (Figure S13c).

4.5. Groundwater Flow Modeling

Groundwater flow modeling suggests that Dhaka pumping has significantly altered the groundwater flow
system in this area, both regionally and locally. The model simulation of groundwater flow affected by

Figure 8. Tracing the source of groundwater and arsenic to the intermediate aquifer. A 2‐D projection of the 3‐D model along the S‐N transect of Figure 7. The
same cross‐section is shown along a deeply scoured recharge window composed of Holocene, gray channel sand in juxtaposition with today's Pleistocene gray and
orange sand (a and b) and a hypothetical Pleistocene aquifer composed of only orange sand under prepumping condition (c and d). The sections show (a) the
distribution of As and tritium in shallow and intermediate aquifers along a lithological cross‐section indicating the occurrence of gray and orange Pleistocene
deposits; vertical white lines indicate drilling and/or groundwater monitoring locations; (b) flow paths of particles backward tracked for 50 yr from the As‐
contaminated, intermediate well nest that is located farthest from the recharge window; (c) previously uncontaminated, iron coated orange sand aquifer that is
thought to be recently reduced due to the advection of shallow groundwater (a and b); the orange sand color throughout the Pleistocene aquifer is used for
illustration purpose only; and (d) flow paths of particles backward tracked for 500 yr under no‐pumping conditions. The dotted back line indicates surface
elevation.
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pumping show a lateral hydraulic gradient driving south‐north flow in the
intermediate aquifer, and a strong vertical gradient between shallow and
intermediate zones where the confining clay unit is present. Simulated
heads in the portion of the intermediate aquifer without a clay cap are ele-
vated compared to heads in the clay‐capped portion of the aquifer along
the central south to north transect in the area (Figure 7a). The highest
simulated head was observed in the intermediate aquifer (55 m bgs) at
the recharge window Site T. The simulated head drops by about 0.45 m
at the clay‐capped Site M (2.6 m amsl), 300 m north of Site T and by
another 0.45 m at the clay‐capped Site S (2.2 m amsl), 450 m north of
Site M. The model predicts a high vertical gradient between the shallow
and intermediate aquifer at the clay‐capped sites (e.g., 0.08 at Site S).
The local flow directions in the intermediate aquifer differ from the regio-
nal westerly flow within the deep aquifer (Figure 7).

Under prepumping conditions, the simulated groundwater heads in the
intermediate aquifer are nearly invariant with local changes in geology.
The prepumping simulation results along the T‐M‐S transect indicate a
head drop of only 0.13 m over a distance of 750 m, corresponding to a lat-
eral gradient of 0.00017 between Sites T and S, which is almost an order of
magnitude lower than the simulated present day gradient of 0.0012. The
simulated vertical head gradients across the confining unit under the pre-
pumping scenario are 0.009 and 0.013 at the clay‐capped Sites M and S,
respectively, which is almost an order of magnitude lower than present
day head gradients (0.05 and 0.08).

5. Discussion

Half of the 30 monitoring wells installed in the intermediate Pleistocene
aquifer for this study were screened in gray sands and the other half in

orange sands. With four exceptions, the intermediate wells installed in gray sand contained >10 μg/L of
As and wells installed in orange sand layers contain ≤5 μg/L of As (Table 1 and Figures 4 and 5). Sites S,
SS, and eight other similar sites drilled in their vicinity indicate a high‐As (measured at two sites), gray por-
tion of the aquifer sandwiched between two layers of orange sand (Figures 4 and S4). Such inter‐fingering of
gray and orange sediment in the Pleistocene aquifer is an indication that layers that were once oxidized were
probably reduced by lateral advection of reactive carbon with groundwater (Figure 8). We cannot rule out an
alternation in preservation of orange, gray, followed again by orange sands over time, but lateral advection of
high As and/or DOC water that reduced an originally orange sand layer provides a simpler explanation, as
previously proposed in a different setting (van Geen et al., 2013).

The intrusion of shallow groundwater to the intermediate aquifer is confirmed by detectable (>0.1 TU) tri-
tium (3H) in 17 out of 30 monitoring wells screened between 41 and 72 m bgs (Table 2). Along today's pre-
dominant south‐north flow path in the study area, 3H was detected in 8 of the 11 analyzed intermediate
monitoring wells at Sites T, M1, SS, and S (Figure 8a). The model predicts an average time frame of
15 ± 7 (±1σ), 27 ± 7, 32 ± 7, and 60 ± 15 yr for shallow groundwater intrusion at Sites T, R, M, and S, respec-
tively (Figure 7a), which is consistent with younger groundwater observed in sandy areas such as Site T
(10–24 yr) and Site R (24–39 yr) and older groundwater in clay‐capped areas such as Site M (11–69 yr)
and Site S (45–47 yr) (Table 2). These results confirm the intrusion of shallow groundwater through discon-
tinuities in the clay near sandy regions and lateral transport toward the clay‐capped areas (Figure 8b). In
comparison, the prepumping scenario predicts groundwater travel times that are about an order of magni-
tude longer along the same transect (Figures 8c and 8d).

A number of groundwater samples with >10 μg/L As in the intermediate aquifer could not be dated because
they did not contain 3H. Of the five samples with >10 μg/L As that could be dated using 3H (S1, S2, R1, T3,
andM4.5), S1 andM4.5 show a clear indication of mixing with older groundwater (Figure S12). This suggests
that the release of As in portions of the intermediate aquifer is associated with fairly recent preferential flow.

Figure 9. Arsenic transport with retardation under pumping. Simulated As
distributions after 50 yr of pumping along a S‐N transect (Figure 8a) for a
retardation factor of (a) 3, (b) 10, and (c) 30.
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The lack of a systematic relationship observed between 3H, As, and sand
color across sites (Figure 12) suggests that recent recharge of shallow
groundwater in the intermediate aquifer is not the only mechanism that
reduced Pleistocene orange sand to gray (Figures 8a and 8c) or increased
groundwater As levels (Figure 6).

The model results suggest that recent advection of As from the shallow
aquifer through the clay layer did not contaminate the Pleistocene aquifer
that is distant from the recharge window (Figure 9). This is consistent
with previous studies showing that As is significantly retarded relative
to groundwater flow by adsorption to aquifer sands (BGS/DPHE, 2001;
Dhar et al., 2011; Harvey et al., 2002; Itai et al., 2010; Jung et al., 2012;
McArthur et al., 2011; Radloff et al., 2011, 2015; Robinson et al., 2011;
Stollenwerk et al., 2007; Swartz et al., 2004; Thi Hoa Mai et al., 2014;
van Geen et al., 2008, 2013). For a retardation factor of 10, for instance,
the relative As concentration front (C/C0) of 0.1 within the intermediate
aquifer extends a maximum distance of 275 m north of the recharge area
in 50 yr (Figure 9b). For a retardation factor of 30, which is more consis-
tent with adsorption experiments conducted in the field (Radloff
et al., 2011; van Geen et al., 2013), advection of high arsenic from the shal-
low aquifer to the measurement locations is even less likely (Figure 9c).
Under the prepumping scenario, however, the simulated distribution of
As today in the intermediate aquifer can be reproduced along the same
transect if the model is run forward for about 400 yr (Figure 10).

With a retardation factor of 10, the proportion of the intermediate aquifer
(>40–80 m bgs) that would be As contaminated (C/C0 ≥ 0.1) after 50 and
100 yr of pumping is estimated to be 7% and 16%, respectively (Figure 11).
The simulations in three‐dimensional space indicate that the plume of As
would migrate downward through sandy recharge areas and would con-

tinue to propagate laterally in the semi‐confined intermediate aquifer. Intermediate wells near recharge win-
dows are more vulnerable to the lateral intrusion of As from the shallow aquifer along the margins of the
clay. Arsenic concentrations in wells that are further away from the recharge windows would therefore more
likely be controlled by a local supply of reactive carbon. Thus, the proportion of the intermediate aquifer that
is contaminated by pumping is expected to depend strongly on the spatial distribution of recharge windows.

There is evidence that advected DOC can be an important substrate for microbial reduction in aquifers and
thus contributes to As mobilization. For example, previous studies have shown that the radiocarbon content

Figure 10. Arsenic transport with retardation under prepumping
conditions. The simulated movement of the As front (C/C0 = 0.1) along a
S‐N transect (Figure 8c) for a retardation factor of (a) 3, (b) 10, and (c) 30
after 50, 100, 200, 300, 400, and 500 yr of forward simulation.

Figure 11. Intrusion of shallow groundwater arsenic (As) through breaks in the clay aquitard. Relative concentrations (C/C0) of As at 52‐m depth after (a) 50 yr
and (b) 100 yr of forward simulation for a retardation factor (R) of 10 under the current pumping scenario; (c) the interpolated total thickness of clay from the
surface to a depth of 50 m. Monitoring well locations screened between 50 and 60 m are shown in panel (a).
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of labile bacterial DNA and phospholipid fatty acids in shallow aquifers of Araihazar is closer to that of
groundwater DOC than to that of organic carbon in the sediment (Mailloux et al., 2013; Whaley‐Martin
et al., 2016). Despite their high TOC content (12–50%), the peat or charcoal fragments encountered in 42%
(n = 33) of the boreholes (Figure S4a), therefore, do not appear to be the main source of reactive carbon.

In our study area, the thick clay aquitard containing 1 order of magnitude higher DOC compared to the
<1–4 mg/L DOC in the underlying intermediate aquifer (Figures 4b and 4n) could be an alternative source
of carbon releasing As and reducing orange sand to gray (Mihajlov et al., 2020; Mozumder, 2019). The large
vertical head gradients imposed by pumping in the clay‐capped sites (Figures 4f, 4l, and 4r) could have accel-
erated the advective flux of DOC from the aquitard to the aquifer. Based on Darcy's flux in one‐dimension,
about 1.1 g of carbon/m2/yr is advected from the clay aquitard given an average pore‐water DOC concentra-
tion of 20 mg/L (Figures 4b and 4n), a vertical hydraulic gradient of 0.2 across the clay aquitard (Figure 4f), a
clay hydraulic conductivity value of 9 × 10−9 m/s, and an effective porosity of 0.3 for the sandy aquifer.
Assuming that 1 mole of DOC is required to convert 4 moles of sedimentary Fe3+ to 4 moles of Fe2+

(Postma et al., 2007) and a reduction of 0.2% of the solid phase mass of Fe is enough to turn orange sand gray,
the advective flux at a rate of 1.1 g of C/m2/yr is sufficient to convert 0.4 m of Fe3+ coated orange sand to gray
sand over a time span of 50 yr.

Figure 12. Correlation among dissolved methane (CH4), arsenic (As), tritium (3H), and diffuse spectral reflectance (530–520 nm) of screened depth sediment in
the intermediate aquifer. Groundwater CH4 concentrations are plotted as a function of As (a) and spectral reflectance (b). Groundwater 3H concentrations
(both detectable and non‐detectable) are plotted as a function of As (c). The current detection limit for 3H is 0.1 TU.
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Without the head gradient resulting from pumping (i.e., prepumping condition), the downward flux of DOC
is controlled by molecular diffusion across the aquitard‐aquifer interface (Mozumder, 2019). Calculations
based on one‐dimensional Fickian diffusion indicate that 0.016 g of C/m2/yr can be diffused from the clay
aquitard to the intermediate aquifer assuming a diffusivity of 0.009 m2/yr (McMahon & Chapelle, 1991), a
porosity of 0.5 for clay aquitard, and a DOC concentration gradient of 0.31 mM/m estimated across the
aquifer‐aquitard interface at Site M (Figures 4n and S15). Diffusion of DOC from clay can be extrapolated
back in time by 5,000 yr assuming that anoxic conditions initiated 5,000–6,000 yr ago following the deposi-
tion of Holocene sand on the top of Holocene clay layers dated 8,800 ± 50 yr in the area (Figure S4b). At a
rate of 0.016 g of C/m2/yr, 5,000 yr of integrated flux of diffused carbon is comparable to the advective influx
of carbon induced by 50 yr of Dhaka pumping, resulting in the conversion of no more than 0.5 m of orange
sand to gray. However, the average thickness of gray reduced sand directly underlying the thick clay in the
area is 8 ± 6 m (Figure S4a), which is ~2 orders of magnitude greater than what could potentially be reduced
by diffused or advected DOC from clay layers (Mihajlov et al., 2020). Thus, the extent of conversion from oxi-
dized orange to reduced gray sand (Figures 8a and 8c) is likely due to a combination of DOC transport
directly associated with clay layers and vertical/lateral transport of reactive carbon through sandy recharge
windows in the study area.

Most field observations suggest that DOC is strongly adsorbed by sediments and retarded with respect to
groundwater flow (Datta et al., 2011; Mailloux et al., 2013). Methane, on the other hand, does not adsorb
(Cahill et al., 2017) and could be an alternative source of reactive carbon propagating at the same rate as
groundwater flow (Figure S16). There is growing evidence that certain microorganisms oxidize CH4 while
reducing Fe oxides in the absence of sulfate (Amos et al., 2012; Ettwig et al., 2016). Concentrations of As
and CH4 generally track each other (correlation = 0.38 and p‐value = 0.05) in the intermediate aquifer of
our study area (Figure 12a).With three exceptions near sandy regions, about 50% of thewells tapping the gray
Pleistocene sediment contain elevated levels of CH4 (>200–1,239 μmol/L) whereas all wells tapping the
orange Pleistocene aquifer contain very low levels of CH4 (<60 μmol/L) (Table 3). In the clay‐capped portion
of the intermediate aquifer, in particular, high groundwater As is generally associated with elevated levels of
CH4 (Figures 4c, 4i, and 4o). The association of As relative to 10 μg/L, CH4 relative to 100 μmol/L, and sand
color relative to a 0.5% reflectance difference suggests that microbially mediated anaerobic oxidation of CH4

by Fe oxides may have contributed to the release of As to the intermediate aquifer (Figure 12).

6. Conclusions

This detailed study based on direct field observations and modeling in a small area of Bangladesh sheds new
light on the way local groundwater flow patterns affect groundwater As across a range of time scales. The
combined observations suggest that the association of lowAs concentrations with oxidized Pleistocene sands
was perturbed over thousands of years, before the onset of Dhaka pumping, mainly through local supply of
reactive carbon. More recently, the expanding Dhaka drawdown cone magnified lateral and vertical head
gradients determined by the heterogeneity in the local geology. Lateral transport of As, DOC, and/or CH4

through breaks in a major clay aquitard could explain the elevated levels of As in reduced gray portions of
the Pleistocene aquifer that are intercalated between layers that are still orange and oxidized. As a result
of Dhaka pumping, an enhanced influx of reactive carbon accelerated the reduction of Fe oxides and the
release of As to groundwater. In particular, the clay layer directly overlying the intermediate aquifer is a
major source of reactive carbon, as evident from the recent rise in As near the aquifer‐aquitard interface.
Intermediate aquifers within the radius of influence of Dhaka pumping that have been tapped by a growing
number of private households to reduce their exposure to As over the past decade are, therefore, vulnerable
and need to be closely monitored.
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