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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 low-arsenic drinking water (<10 pg/L As), but little
is known about how aquifers tapped by these wells are recharged. Within a 25 km? area of Bangladesh east
of Dhaka, groundwater from 65 low-As wells in the 35-240 m depth range was sampled for tritium (3H), oxy-
gen and hydrogen isotopes of water ('80/'°0 and 2H/'H), carbon isotope ratios in dissolved inorganic car-
bon (DIC, "*C/"C and "3C/'2C), noble gases, and a suite of dissolved constituents, including major cations,
anions, and trace elements. At shallow depths (<90 m), 24 out of 42 wells contain detectable *H of up to 6
TU, indicating the presence of groundwater recharged within 60 years. Radiocarbon (**C) ages in DIC range
from modern to 10 kyr. In the 90-240 m depth range, however, only five wells shallower than 150 m contain
detectable *H (<0.3 TU) and "*C ages of DIC cluster around 10 kyr. The radiogenic helium (*He) content in
groundwater increases linearly across the entire range of '*C ages at a rate of 2.5 X 10 % ccSTP *“He g
yr'. Within the samples from depths >90 m, systematic relationships between '80/'°0, 2H/'H, '*C/'%C, and
4C/'2C, and variations in noble gas temperatures, suggest that changes in monsoon intensity and vegeta-
tion cover occurred at the onset of the Holocene, when the sampled water was recharged. Thus, the deeper
low-As aquifers remain relatively isolated from the shallow, high-As aquifer.

1. Introduction

Arsenic is a naturally occurring toxic metalloid that is released from sediment to groundwater under anoxic
conditions that prevail in the low-lying river and delta plain aquifers of South and Southeast Asia [Raven-
scroft et al., 2009; Fendorf et al., 2010]. The majority of the rural population in Bangladesh, as in several other
countries in the region, rely on privately installed shallow tubewells for their drinking water supply. How-
ever, a large proportion of these wells contain As concentrations of >10 pg/L, 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 [Smith
et al., 2000; British Geological Survey/Department of Public Health Engineering (BGS/DPHE), 2001; Wasserman
et al., 2004; Ravenscroft et al., 2009; Argos et al., 2010].

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
concentrations of dissolved As in groundwater [BGS/DPHE, 2001; van Geen et al., 2003; Ravenscroft et al.,
2005; McArthur et al., 2008; Fendorf et al., 2010], non-governmental organizations 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; van Geen et al., 2007; Michael and Voss, 2008; Burgess et al., 2010; Department of Public
Health Engineering/Japan International Cooperation Agency, 2010; Ravenscroft et al, 2013]. Deeper wells
appear to be an effective and available alternative for low-As drinking water supply in the short-term [Rav-
enscroft et al., 2013, 2014]. As this source of low-As drinking water is increasingly pumped for urban supply
and a cone of depression is developing around Dhaka [Hoque et al., 2007], several studies have raised
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concerns about the sustainability of its use. The possibility of vertical leakage of high-As and organic laden
shallow groundwater due to irrigation pumping has been evaluated for deeper wells with basin-scale mod-
els under the assumption that in the coming decades pumping for irrigation purposes might switch to the
currently safe aquifers at depths >150 m bgl [Michael and Voss, 2008; Burgess et al., 2010; Radloff et al.,
20111

The low-As aquifers have been characterized as Pleistocene in age or older, and their sediments have likely
been flushed of labile As and/or organic carbon that could fuel the reductive release of As [BGS/DPHE, 2001;
Ravenscroft et al., 2005]. The flushing presumably occurred due to a sequence of sea level lowstands, result-
ing in deep river channel incisions, larger horizontal hydraulic gradients in aquifers compared to the pres-
ent, and consequently faster groundwater flow during the Pleistocene [Goodbred and Kuehl, 2000b;
McArthur et al., 2008]. However, depth is a poor predictor for aquifers that are systematically low in As in the
Bengal Basin because of the large hydrogeological heterogeneity of the delta [van Geen et al., 2003; Zheng
et al,, 2005; McArthur et al., 2008; Fendorf et al., 2010].

Previous studies have identified transitional aquifers, boundaries of which vary in depth, where ground-
water As is low, but the residence times and other hydrogeochemical features may resemble those of the
high-As aquifer, and “deep” aquifers typically found at greater depths that contain much older groundwater
[Aggarwal et al., 2000; BGS/DPHE, 2001; Hoque and Burgess, 2012]. In this study, the transitional aquifer is
referred to as “shallow” low-As aquifer (<90 m bgl), whereas the deeper aquifers are split into “intermedi-
ate” (90-150 m bgl) and “deep” (>150 m bgl) categories. These definitions account for the drilling method
used for well installations, as well as the government’s Department of Public Health Engineering standard
definition of wells deeper than 150 m as deep [van Geen et al., 2015; Choudhury et al., 2016]. The shallow
aquifer designates the low-As aquifer that extends beneath the depth of peak As concentrations [van Geen
et al., 2003] to the depth of ~90 m bgl, within the reach of the traditional hand-flapper installation method
[Ali, 2003; Horneman et al., 2004]. Wells in the intermediate aquifer (90-150 m bgl) can no longer be
installed by the hand-flapper technique but are shallower, and therefore less expensive to install, than the
typical deep wells (>150 m bgl).

Despite concerns about the status of the deep aquifer [Hoque et al., 2007; McArthur et al., 2008; Michael and
Voss, 2008, 2009a, 2009b; Burgess et al., 2010; Fendorf et al., 2010; Mukherjee et al., 2011; Radloff et al., 2011],
and a few reports of well failures [Aggarwal et al., 2000; van Geen et al., 2007] or presumed 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 aquifers, including flow patterns and mean residence times.
Groundwater dating, primarily by '“C in dissolved inorganic carbon (DIC), has typically covered large areas
with sparsely spaced data points [Aggarwal et al., 2000; BGS/DPHE, 2001; Fendorf et al., 2010; Majumder et al.,
2011]. 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. Previous studies that integrated spa-
tial observations of deep groundwater ages have argued that deep aquifers are recharged by long flow
paths originating from the basin margins [Majumder et al., 2011; Hoque and Burgess, 2012], and such a con-
ceptual model of flow has been successfully tested by the models of Michael and Voss [2008]. However, the
above studies did not use multiple tracers and did not consider the potential impact of climate change at
the Pleistocene to Holocene transition about 12 kyr ago.

In this study, we report tritium (3H) concentrations from 65 low-As wells ranging in depth between 35 and
240 m bgl in a 25 km? area approximately 20 km east of Dhaka, Bangladesh. Radiocarbon ages based on
DIC C data from a subset of 38 wells are interpreted using groundwater chemistry records, compared to a
noble gas dating technique, and linked to the stable isotopic ratios in groundwater (H/'H, '80/'°0,
13C/"2Cpc). Field procedures and measurement techniques, litholog collection, and groundwater sampling
and analyses for *H, '*C/"?C, and "*C/'2C (in DIC and dissolved organic carbon, DOC), major cations, anions,
Si, P, As, Mn, Fe, DIC, and DOC concentrations, 2H/'H, '80/'°0, and noble gases are described in section 2.
The results of these measurements and analyses, along with the '*C age correction models and the noble
gas model used to calculate recharge temperatures and radiogenic He, are presented in section 3. Section 4
provides a discussion of the main results, including groundwater chemistry and age/residence time esti-
mates at different depths of the low-As aquifers. The isotopic ratios of the deepest and oldest samples are
also placed into the context of deglaciation in early Holocene. The implications of our findings for the sus-
tainability of deep, low-As aquifers are discussed before concluding the study in section 5.
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Figure 1. (a) Map of the field area in Araihazar upazilla, Bangladesh, and (b) depth distribution of the wells. The low-arsenic wells discussed in
this work are marked by large circles, diamonds, and squares. In this figure, and hereafter, the data are plotted as black circles for low-As ground-
water from shallow depth (<90 m bgl), open purple diamonds for intermediate aquifer (90-150 m bgl), and open purple squares for deep
groundwater (>150 m bgl). In this figure only, the distinction is also made between drinking (filled circles) and monitoring wells (open circles)
installed within the shallow low-As aquifer; in subsequent figures, all shallow samples are rendered as filled black circles. The small circles in the
background show the distribution of surveyed private, mostly shall ow tubewells [van Geen et al,, 2003] and are color-coded for As concentrations.
The orientation of Araihazar field area (red square) with respect to Dhaka, Bangladesh, and the major rivers is indicated by the inset in map (a).

2. Methods

2.1. Field Area and Sampling Campaigns
The study was conducted in Araihazar upazila approximately 20 km east of the capital, Dhaka, in an area
described by van Geen et al. [2003] where the majority of shallow wells (mostly <30 m deep) exceed 50 pg/L
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Figure 2. Hydrographs of a very shallow, high-arsenic well (14 m bgl) and a shallow-depth, low-arsenic well (C5 in this study, 51 m bgl) at
the location of multilevel nest C, designated by the large blue square in Figure 1a. Hydraulic head data since 2001 indicate a steadily
declining water level of the deeper, low-As well, and thus an increasing downward vertical hydraulic gradient between the shallowest and
the deepest wells at this site.

As dissolved in groundwater (Figure 1). This area has also seen decreasing water levels at depth (Figure 2)
likely due to depressurization caused by deep pumping in Dhaka, resulting in a growing downward vertical
hydraulic gradient between the shallow, high-As and deeper, low-As aquifers. Recent data indicated that
this gradient generally ranges from 0.01 to 0.03 in the study area, but averaged as high as 0.16 over the last
year of measurements at the location shown in Figure 2. The present study focuses on 65 low-As wells (<10
ng/L As, except three wells with 10-29 pg/L As) that were installed in the depth ranges of 35-88 m bgl
(n=42), and 104-153 m bgl (n = 10), and 205-238 m bgl (n = 13) (Figure 1 and Table 1). A subset of the
studied wells (n = 20 at the shallow depth, 35-90 m bgl, n = 6 at intermediate depth, 90-150 m bgl, and
n =13 at depths >150 m bgl) was sampled for a broad series of chemical parameters, referred to here as
extensive sampling, whereas the remaining wells were only sampled for *H and/or water stable isotopes
("®0 and *H).

Extensive well sampling in 2010 and 2011 was performed mostly from community wells used for drinking,
including 18 community wells (CW) and 13 Water Aid Bangladesh (WAB) wells. CWs were installed at depths
35-152 m bgl by Dhaka University in 2001-2004 [van Geen et al., 2007] to provide access to As-safe water in
the most severely affected villages within the study area. Some CWs were sampled twice for *Cpic (2010
and 2011) and two or three times for >H (2006, 2010, 2011); all measured values are reported. WAB wells,
installed later in 2010 by the NGO Water Aid Bangladesh over a broader area, are deeper (>200 m bgl) and
cluster toward the eastern end of the study area. A set of eight monitoring wells installed in the intermedi-
ate depth range (35-88 m bgl) was also extensively sampled, including M1.5 (2011), DI4 (2008), and the
deepest wells from multilevel well nests A-G (2003). Well DI4 was sampled before the in situ study of As
sorption on low-As aquifer sediments reported by Radloff et al. [2011], whereas some results of the sam-
pling of wells A-G were also previously reported [Zheng et al., 2005; Stute et al., 2007; Dhar et al., 2008; Mail-
loux et al., 2013]. All well screens were made of slotted PVC and ranged in length from 6.1 m (20 ft) at WAB
wells to 3.0 m (10 ft) at CWs and 0.9-1.5 m (3-5 ft) at all other locations.

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, i.e., for all WAB wells, with the exception of no. 24030. Tritium sam-
pling of community wells in 2006 was also conducted using the existing hand pump in order to avoid con-
tamination. Three borehole volumes were purged out of a well before sample collection. 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 field using standard Gran titrations [Gran, 1952]. Electrodes (EC and pH) were cali-
brated on site before collecting the first sample of the day, and the flow cell was taken off the line before
sample collection to prevent cross-contamination between wells. For WAB wells sampled by hand pumps,
EC and pH were measured in an overflowing bucket, which may have introduced a systematic error in pH
due to degassing of CO, from the splashing water. For these wells, pH was calculated (denoted by # in sup-
porting information Table S1) from the field-measured alkalinity values (not affected by CO, degassing) and
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Table 1. Well Names, Depths, and Locations, Along With Lithological Information, 3H and Groundwater Stable Isotope (%0 and 2H) Concentrations

Cumm. As 2006 +g 2010 *g¢ 2011°H *g 5°H +o 6% *o
Well ID Depth (m)  Lat(°N)  Long (°E)  Clay® (m) Sand Color (ug/L)  PHP(TU) (TU) 3H(TU) (TU) (TU) (TU) (%o (%) (7 (%)
cw28 347 2376845  90.62760 6.1 Orange - 2,01 0.04
E5 36.1 2378999  90.61588 146 Orange 24 0.03* 0.8 —2618 1 —443 0.1
A7 40.7 2378534  90.60322 15.2 Orange 00 —030* n/a —3328 1 —520 0.1
CW39 427 2376458  90.59310 158 Orange - 0.63 0.04 —37.41 1 —560 0.1
Ccw27 457 2376813  90.62888 189 Orange 0.0 6.15 013 444 008 494 010 —2156 004 —368 0.02
Cw23 457 2378743  90.61733 11.0 Orange 0.1 3.36 0.07  3.01 0.06 —1283 008 -222 002
w9 457 2378614  90.62142 146 Orange - 0.42 0.05
CW24 488 2378139 90.61780 29.3 Orange - 0.21 0.05
Ccw37 488 2376285 90.61137 183 Orange - —0.01 0.03
G5 498 2377376  90.60069 122 Orange 6.6 0.12*  0.05 —3806 1 -6.01 0.1
cs 522 2378955  90.61113 314 Orange 29 0.17* 0.8 —3244 1 -511 0.1
CW14 533 2376468  90.60143 128 Orange 0.5 0.06 0.03 0.03 0.03 —3402 005 —545 002
CcwW16 533 2376574  90.59781 134 Orange - 0.10 0.04
cws 555 2377374  90.59457 116 Orange - 0.08 0.03
CW11 56.1 2377347  90.64032 213 Brownish-grey - 217 0.16
CW29 56.4 2376932  90.62417 14.0 Orange 0.4 0.15 003 007 003 —2889 006 —482 002
F5 57.9 2377364  90.60453 15.2 Orange 1.0 0.05*  0.05 —3978 1 —595 0.1
CW31 57.9 2376812  90.62185 14.0 Yellowish-grey 0.3 0.10 0.03 —003 002 —2895 001 —478 0.0
Dl4 57.9 2377100  90.60941 76 Orange 0.6 0.05 0.02 —2765 1 —468 0.1
CWe 585 2378060  90.64434 7.9 Orange - 0.10 0.03
CW20 585 2377768  90.60592 3.0 Orange - 0.12 0.03
CW35 59.1 23.80112  90.63520 213 Orange - 0.08 0.02
CW32 594 2376968  90.62048 25.6 Orange - 0.16 0.05
CW50 59.4 2377364 9060453 Nodata  Orange - 0.01 0.04
w3 59.7 2378013  90.64050 3.7 Orange - —0.03 0.03
M1.5 60.5 2377612  90.63238 14.0 Orange 22 2.04 0.06 —2005 009 —3.16 001
CW10 61.0 2379000  90.63612 122 Orange - 0.11 0.03
CW21 61.0 2377928  90.60805 104 Orange - 0.12 0.04
CW30 61.0 2376525  90.61650 213 Orange - 0.04 0.04
CW15 625 2375635 90.61013 244 Orange 0.1 0.08 0.04 0.1 005 —001 003 —3634 009 —551 003
Ccw13 62.8 2375499  90.61245 116 Orange - 0.06 0.03 —32.51 1 -521 0.1
CW19 62.8 2377703  90.59895 189 Orange - 0.12 0.02
CW17 634 2377158 90.59070 122 Orange - 0.15 0.05 —40.51 1 —595 0.1
Ccw18 64.0 2377413 90.59233 9.8 Orange 94 0.06 0.02 -002 003 0.08 0.04 —3195 004 —520 0.03
Ccw22 64.0 2378395  90.61327 146 Orange 0.0 267  0.06 —2127 003 -377 0.02
w4 65.2 2378108  90.63325 158 Brownish-grey  29.1 0.01 003 005 002 —3213 005 -515 001
CW25 70.1 2377623  90.61705 3.7 Yellowish-grey ~ 16.9 0.27 0.04 0.03 004 —2452 011 —435 003
CW33 70.1 2378758 90.62680 Nodata  Orange - 0.17 0.04
Ccw3s 78.0 2376919 9058512 Nodata  Orange - 0.14 0.03
A8 815 2378534  90.60322 15.2 Orange 1.0 0.10*  n/a
CW12 87.2 2377612  90.63238 213 Grey 0.4 002 003 0.02 003 —2135 004 —367 003
B CW2 885 2378036  90.63856 73 Grey 1.0 0.05 0.09 —26.11 1 -313 0.1
CW34 103.6 2379025 90.63115 28.0 Orange - 0.17 0.04
CW41 121.9 2379158  90.65763 31.7 Orange - 0.23 0.05 —3595 1 -562 0.1
w7 123.1 2378822 90.65173 232 Orange - 0.17 0.04
CW46 128.0 2379188  90.61815 1222 Orange 13 -001 003 —2695 003 —458 0.02
Ccwa42 128.0 2379463  90.65992 183 Orange 0.2 0.05 003 —3760 008 —599 002
CW45 129.5 2378267  90.64853 122 Orange 3.6 0.10 0.03 001 0.02 —3275 024 —535 005
Cw47 137.2 2379475  90.65147 183 Orange 18  —0.06 0.04 003 002 —3647 013 —585 001
CW5 141.4 2377305  90.63365 24 Orange - 0.11 0.03
W36 149.4 2379062  90.62635 6.7 Orange 1.0 009 003 0.02 004 —3117 007 —511 002
CW44 1524 2378500  90.64982 213 Orange 6.7 0.06  0.02 —3376 012 —550 0.02
WAB24030 205.4 2375098 9063160 Nodata  Orange 8.7 0.03 003 —3226 004 —526 003
WAB24529 21955 2378147 9063872 Nodata  Orange 0.7 0.04 0.04 —3026 000 —502 0.0
WAB24509 2225 2376812 9058532 Nodata  Orange 0.3 0.00 003 —3370 001 —543 001
WAB24522 2256 2379296 90.64467 Nodata  Orange 0.4 0.01 003 —3451 008 —556 0.02
WAB24531 2316 2377832 9064477 Nodata  Whitish-gray 0.6 0.04 003 —2434 005 —425 001
WAB24501 2316 2378110 9064968 Nodata  Orange 0.9 0.01 004 —3175 002 —520 0.00
WAB24527 2316 2378598 90.65933 Nodata  Orange 14 -0.01 003 —3349 006 —544 0.00
WAB24538 2323 2378538 90.65800 Nodata  Whitish-grey 14 0.04 003 —3429 009 -557 001
WAB24511 2347 2378545 9062695 Nodata  Orange 16 0.04 003 —3058 005 —506 002
WAB24504 2347 2379211 9065718 Nodata  Orange 16 0.00 0.04 —3697 007 —593 002
WAB24528 2347 2378707 9065923 Nodata  Whitish-grey 17 0.07 0.04 —3387 001 —549 0.0
WAB24513 237.7 2379385 90.65831 Nodata  Whitish-grey 18 0.04 004 —3780 003 —602 001
WAB24502 2377 2379117 9066017 Nodata  Whitish-grey 18 0.06 003 —3729 003 -—590 001

“Cummulative thickness of silt and clay layers above well filter, excluding the top soil.
Psampled for *H in 2003 (*) or 2008 (") “ - " indicates no measurement was performed; n/a = not available.
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Table 2. Radiocarbon and '>C Data, With Calculated '*C Ages®

Well ID Depth (m) As (ug/L) Phase FM 4¢P + ¢ (FM) 83 UC 'C Age C,'"C Age C,'*C Age AMC Accession #
A7 40.7 0.0 DIC 0.2843 n/a —19.0 10,400 9,530 7,260 —721.0 n/a
CW27 (2010) 45.7 0.0 DIC 1.1216 0.0040 —183 Modern® Modern Modern 1135 05-80269
CW27 (2011) |4 n/ap® DIC 1.1165 0.0036 —183 Modern Modern Modern 108.3 0S-87014
cw23 45.7 0.1 DIC 1.0792 0.0029 —-17.6 Modern Modern Modern 714 0S-80003
G5 49.8 6.6 DIC 0.6266 n/a® —216 3,860 2,990 1,790 —369.5 n/a

a5 523 29 DIC 0.2631 n/a —17.6 11,040 10,170 7,250 —735.2 n/a
CwW14 533 0.5 DIC 0.7419 0.0024 —18.6 2,470 1,600 Modern —263.5 0S-87015
CW29 56.4 04 DIC 0.3841 0.0022 =21/ 7,910 7,040 5,880 —618.7 0S-80000
F5 57.9 1.0 DIC 0.4600 0.0020 —259 6,430 5,560 5,860 —5425 0S-41275
F5 Il n/ap DOC 0.5010 0.0030 n/a 5710 n/ap n/ap —502.0 n/a
CW31 579 0.3 DIC 0.3238 0.0014 —20.8 9,320 8,450 6,910 —678.6 0S-80004
Di4 579 0.6 DIC 0.8259 0.0031 —17.8 1,580 710 Modern —179.9 0S-68866
M1.5 60.5 22 DIC 0.9312 0.0030 —16.6 590 Modern Modern —75.6 0S-90066
M1.5 Il n/ap DOC 0.8259 0.0021 —249 1,580 n/ap n/ap —180.3 0S-101857
CW15 (2010) 62.5 0.1 DIC 0.5064 0.0017 —=19.9 5,620 4,750 2,850 —497.3 0S-80002
CW15 (2011) Il n/ap DIC 0.5027 0.0028 —19.8 5,690 4,810 2,880 —501.0 0S-87016
CW18 (2010) 64.0 9.4 DIC 0.5692 0.0023 —19.0 4,660 3,790 1,540 —4349 0S-79994
CW18 (2011) Il n/ap DIC 0.6628 0.0025 —184 3,400 2,530 Modern —342.1 0S-87124
CW18 (2010) [I n/ap DOC 0.4436 0.0020 —26.5 6,720 n/ap n/ap —559.6 0S-80285
Cw22 64.0 0.0 DIC 1.0374 0.0030 —185 Modern Modern Modern 29.9 0S-79996
Ccw4 65.2 29.1 DIC 0.7429 0.0023 —219 2,460 1,590 490 —262.4 0S-79992
Ccw4 Il n/ap DOC 0.7521 0.0041 —243 2,360 n/ap n/ap —2533 0S-80290
Cw25 70.1 16.9 DIC 0.8199 0.0025 —15.7 1,640 770 Modern —186.1 0S-87122
A8 81.5 1.0 DIC 0.2842 n/a =1l 10,400 9,530 7,290 —721.0 n/a
CW12 (2010) 87.2 04 DIC 0.8992 0.0029 —16.3 880 Modern Modern —107.3 0S-80268
CW12 (2011) Il n/ap DIC 0.9096 0.0029 —16.3 780 Modern Modern —97.0 0S-87013
CW12 (2011) Il n/ap DOC 0.7373 0.0022 n/a 2,520 n/ap n/ap —268.1 05-86918
B CW2 88.5 11.0 DIC 0.8940 n/a —19.2 930 60 Modern —100.4 n/a
CW46 128.0 13 DIC 0.2578 0.0013 —16.8 11,210 10,340 7,050 —744.1 0S-79995
CW42 128.0 0.2 DIC 0.2965 0.0017 —20.9 10,050 9,180 7,710 —705.7 0S-87052
Cw45s 129.5 3.6 DIC 0.2526 0.0016 —18.0 11,370 10,500 7,760 —749.2 0S-79998
CW47 137.2 1.8 DIC 0.2872 0.0012 —20.7 10,310 9,440 7,870 —714.9 0S-79855
CW36 (2010) 149.4 1.0 DIC 0.2809 0.0013 —=17.5 10,500 9,630 6,680 —721.2 0S-79997
CW36 (2011) Il n/ap DIC 0.2636 0.0014 —17.8 11,020 10,150 7,320 —7384 0S-87123
Cw44 152.4 6.7 DIC 0.2600 0.0012 —185 11,140 10,260 7,780 —7419 0S-79856
WAB24030 2054 8.7 DIC 0.2856 0.0016 —15.7 10,360 9,490 5,660 —716.4 0S-79999
WAB24529 2195 0.7 DIC 0.2540 0.0018 —16.1 11,330 10,460 6,800 —747.8 0S-87239
WAB24509 2225 0.3 DIC 0.3106 0.0022 —204 9,670 8,790 7,120 —691.7 0S-87236
WAB24522 225.6 04 DIC 0.2757 0.0017 —=19.2 10,650 9,780 7,580 —7264 0S-87248
WAB24531 231.7 0.6 DIC 0.2307 0.0013 —134 12,120 11,250 6,100 —771.0 0S-87238
WAB24501 231.7 0.9 DIC 0.2558 0.0014 —17.2 11,270 10,400 7,320 —746.1 0S-87252
WAB24527 231.7 14 DIC 0.2737 0.0018 —19.7 10,710 9,840 7,870 —7283 0S-87240
WAB24538 2323 14 DIC 0.2804 0.0020 —19.9 10,510 9,640 7,760 —7216 0S-87245
WAB24511 2347 1.6 DIC 0.2660 0.0013 —174 10,950 10,080 7,090 —736.0 0S-87237
WAB24504 234.7 1.6 DIC 0.2889 0.0014 —19.8 10,260 9,390 7,470 —713.2 0S-87254
WAB24528 234.7 1.7 DIC 0.2698 0.0015 —194 10,830 9,960 7,850 —732.2 0S-87246
WAB24513 237.7 1.8 DIC 0.2916 0.0018 —21.1 10,190 9,320 7,890 —710.5 0S-87258
WAB24502 237.7 1.8 DIC 0.3007 0.0017 —20.6 9,930 9,060 7470 —701.5 0S-87253

aiie ages were calculated as described in section 3.2. C; and C, ages are not applicable to DOC.
PFM stands for fraction modern radiocarbon.

“Age is reported as “Modern” when FM>1 or the age correction resulted in a negative age.

dH = same depth as above; n/ap = not applicable; n/a = not available.

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 splashing, and immediately capped.

2.3. Groundwater Sampling and Elemental Analysis by ICP-MS and IC

Samples for major cation (Na, K, Mg, Ca), Si, P, and trace element (As, Fe, Mn) analysis were collected with-
out 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 filtra-
tion, such as the removal of Fe and PO, by rapid ferrihydrite precipitation [Zheng et al., 2004], and that
delayed acidification in the laboratory does not affect the results [van Geen et al., 2007]. The samples were
analyzed for Na, K, Mg, Ca, Si, P, As, Fe, and Mn by high-resolution inductively coupled plasma-mass
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Table 3. Noble Gas Concentrations and the Resulting Model Recharge Temperatures and He Surplus (Radiogenic He) Concentrations

Depth Model Model Err He Surplus®  Err He Surp.
Well ID (m) HeccSTPgg, NeccSTPggy ArccSTPggh KrccSTPgg), XeccSTPggh, *He/*He Prob.(%)° T(°C) Model T(°C) ccSTPggh  ccSTP ggy
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-06 549 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-06 734 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 45.7 5.60E-08 2.33E-07 3.35E-04 7.09E-08 8.92E-09 1.54E-06 16.0 2534 134 —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* 533 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-07 782 24.77 0.66 2.37E-08 1.58E-09
w31 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 N/A< 82.1 24.15 0.50 7.98E-09 1.35E-09
Ccw22 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 .7 2551 7.87 1.58E-09 1.72E-09
Cw25 70.1 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 30.92 274 —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-06 489 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
Cw42 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-07 258 31.42 2.56 2.28E-08 1.87E-09
Ccw47 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 2132 0.49 2.02E-08 1.86E-09
Ccw44x 1524 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

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

PHe surplus is equivalent to radiogenic He.

“He/*He ratio measurement not available.

spectrometry (HR ICP-MS) on a single-collector VG Axiom [Cheng et al., 2004] to a precision of £10% or bet-
ter. Accuracy of the results was checked against an internal laboratory reference standard and also found to
be within <10% of the expected values.

Unacidified samples for anion analyses were collected in parallel with cation and trace element samples.
The samples were maintained refrigerated until analysis except for the duration of travel from Bangladesh
to USA. 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 measure-
ments, and several samples were analyzed in duplicates or triplicates to confirm analytical precision (typi-
cally <5% for Cl, <10% for SO4, and 5-15% for Br and F).

2.4. Sampling and Analysis of Stable Isotopes in Water (H,'®0/H, "0 and H?H "®0/H,'°0 Ratios)
Stable isotope samples were collected in 60 mL glass bottles with polyseal lined caps. Measurements of
samples collected in 2003 (wells A-G), 2004 (several CWs), and 2008 (DI4) were performed at the Environ-
mental Isotope Laboratory of the University of Waterloo with a precision of *0.1%, (H,'0/H,'®0 ratio
expressed as 6'20) and =19, (H’H "°O/H,"®0 ratios expressed as §°H). Stable isotope measurements on
samples collected in 2010 and 2011 (CWs, WABs, and M1.5) were performed on a cavity ringdown (CRD)
laser spectrometer at Lamont-Doherty Earth Observatory (L2130-i Isotopic H,O, Picarro, Santa Clara, CA)
with a precision better than 0.05%, (6'20) and 0.25%, (9°H). All values are reported in the d-notation as %,
deviation from Vienna Standard Mean Ocean Water (VSMOW).

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 weapons can be detected by the pres-
ence of elevated tritium (°H), a radioactive isotope of hydrogen released during the tests that began in
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Figure 3. Profiles of groundwater (a) *H with analytical error, (b) dissolved As, (c) "*C in DIC, and (d) '*C ages plotted against sample depth. All *H measurements, including several repeat
measurements, are shown; for samples where '*C was measured twice, '*Cp,c and calculated ages plotted in this figure, and hereafter, are based on the '*C values obtained in 2010. The
grey line in Figure 3a indicates 0.1 TU, the concentration above which all *H samples (except for two with a large analytical error) are conclusively detectable, whereas the grey line in
Figure 3b denotes the current World Health Organization limit of 10 ug/L As in safe drinking water. The symbols in Figure 3d show C, 4C age, a simple open system model that corrects
for the initial "*Cpc at recharge of 0.90 FM. The error bars indicate “UC” (uncorrected) *C age as the maximum age, calculated directly from the measured '“C values without any correc-
tion, and CZMC age as the minimum age, which contains an additional correction for the maximum contribution of radiocarbon-dead carbonate dissolution along the flow path. In this
figure, and hereafter, the pink fill in black circles indicates the shallow depth samples (A7, A8, and C5) with consistent deeper groundwater properties across various geochemical and
age parameters, whereas the yellow fill in black circles denotes shallow aquifer groundwater with particularly elevated *H concentrations (>0.3 TU).

1950s and peaked in the early 1960s [e.g., Weiss et al, 1979; Weiss and Roether, 1980], provided that
adequate detection limit of *H is achieved [Eastoe et al., 2012]. 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 [Clarke et al., 1976; Bayer et al., 1989; Ludin et al., 1998]. The detection
limit of the *H analyses was 0.05-0.10 TU (1 TU corresponds to a *H/'H ratio of 10~ '8), with a precision of
+0.02-0.16 TU (Table 1). Noble gas samples were collected in copper tubes (~1 cm outer diameter) 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 equili-
brated with atmospheric air at known temperature and pressure.

The measured concentrations of noble gases (He, Ne, As, Kr, and Xe; Table 3) were processed through 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 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 [Aeschbach-Hertig et al., 1999; Peeters et al., 2003]. Any *He in
excess of that amount was reported as “excess He” and is considered a radiogenic input from the radioac-
tive decay processes, hence it can also be named “radiogenic He.” If the input of radiogenic He comes pri-
marily from the aquifer sediments, it can be proportional to the age or residence time of groundwater
under the following assumptions: (1) the aquifer matrix and release rates of He from the sediment are fairly
homogeneous and constant along the flow paths; (2) little degassing loss occurs; and (3) no confounding
effects of deep crustal He degassing occur [Torgersen and Clarke, 1985].

The model output also included a 4 probability that the model is consistent with the data. Low %> probabil-
ities are considered a reasonable criterion to reject the models, with <1% often used and <5% being a very
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6 strong criterion to reject the run. Errors of
the modeled temperature and excess He
were estimated by a numerical propaga-
tion of the experimental uncertainties
through the inverse procedure with data
sets generated by Monte Carlo simula-
tions [Aeschbach-Hertig et al., 1999; Peeters
et al,, 2003].

(6}
1

SN

2.6. Sampling and Analysis of '*C/'*C
and "*C/'*Ciin DIC and DOC
Samples for radiocarbon ('*C/'?C) and
carbon stable isotopic ('*C/'*C) measure-
ments on dissolved inorganic carbon
(DIC) and dissolved organic carbon (DOC)
00 02 04 06 08 1.0 1.2 were collected in 125 mL or larger glass
DIC 4C (FM) bottles with polyseal caps and immedi-
ately “poisoned” with 0.1 mL of saturated

Figure 4. Empirical relationship between groundwater *H and C in DIC plot- mercuric chloride solution. All carbon iso-

for all availabl les fi he shallow, low-A: if | .
tefi or all available samples from the shal (3>W, owms?qm er (<9F)rn. b%,) topic measurements were performed at
with concurrently measured groundwater H and "“C in DIC. The initial "“Cp,c . .
was determined to be 0.90 FM and used to correct for the vadose zone proc- the National Ocean Science Accelerator

esses before the recharge closed off from the atmosphere in C; and Cz“‘C Mass-Spectrometer (NOSAMS) facility at
age calculations. the Woods Hole Oceanographic Institu-

tion following standard protocols [Elder
et al,, 1997]. Ratios of '>C/'2C are reported as d'>*Cyppg in %, deviations from the Vienna Pee Dee Belemnite
standard, with a typical error of +0.1%,. Radiocarbon data ('*Cp,c and '*Cpoc) are reported as fraction mod-
ern (FM), “modern” being defined as 95% of the AD 1950 radiocarbon concentration of NBS (National
Bureau of Standards) Oxalic Acid | normalized to ¢'3*Cyppg of —19%, [Olsson, 1970]. FM values were normal-
ized for C isotopic fractionation to a value of d'*Cyppg = —25%,. Errors in FM measurements are shown in
Table 2 and range from 0.0012 to 0.0041 FM. 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 concentration was calculated from alkalinity and pH values measured
in the field (in a flow cell). Where both are available, DIC concentrations calculated from the field data and
those reported by NOSAMS are typically in agreement within <10%.

Groundwater *H (TU)
Now

2.7. Lithologs

Drill cuttings were collected at 2-5 ft (0.6-1.5 m) intervals from 49 of the 52 wells <152 m deep (i.e, all
except deep WAB community wells) and were used to calculate the total clay + silt thickness above the
well screen (Table 1). The thicknesses of all clay and silt layers encountered in the litholog were added,
except for the ground surface clay/soil, as this layer does not play a role in separating the high-As shallow
aquifers from the low-As shallow aquifers. We use a depth of 90 m (300 ft) to distinguish shallow private
wells installed within a day by a handful of drillers using the manual hand percussion (or “hand-flapper”)
method from intermediate wells in the 90-150 m depth range which require a larger team working for sev-
eral days using a manual rotary drilling-direct circulation method with a double-acting (“donkey”) pump
[Ali, 2003; Horneman et al., 2004]. Lithologs for the wells <90 m deep (i.e., the shallow low-As wells) are
more reliable in terms of recording the presence of clay layers than lithologs collected with the donkey
pump, which are more likely to miss clay layers. Sand color at the depth of filter intake was noted for each
well, regardless of the installation depth.

3. Results

3.1. Tritium (3H), Radiocarbon ('*C), and Arsenic

With the exception of three wells that contain 10-29 pg/L As (Figure 3b) and tap the shallow aquifer
(<90 m bgl), 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 had elevated *H concentration
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Figure 5. Noble gas temperatures and radiogenic (“excess”) He plotted against **C measured in DIC (a and c), and corrected C,'C ages (b and d). Noble gas temperatures, correspond-
ing to temperatures at the time of recharge, and radiogenic He were estimated by Taf-1 model fit to the measured noble gas data. Only the samples where model converged are plotted.
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 noble gas model fit are displayed. Dashed lines in Figures 5a and 5b mark the 95% confidence interval of the average noble gas temperatures of shallow sam-
ples, excluding the two outliers at approximately 22°C. The trend linking radiogenic He to C,*C ages was calculated for combined shallow, intermediate, and deep groundwater samples.

greater than 0.3 TU, indicating a significant contribution of groundwater recharged within the past 60 years
(Figure 3a and Table 1). All eight 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 3H concentrations (0.10-0.27 TU) at least at one
time of sampling, 21 of which were detectable at the 95% confidence level (0 TU was not within the range
of 20, twice the analytical error). Most (16) of the 21 wells containing low-level, detectable 3H clustered in
the shallow aquifer, whereas only five such samples were found in the intermediate aquifer (90-150 m bgl)
and none at depths >150 m bgl. The number of samples with detectable *H paired to concurrent samples
with valid noble gas measurements was limited to three wells in the shallow aquifer, thus H/*He ages were
not calculated. Results from the wells sampled two or three times between 2006 and 2011 (Table 1) showed
no temporal trends in *H concentrations over this time period.

Radiocarbon concentrations in dissolved inorganic carbon (DIC) range from 0.26 to 1.12 FM in groundwater
from shallow depth <90 m bgl (Figure 3c and Table 2). Deeper than 90 m, a uniform radiocarbon signature
of 0.25-0.31 FM is observed in intermediate and deep aquifer DIC. Within the shallow aquifer, some "*Cpyc
values fall within the range of those observed in intermediate and deep aquifer groundwater, but only three
of these samples have a consistent intermediate/deep aquifer signature across various parameters meas-
ured in this study (A7, A8, and C5, labeled by pink fill in Figure 3 and thereafter). These samples come from
a shallow outcrop of the confined Pleistocene aquifer in the northwest of our study area [van Geen et al.,
2003]. On the other end of the spectrum, samples from four wells with the highest "*Cp,c (0.93-1.12 FM)
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Figure 6. Profiles of groundwater (a) alkalinity, (b) chloride, (c) electrical conductivity, (d) silicon, (e) sodium, and (f) calcium plotted against the sample depth.

also have *H >2 TU (Figure 3c), confirming that groundwater recharged since the nuclear weapon testing
began in the late 1940s reached these shallower wells, carrying the so-called “bomb” *C and *H with it. The
remaining shallow aquifer samples (below ~0.9 FM '“Cp,c) contain a lower range of *H concentrations

(<0.3TU).

3.2. Radiocarbon Dating

3.2.1. "C Age Corrections
Three groundwater age estimates were determined for each sample on the basis of radiocarbon data (Fig-
ure 3d and Table 2). The "C half-life of 5730 yr (the “Cambridge half-life”) was used to generate the maxi-
mum radiocarbon age, denoted as the uncorrected C age (“UC '*C age”). This age assumes the initial '*C
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concentration of DIC or DOC at recharge to be 1 FM and assumes an evolution of DIC without any carbon
reservoir corrections:

5730 yr 1
14 _
UC '*C age (yr BP) ina *In (FM 14C) M

This approach might be appropriate for particulate organic material, but the initial '*Cpc 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 activ-
ity of DIC is to empirically relate "*Cpc to observed *H concentrations (Figure 4), following Verhagen et al.
[1974]. This approach yielded an estimate of initial "*Cp,c of 0.90 FM for our data set, close to the value of
0.87 FM used 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 and Ehhalt, 1963; Vogel, 1967]. Therefore, the corrected
radiocarbon age, or the “C,"C age,” is adjusted for the initial '*Cp,c formed under open system conditions,
but not for any subsequent dissolution of carbonates along the flow path:

5730 yr 0.90
C; C age (yr BP)= In2y * In (FM 14(:) V)

Finally, the minimum '“C age was calculated from the C,'C age by estimating the maximum possible con-
tribution of carbonate dissolution along the flow path to the total DIC and its final '*C concentration, after
the system was closed with respect to gas exchange in the vadose zone. This was achieved by using a sim-
ple isotopic mixing model based on the 5'3C of two end members: the initial DIC and carbonate minerals
[Hoque and Burgess, 2012]. In order to make this the maximum possible correction for carbonate dissolution,
the value used for the initial §"3Cpic was —25%,, in accordance with the values in 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 (6'*C = 0%,) and free of radiocarbon. Thus, the minimum radiocarbon age—C,'C age—includes a
correction for mixing of different carbon pools, similar to that of Ingerson and Pearson [1964], but with an
added correction for initial "*Cpc of 0.90 FM:

C, "C age (yr BP)= 3)

5730 yr | ( 0.90 *513CD|C
In2 FM 14C "~ —259,

None of the above 'C age corrections account for isotopic fractionation effects during the isotopic
exchange reactions of C species (COyg) to CO3™ (o) equilibrium), which can have some impact on the final
13C contents [Fontes and Garnier, 1979]. The above models also do not take into account the mineralization
of groundwater DOC subsequent to the initial recharge, and the impact it might have on the budget of DIC
radiocarbon. Last, the '*C ages were not calibrated to calendar years, as doing so would not be meaningful
for dating of groundwater '*Cpc that is subject to as many uncertainties as presented above.

3.2.2. Calculated DIC 'C Ages

The shallow aquifer groundwater spans a wide range of DIC '“C ages, calculated by all three methods, from
modern in the high->H samples to 7-11 kyr in samples A7, A8, and C5 that resemble the deep aquifer (Fig-
ure 3d and Table 2). In contrast, DIC '*C ages of the intermediate and deep aquifer groundwater are greater
and less variable when calculated by a single method, but as seen with the older samples in the shallow
aquifer, variation of ages from 6 to 12 kyr exists between different methods of age calculation. The variability
among different age calculation methods, and between samples from the shallow aquifer and pooled inter-
mediate and deep aquifer samples, can visualized by the box plots (supporting information Figure S2) that
provide minimum, first quartile, median, third quartile, and maximum values of the sample group. The "C
age corrected for the initial DIC '*C content of 0.90 FM (C; age), based on the empirical relationship
between 3H and '*C, places the age of intermediate and deep groundwater samples within the 9-11 kyr
range, with an average of 9800 '*C yr before present (BP). The maximum, uncorrected (UC) age would result
in these samples being ~900 year older on average (10,700 "*C yr BP), whereas the additional correction for
dissolution of carbonates along the flow paths (C; age) would make them younger by ~2-3 kyr (average
7300 "C yr BP). The corrections from UC to C; and CZMC ages had a similar effect on the shallow aquifer
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3180 (%o) groundwater ages, thus shrinking their
overall range and shifting the results
towards younger ages with each
correction.

3.3. Noble Gas Temperatures and
Radiogenic He

The model that best fits the noble gas
data (Table 3) considers the equilib-
rium temperature, the amount of
excess air, and the fractionation of
excess air as variables in the simulation
(“Taf-1" model). The fractionation of
excess air is conceptualized as a partial
L .40 equilibrium dissolution of the trapped
air bubbles in a closed system, or the
“CE” model [Aeschbach-Hertig et al.,
1999; Peeters et al., 2003]. Some of the
model results were rejected (Table 3)
based on a low model probability and/
or a high error in model temperature

52H (%o)

L 4

1
N
o

¢ Dhaka precipitation
< Avg Dhaka precip

® <90 m estimate (>1.5°C error). At least some

© 3H>03TU of the samples for which the model

o A7C5 failed to converge suffered from

¢ 90-150 m degassing during sampling, as indi-

0O >150 m cated by Ne concentrations below sol-

ubility equilibrium with the soil air

Figure 7. Water stable isotopic (0*H and 6'%0) composition of groundwater and (<1.7 X 1077 ccSTP g™ '). Among the
its relationship to the global meteoric water line (GMWL) of Craig [1961]. For com- ’ ’

parison, Dhaka precipitation and its average [Stute et al., 2007] are also displayed. converged samples accepted for fur-

Note that the high->H samples (yellow fill) plot mostly to the right of the GMWL. ther analysis (16 out of 29 samples),

model probabilities were well above

the strict 5% threshold, except for
CW42 with 3.4%, which still produced a reasonable fit (>1%) and had the lowest model temperature error
of the entire data set, thus the fit for this sample was accepted.

Current groundwater temperatures in the shallow low-As aquifer (supporting information Table S1) cluster
around an average of 26.2°C = 0.3°C (standard deviation), whereas the average temperatures in intermedi-
ate and deep groundwater are slightly higher at 26.7 = 0.3°C and 27.0 = 0.4°C, respectively. Temperatures
calculated by the noble gas model (Table 3), also known as the noble gas temperatures (NGTSs), represent
groundwater temperatures at the time of recharge at the water table. In the shallow aquifer, NGTs vary
between 22.0 and 25.9°C (Figures 5a and 5b), with nine of the eleven converging samples clustering
between 23.6 and 25.9°C. Excluding the two outliers with NGTs close to 22°C, average NGT of the shallow
low-As samples is 24.5°C (£ 0.7°C st. dev.), with the 95% confidence interval between 24.0 and 25.0°C. The
two outliers lie outside the 95% confidence interval by more than double the model error of those samples,
and one of them (sample A7 from 40.7 m depth) consistently exhibits the signature of deep aquifer tracers
and chemistry. The shallow low-As aquifer 95% confidence interval of NGTs, nevertheless, lies below the
temperatures currently measured in this aquifer, as well as below the available temperature measurements
made by pressure transducers in very shallow, high-As wells in the study area (25.4-26.8°C range, data not
shown).

Intermediate and deep aquifer NGTs, pooled together, range from 21.2 to 24.7°C with the average of 23.0°C
(= 1.6°C st. dev.). The two lowest NGTs from this group are below any NGT observed in the shallow aquifer,
and the 95% confidence interval of 21.5 to 24.4°C is both wider and lower in absolute values relative to that
of the shallow samples. There is no temporal trend in recharge temperatures, as NGTs plotted against the
G 1%C age (Figure 5b) do not have a statistically significant trend (p = 0.19).
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-2 o The excess or radiogenic He,
(a) also estimated by the NG

-3 © model, increases from ~0 to ~3

X 1078 ¢cSTP g~ " in samples

% 4 ® 00 with "*Cpic ranging from mod-
< O Y ern to ~0.25 FM, with the high-
330 CYY ® est concentrations present in
o -5 7 e © samples from the intermediate
® o and deep aquifers and those

-6 1 o o @ <50 with a low 'Cpc from the
R2=0.57, p = 2x10% m shallow aquifer (Figure 5c). The

7 . . , , : O 3H>0.3TU relationship between the radio-
00 02 04 06 08 1.0 12 © A7A8C5 genic He and the C,'"C age

-5 © 90-150 m (Figure 5d) is linear, and corre-
(b) sponds to an empirical He accu-

10 - 0 >150 m mulation rate of *He = 2.5 + 0.2
X 1072 ccSTPg 'yr '+ *C age
(yr) +/— 0.04 X 108 ccSTPg ™"
e (R*=094, p=2 X 108 sam-

°® (] .. fexe) ples from all depths were
included in the regression). As a

quality control, He/*He ratio
-25 1 P was also measured. In samples
R2=0.61, p = 8x105 that contain a high concentra-
. g . . . tion of radiogenic He (up to
00 02 04 06 08 10 1.2 ~35% of the measured He),
DIC '4C (FM) *He/*He ratio ranges between

0.9 and 1.1 X 107° (Table 3).
Figure 8. The relationship of (a) water ¢'20 and (b) DIC §'>C with '*C in DIC. The trend- The 3He/*He ratio in these sam-
lines, R? and p values for pooled intermediate (90-150 m bgl) and deep aquifer (>150 m | falls bel h f th
bgl) samples are indicated. A similar pattern to Figure 8a is also observed for 6°H (not ples falls below that of the
shown, R2=0.60and p=1 X 10"%). remaining samples and below

the ratio found in solubility
equilibrium with atmospheric air (1.36 X 10~°) because of the low 3He/*He ratio of radiogenic crustal He

(~2X1078).

(]

-30

3.4. Chemical Composition of Groundwater

The great variability of *H and '*C in the shallow aquifer compared to the intermediate and deep aquifers is
matched by an even greater scatter in the shallow groundwater geochemical characteristics, such as pH,
electrical conductivity (EC), alkalinity, DIC, Na, and Si concentrations (Figure 6 and supporting information
Table S1). In contrast, intermediate and deep aquifer groundwaters carry a more uniform signature of these
parameters. In particular, deeper groundwater and the three shallow samples with deep *H and '*C signa-
tures cluster around lower values of pH (6.5-6.8), EC (0.3-1 mS/cm), alkalinity (1.7-3.0 mEq/L), DIC (3—
4.8 mM), and Na (<50 mg/L) relative to most of the shallow aquifer samples, whereas Si concentrations are
higher (55-70 mg/L). The concentrations of the remaining major cations (Ca, Mg, and K) and anions (Cl,
SO,) are variable and similar between the three aquifers (Figure 6 and supporting information Table S1).
One sample from the shallow aquifer (CW15) is particularly high in salinity/EC, with Cl and SO, concentra-
tions of 629 and 24 mg/L, respectively.

Among the minor groundwater constituents, bromide concentrations remain <0.7 mg/L, where detectable
(Figure 9b). Fluoride concentrations are mostly <1 mg/L (supporting information Table S1), with intermedi-
ate and deep aquifer samples largely <0.4 mg/L. Two samples from the shallow aquifer (2-3 mg/L F) do
exceed the WHO guideline of 1.5 mg/L. Fortunately, only one of these high-F wells (CW18) is a drinking
water source. Likewise, phosphate is generally below 0.6 mg/L P, except for one sample at 4.7 mg/L (sup-
porting information Table S1). Finally, iron and manganese are highly variable in all three aquifers, with con-
centrations of up to 4 mg/L Fe (mostly <2 mg/L, but one sample has ~10 mg/L) and up to 1400 pug/L Mn.
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400 CI- 629 3.5. Environmental Stable Isotopes:
(a) o 2H/"H and "®0/'°0 in Water and "*C/"*C
in DIC
300 - oo Most water stable isotope values
%’ ° [ J (expressed as 6°H and 4'®0) fall on or
. near the global meteoric water line
£ 200 . SW ratio (GMWL: *H=8 - 5'80+10%,), but
‘Z“ many also plot to the right of this line as
100 a result of evaporation and kinetic iso-
R2=0.65 tope fractionation (Figure 7, Table 1). Vir-
tually all intermediate and deep aquifer
0 - T T T samples fall on the GMWL, indicating
0 100 200 300 400 recharge by precipitation, and cluster
1.0 around 6'®0 values between —5 and
(b) 629, 2.24 —69%, and 6*H values between —30 and
0.8 - —40%,. The average isotope composition
of modern precipitation in the area is
Q 0.6 R2 = 0.99 similar to that observed in the intermedi-
o ¥ ate and deep aquifer samples [Stute
5 ®<90m et al., 2007]. In contrast, stable isotopes
5 0.4 © 3H>03TU of water in the shallow aquifer span a
© A7A8CS5 larger range of values, with nearly half of
0.2 © 90-150 m the samples impacted by some degree
0 >150 m of evaporation before recharge, as
0.0 T T T judged by their distance from the GMWL.
0 100 200 300 400 Several of the most evaporated samples
cl (mg/L) were recharged in the last 60 years, as
evidenced by their high *H concentra-
Figure 9. The correlations of (a) sodium and (b) bromide to chloride. Green tions (Figure 7).
lines indicate the trendlines with seawater Na/Cl and Br/Cl ratios. Black lines X 13
are the trendlines for pooled intermediate (90-150 m bgl) and deep aquifer Carbon stable isotope values (6'°C) in DIC
(>150 m bgl) groundwater samples. The high Cl sample in Figure 9a actually range between —15 and —229, in all

falls on the seawater line.

three aquifers (Figure 8 and Table 2). The
6"3Cpic values observed here fall in
between those expected of oxidized OC
from C3 plants (—289,) and C4 plants (—139,) in the Bengal Basin [Sarkar et al., 2009], under the assump-
tion that the DIC was produced solely by the oxidation of bulk OC. Carbon isotopic fractionation process
between dissolved CO, produced from OC in equilibrium with bicarbonate/carbonate ions can also account
for some of the spread in observed 6'3Cp,c values, as 6'3C is 9-10%, higher in carbonate ions [Fontes and
Garnier, 19791.

A striking aspect of the stable isotopic data from intermediate and deep groundwater is the strong correla-
tion of 6'3Cp,c with both 52H and §'80 (R? = 0.81 for both isotopes, 3°H versus §'>Cp,c shown in supporting
information Figure S1). Furthermore, all three stable isotopes are systematically correlated with *C in DIC of
the intermediate and deep aquifer groundwater (Figure 8; 5°H not shown as it follows an identical pattern
to that of 6'%0). As '*C FM increases, there is a consistent and statistically significant trend toward more
negative values of all stable isotopes. The three shallow samples with characteristics of deeper groundwater
also fit within the intermediate and deep aquifer trend.

In the shallow aquifer, however, an opposite trend from that in the deeper aquifers is noted: higher (more
positive) values of 6'*Cp,c, 6'20, and §°H are observed as "“Cpc increases toward modern values (Figure 8).
The trends are less sharply defined than for the deeper aquifers. In addition, the correlation of §'0 (and
5°H) data with "*Cpic must be exaggerated in part by the evaporated nature of the most recently recharged
samples with the highest "C content. The correlations between stable isotopes of the shallow aquifer are
likewise less defined than in the deeper aquifers (5°H versus 6'3Cpic shown in supporting information
Figure S1).
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6 4. Discussion
(a) 4.1. Penetration of Recent Recharge
=) S o Into the Low-As Aquifers

= A considerable amount of recharge has
5!: 4 occurred within the past 60 years in low-
= As portion of the shallow aquifer (<90 m
© 3 A (0] bgl), as evidenced by detectable *H in 24
% o out of 42 sampled wells (57%). A subset
g 2 - (o) (@) o of eight wells (19% of the total) has partic-
o ularly large contributions of bomb >H
O 1 (>0.3 TU), as well as bomb C (~1 FM),
where both were measured (Tables 1 and
0 2). Variable 3H concentrations were
expected in the shallow aquifer in Araiha-
zar given that even the high-As shallow
1.2 aquifer (<20 m bgl) contains mixtures of
older groundwater with postbomb
1.0 recharge [Stute et al., 2007]. Much of this
recent recharge, as well as some of the
— older shallow aquifer groundwater, comes

= 08 .
T from a pool of surface water characterized
5 0.6 by evaporative enrichment of stable iso-
2 : topes (Figure 7), such as stagnant ponds
] or rice fields that can hold flood water for
a 04 months at a time [Stute et al., 2007]. In
contrast, the intermediate (90-150 m bgl)
021 o <90 m only R2=0.22 and deep aquifer (>150 m bgl) ground-
O 3H>03TU water was sourced directly from precipita-
0.0 . . r tion, and there is very little penetration of
0 10 20 30 40 recent recharge to this depth. The pres-

Thickness of clay above screen (m) ence of low, detectable *H concentrations
(0.10-0.23 TU) in low-As portions of the

Figure 10. The relationship between groundwater (a) *H and (b) "*C versus intermediate aquifer (90-150 m bgl) does
the total thickness of clay in lithologs of the shallow low-As wells. For samples . . .
where multiple measurements were made, the latest non-negative values of suggest a limited contribution of recent
®H are shown in Figure 10a and the '*C values from 2010 are displayed in Fig- recharge at these depths. Using a con-

ure 10b. The high *H samples (>0.3 TU, yellow fill) were excluded from the servative (low) value of 2-3 TU as a 100%

14 ) - ) -
C trendline with clay thickness shown in Figure 10b. .
benchmark, as any undiluted recharge

since 1980 would now contain ~2-3 TU
in the area, the maximum proportion of such a contribution can be 3-11%, and appears insufficient to alter
isotopic composition of DIC in the intermediate aquifer. The highly variable *H and '*Cpic content of the
shallow aquifer groundwater is matched by equally variable groundwater chemical properties (Figures 3
and 6). In contrast, groundwater chemistry of the intermediate and deep aquifer is fairly uniform
with consistently low EC, low alkalinity, low Na, high Si, and a Na/Cl ratio below that of the seawater
(Figures 6 and 9a).

The concentrations of *H and "*Cp,c in groundwater provide a measure of vertical flow, not necessarily local
flow, connecting the shallow aquifer to the surface and high-As aquifer. Whether the clay units are continu-
ous and provide confinement could be important for the long-term fate of shallow low-As aquifers but diffi-
cult to ascertain. In an attempt to do so, we compared 3H and "*Cp,c concentrations to the thickness of
overlying clay layers derived from the lithologs (Table 1). This is a simple parameter that presumably reflects
the extent of vertical confinement of the aquifer. Overlying clay thickness turns out not to correlate well
with either *H or "Cpc concentrations in shallow low-As groundwater (Figure 10). Where clay above the
well screen is thicker than 20 m, measured 3H values appear lower, but four of the eight samples still con-
tain detectable ®H (0.1-0.2 TU) and thus receive some recent recharge from the surface. When samples
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containing *H concentrations >0.3 TU are excluded (yellow fill in Figure 10), removing the locations with
unusually rapid penetration of bomb '*C from consideration, a weak negative correlation is revealed
between the "*Cp,c and the clay thickness (Figure 10b), but this presumed longer-term trend is not statisti-
cally significant (p = 0.075). The lack of spatial correlations with local confining units is consistent with
recent recharge arriving to the sampled locations via lateral flow and with the flow in the aquifer being
mostly horizontal [Aziz et al., 2008]. The observed vertical communication of the shallow aquifer with the
surface and high-As groundwater may occur in spatially limited areas of higher hydraulic conductivity
where clay layers are thin or missing [McArthur et al., 2010; Shamsudduha et al., 2015], and could be driven
by local pumping that increases downward and lateral hydraulic gradients.

Notably, some samples from the shallow aquifer (A7, A8, C5) appear unaffected by recent recharge, as they
have the deeper aquifer signature of low '*C, high radiogenic He, low Na, and low alkalinity (Figures (3 and
5), and 6). These wells are located in the NW corner of the study area, close to the southern edge of the
uneroded Pleistocene uplands, known as the Madhupur Terrace [Goodbred and Kuehl, 2000b]. The protec-
tion of this part of the aquifer afforded by the interfluvial Madhupur paleosol might explain the Pleistocene
signature of groundwater found there [McArthur et al., 2008], and the thickest clay layer among the reported
lithologs is also found at well C5. This is an example of the area where local stratigraphy clearly limits
groundwater flow between aquifers.

Another possible indicator of exchange between the surface and low-As aquifers might be the CI/Br ratios
in groundwater [McArthur et al., 2012]. Three samples from the shallow low-As aquifer stand out with a CI/Br
ratio higher than that of the seawater (yellow fill in Figure 9b). Besides having an additional source of Cl,
these samples have the highest measured >H concentrations and also contain excess SO, compared to the
marine salt SO,/Cl ratio (not shown), suggesting mixing with surface-derived wastewater. However, Cl/Br
ratios of most samples are close to that of SW, indicating that all three low-As aquifers are largely unpol-
luted by wastewater [Ravenscroft et al., 2013]. Instead, Cl and Br are ultimately sourced from the ocean, via
atmospheric aerosol inputs or via a low degree of mixing with remnant seawater from past coastline
transgressions.

4.2. Groundwater Residence Time From Radiocarbon Ages

While mixing of groundwater with different ages can confound radiocarbon ages in the shallow aquifer,
which vary from modern to ~10 kyr BP, C ages in the intermediate and deep aquifers cluster at approxi-
mately 10 kyr BP. Given that the range of calculated residence times put the plausible date of intermediate
and deep aquifer recharge to the onset of the Holocene, an issue worth considering is whether the ages
need correction for dissolution of carbonates along the flow path. The reported UC and C, '*C ages of ~10-
12 kyr BP do not include such a correction. The C,'*C ages, however, include the additional correction for
carbonate dissolution based on the observed '*C/'*C ratios in DIC. This correction shifts estimated ages
toward the mid-Holocene by 2-3 kyr, which could be significant in the context of changing climate condi-
tions at the time of deeper aquifer recharge.

The relatively low pH, EC, and alkalinity (supporting information Table S1 and Figure 6), as well as the molar
ratio of Si to alkalinity of ~1 in the intermediate and deep aquifers (supporting information Figure S1), sug-
gest the predominance of silicate weathering in these aquifers, as do the weak, but significant, correlations
of Ca and Mg with Si (not shown, p < 0.04 for both). In contrast, although Ca and Mg are the dominant cati-
ons at ~60-70% of cation equivalence units in intermediate and deep groundwater (supporting informa-
tion Figure S1), their concentrations are negatively correlated with alkalinity and '*Cpc (Mg not shown;
p < 0.04 for all correlations). This is the opposite of what would be expected from the dissolution of Ca or
Mg-bearing carbonates in the system. Instead, the sum of Ca and Mg is well correlated with Cl (supporting
information Figure S1). Chloride dominates the anion composition when Cl/alkalinity molar ratio is >1, i.e.,
in ~1/2 of the intermediate and deep samples, and is not related to carbonate chemistry.

The amount of acid-soluble carbonates found in either Holocene or the orange, Pleistocene sand in our field
area is near or below the limit of quantification on Shimadzu carbon analyzer (0.01-0.02 wt. %) [Mihajlov,
2014]. The Pleistocene sands are also typically low in Ca content [McArthur et al., 2008; van Geen et al., 2013;
Mihajlov, 2014], presumably due to the more efficient aquifer flushing under the higher hydraulic gradients
of the Pleistocene sea level lowstand [BGS/DPHE, 2001]. The Ca + Mg cation dominance and correlation
with Cl in intermediate and deep groundwater (supporting information Figure S1) might instead be related
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-3 to the low Na concentrations and the low
(a) >90 m only: Na/Cl ratio through a cation exchange
A Ak 1.7-2.1 mechanism that depletes Na and enriches

AAk22-25 | -4 Ca and Mg in groundwater. This could

A A Ak 2.6-3.0 occur during an episode of salinization of

an aquifer previously well-flushed by
freshwater [Ravenscroft and McArthur,
2004], such as at the onset of the Holo-
cene. Rapid sea-level rise at the time
could have caused a minor saltwater
intrusion, limited in extent because inter-
mediate and deep groundwater stable
isotope ratios and Cl concentrations are

T T T =l not exceptionally high.
12000 11000 10000 9000 8000 ) .
It follows from the above discussion that

-10 the dissolution of carbonates contribut-
(b) ing older, '*C-enriched DIC to ground-
water may not be a correct explanation
for the mutual correlations of lower
- -15 Cpic with a more positive 8'*Cpc and
higher alkalinity in the intermediate and
deep aquifers (Figure 8 and supporting
information Figure S1). When a third
- 20 dimension is added to the plot of §'3C
versus '*C age in DIC (Figure 11b), it is
clear that the high alkalinity samples are
dispersed throughout the trend and not
focused at more positive 6'3C values
and older samples. Since these aquifers

12000 11000 10000 9000 8000 are dominated by silicate weathering,
C,'4C age (BP) which does not add radiocarbon-free

e - . DIC to the system, '>C correction for the
Figure 11. Plots of (a) 'O and (b) 6 “Cpc against the C, “C age in intermedi- 14 .
ate and deep groundwater only (samples from >90 m bgl), with an added C age of DIC, as performEd in the G,
third dimension of alkalinity. The units of alkalinity concentrations shown in age calculation, appears unnecessary.
the legend are mEq/L, and the three concentration rarﬁges were selecFed The open system model (C1 T4c age)
based on the spread of data values. The overall trendlines for pooled interme-
diate and deep samples and their R? values are displayed.

r -5

5180 (%)

513C (%o)

where the initial '*C activity of DIC is
empirically corrected to 0.9 FM appears
sufficient to describe radiocarbon ages
of the intermediate and deep groundwater and dates these samples to ~9-11,000 years BP (Table 2 and
Figure 3).

As a limitation to the reported radiocarbon ages, the influence of dissolved and particulate organic matter
(DOC and POC) mineralization on the observed '*Cp,c after groundwater was recharged and the system
closed off from the vadose zone carbon inputs was not accounted for by the age calculations. In the inter-
mediate and deep aquifers, younger DOC from the surface is unlikely to have been metabolized, as a very
small proportion (3-10%) of younger groundwater from the organic matter-rich Holocene aquifer pene-
trates to the intermediate depth and transport of reactive DOC has been shown to be a slow process [Mail-
loux et al., 2013]. Also, the DOC sampled in the shallow low-As aquifer is ~2 orders of magnitude lower in
concentration than DIC (supporting information Table S1) and generally has the same or slightly older '*C
age than DIC (Table 2).

A possibility remains, however, that the consumption of resident DOC and POC from the Pleistocene (and
older) sediments, coupled to reductive processes such as Fe, Mn, and SO, reduction or methanogenesis
[Harvey et al.,, 2002], affects the '*C content of DIC in addition to aging. Aging probably still dominates
within our study area, however, given the systematic increase in radiogenic He with '“C ages (Figure 5d). In
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addition, methanogenesis is unlikely to have played a major role in DIC genesis within our samples, as their
DIC does not bear the characteristically enriched '3C signature expected of the methanogenetic environ-
ments [Aravena et al., 1995; Harvey et al., 2002].

4.3. Radiogenic Helium as a Tracer of Groundwater Age

The linear relationship between C,'*C age and the radiogenic He increases the confidence in the progres-
sion of "C ages of groundwater DIC (Figure 5d), including also the shallow aquifer, even if the noble gas
data did not constrain the absolute '*C age. The slope of the relationship between '*C age and radiogenic
Heis 2.5+ 0.2 X 1072 ccSTP gg, yr~ ' for all samples combined, and it represents the *C-calibrated accu-
mulation rate of He in groundwater due to the radioactive decay of U and Th from the surrounding sedi-
ment. To evaluate this result, the median value of the 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 [Molla et al., 1997; Chowd-
hury et al., 1999; Granet et al., 2007; Granet et al., 2010; Chabaux et al., 2012], 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 den-
sity of 2.75 g/cm®, and a He release factor (lambda) of 1 (i.e., the release rate equals the production rate)
[Torgersen and Clarke, 1985], the calculated He accumulation rates are 4.9 X 10~ "% and 4.1 X 10”2 ccSTP
Jdaw yr~! for the Bengal Basin sediment and the average upper crust, respectively, which is within a factor
of <2 relative to the "*C-calibrated rate determined from our data. The nearly twofold discrepancy may be
explained by relative amounts of U and Th in sediments of different grain sizes; while coarser grained aquifer
sands tend to by dominated quartz, U, and Th concentrations are higher in the finer-grained, clayey sediment.
River sediments sampled in the above studies included both coarse and fine grained fractions, whereas our
study was focused on aquifer settings. Moreover, our radiogenic “He accumulation rate is also within the
range of rates (1-3 X 10~ '? ccSTP Jaw yr~ ") reported for a fluvial-deltaic formation in the Atlantic Coastal
Plain of Maryland based on measured U-Th concentrations, '*C ages, and °Cl ages [Plummer et al., 2012].

Our data from Bangladesh, as well as previous reports of the radiogenic He method [Plummer et al., 2012],
suggest that the noble gas technique of He dating could possibly be applied to even older groundwater,
such as that found at >200 m bgl in southern parts of Bangladesh with uncorrected C ages of >20,000 yr
BP [Aggarwal et al., 2000; Majumder et al., 2011; Hoque and Burgess, 2012]. The He dating could work pro-
vided that it is not affected by the He diffusing upward from deep, thermogenic natural gas deposits [Dow-
ling et al.,, 2003], and if care is taken to cross calibrate the method with U-Th measurements or with other
dating techniques, as in our study. The possibility of He accumulation by diffusion from thermogenic natural
gas deposits cannot be entirely excluded in our data set, but it is unlikely given the low concentrations of
radiogenic He (<3 X 1078 ccSTP g~ '), and its absence from depths <250 m bgl may be explained by high
sedimentation rates at the geologically young Bengal basin relative to He diffusion rates. Dowling et al.
[2003] report radiogenic He values based on He and Ne measurements, and estimate ages of groundwater
from ~100 to 240 m depth to be several hundred to over 1000 years, assuming a radiogenic He accumula-
tion rate eightfold higher than in our study. However, if radiogenic He values of Dowling et al. [2003] are
plotted versus the "Cp,c data reported for the same set of wells by Aggarwal et al. [2000], and the samples
affected by He diffusion from greater depths are excluded, the result is a correlation between the radio-
genic He values and '*C ages of 4.7 X 1072 ccSTP gg,, yr . This is closer to the radiogenic He accumula-
tion rate reported in the present study, suggesting that the rate used by Dowling et al. [2003] may have
been overestimated and that the resulting ages were underestimated.

4.4. Perspectives on Late Pleistocene and Holocene Climate From Groundwater Tracers

4.4.1, Stable Isotopes (*H/'H, '0/'°0, and "3C/*C)

If the intermediate and deep aquifers were recharged ~10 kyr BP, groundwater could contain evidence of
climate change during the Pleistocene to Holocene transition. Stable isotopes appear to have recorded
some of these changes and, thus, lend further support to the dating method. Changing conditions toward a
wetter climate can help explain why §'3C in DIC and stable isotope ratios in the water molecule (*H/'H and
'80/'°0) covary systematically and coherently toward lower values between 11 and 9000 '“C yr BP (Figure
11 and supporting information Figure S1).

The progressively lower §*H and §'20 values by approximately 2%, between 11 and 9000 "*C yr BP (Figure
11a) suggest that the summer monsoon intensified over this time period, with a similar shift noted in dated
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groundwater archives from Bangladesh by Aggarwal et al. [2004]. A stronger monsoon would bring more
isotopically depleted rains both due to larger amounts of precipitations [Dansgaard, 1964] and longer
cyclone pathways, as seen in the province of Meghalaya, NE India today [Breitenbach et al., 2010]. The Bay
of Bengal seawater was also more diluted at the onset of the Holocene by the influx of additional fresh
water from global glacial melt and the stronger river flows in the Ganges-Brahmaputra-Meghna delta,
resulting in more isotopically depleted rain being produced over the Bay of Bengal. Lowering of §'20 values
by 1-39,, ~12-8 kyr BP has been related to a more intense and wetter SE Asian summer monsoon in a
number of studies performed on foraminifera records or cave stalactites [Prins and Postma, 2000; Partin
et al., 2007; Rashid et al., 2011], thus dated groundwater from the deep wells of Araihazar adds resolution to
an otherwise small pool of groundwater stable isotopic archives [Aggarwal et al., 2000, 2004; Majumder
et al, 2011]. A similar pattern toward a ~29%, lower 6'0 in groundwater is noted ~12-10 kyr BP for the
uncorrected '*C ages by Hoque and Burgess [2012], but the authors argue that a '>C correction is necessary
to account for the effects of carbonate dissolution on '*C ages, after which the shift is no longer visible.

Climate change at the onset of the Holocene also helps explain the observed covariations in '*C/'*C and
C/"2C values in DIC without the need to invoke carbonate dissolution and apply 'C correction to the
radiocarbon ages. A possible explanation for the observed shift toward lower '3C/'?C values in the DIC is a
shift in vegetation cover as the summer South Asian monsoon intensified. Under a wetter regional climate
regime, the C4-type grassy vegetation would give way to the C3-type vegetation, such as bushes, forests,
and mangroves that produce organic carbon (OC) with more negative §'3C values. The resulting deposition
of sedimentary OC with a lower 8'3C, as reported by Sarkar et al. [2009] for ~8 kyr old early Holocene sedi-
ment sitting atop the Last Glacial Maximum paleosol, would produce lower 6'C in the DIC. A switch toward
lower 6'C values between 14 and 8 '*C kyr BP is also reported in bulk sediment organics of marine cores
from the Bay of Bengal affected by continental OC inputs [Galy et al., 2008].

As the Holocene progressed, a slow return to slightly drier climate conditions and vegetation adapted to
aridity was inferred from '>C in sedimentary OC by Sarkar et al. [2009]. This trend is also noticeable in our
data from shallow low-As groundwater where, excluding the three samples with deeper groundwater char-
acteristics, 9'>C of DIC increases in tandem with increasing FM C (Figure 8). A similar temporal trend is
also observed for §'®0 or §%H, although it is somewhat distorted by the evaporative enrichment noted in
several samples. In general, the trend toward more positive values in the shallow aquifer is less defined and
more gradual over the course of the Holocene in comparison to the rapid decline of stable isotope ratios in
the deep samples between 11 and 9000 '*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 gradually increasing aridity since
then.

Finally, recharge of the intermediate and deep aquifers by precipitation subject to little or no evaporation,
as supported by stable isotopes of water (5°H and §'80, Figure 7), suggests that the groundwater recharge/
vertical flow may have been faster at the time of transition between the Late Pleistocene and the Early Hol-
ocene. 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.

4.4.2. Noble Gas Temperatures

Noble gas temperatures (NGTs) calculated from the noble gas models reflect groundwater temperatures at
the water table at the time of recharge. The NGT data from the intermediate and deep aquifer, as well as
the oldest shallow aquifer sample (A7), suggest variations of recharge temperatures on the order of 3.5°C
(Figures 5a and 5b). Considering the uncertainty of the ages, and that these samples fall at the transition
from the LGM to the Holocene, these variations suggest that some of the samples capture the colder, pre-
Holocene period. In comparison, a ~3°C lower sea surface T during the LGM is reported in the Bay of Bengal
[Sarma et al., 2006; Rashid et al., 2011], which could translate into similar or larger T variations observed on
land.

In the shallow low-As aquifer, except for one outlier sample with a low NGT and a fairly young age, the
recharge temperatures appear to have remained more stable throughout the Holocene. Ranging from 23.6
to 25.9°C, these temperatures are slightly lower than the current temperatures of 25.4-26.8°C observed in
the shallow aquifers near the water table. A possible explanation might be that the land use changes
accompanying intensive agriculture in the recent decades have elevated ground and, therefore, water table
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temperatures compared to their historical Holocene levels due to the replacement of forests by fields [Stute
and Sonntag, 1992].

A source of error in the NGT estimates might have been introduced by the uncertainty of the recharge area
elevation. The model assumes recharge altitude to be at sea level, which may not be the case, especially for
the samples from >90 m depth with long residence times and potentially longer flow paths. The nearest
highlands of the Tripura Hills, approximately 100 km east of our field site, as well as virtually all of the hilly
areas within a 100-150 km distance, lie at elevations of <200 m above sea level (ASL). However, NGT over-
estimates of 0.8-0.9°C, as determined from additional runs of the model assuming recharge at 200 m ASL,
would be practically compensated for by the lower temperatures at that elevation due to the tropospheric
lapse rate. Thus, the error introduced by the uncertainty of the recharge area elevation is minimal.

4.5 Basin-Wide Context of Groundwater Ages

Because the wells analyzed in the present study are all clustered within a 25 km? area, it is useful to place
the observations in the regional context provided by other groundwater DIC "*C measurements in the Ben-
gal Basin. Except for very few samples, some of which might be impacted by shallow groundwater leaks or
seawater mixing [Aggarwal et al., 2000; BGS/DPHE, 2001], most groundwater *C ages calculated in a way
analogous to our C,'*C age from depths >90 m are ~10,000 year BP and similar to those found in our study
[Aggarwal et al.,, 2000; BGS/DPHE, 2001; Hoque and Burgess, 2012]. A recent review compiled available 'C
ages by assuming that no dissolution of soil carbonates occurs within the vadose zone but correcting for
the dissolution of radiocarbon-free carbonate along the groundwater flow path by using the sample pH
[Fendorf et al., 2010]. This analysis also placed an upper limit on '*C ages in the Basin at depths >90 m bgl
to ~10 kyr or older.

There are reports of groundwater *Cp,c ages as high as >20,000 year BP [Aggarwal et al., 2000; BGS/
DPHE, 2001; Majumder et al,, 2011; Hoque and Burgess, 2012], but some younger *C ages have also been
reported for deep wells along the eastern edges of the Bengal Basin [Majumder et al., 2011; Hoque and
Burgess, 2012]. From these observations, Majumder et al. [2011] and Hoque and Burgess [2012] inferred the
existence of flow paths in the deep aquifer originating from the basin edges. The data from Araihazar do
not support or reject this proposed pattern, but do indicate that the low-As aquifers are vertically strati-
fied with respect to both the groundwater chemistry and flow, which was also observed to some extent
by Hoque and Burgess [2012]. Whereas the shallow low-As aquifer is impacted by flows from the high-As
aquifer, the intermediate to some extent, and in particular the deep aquifer, appear vertically isolated
from the shallow aquifer, and if any significant flow occurs at this depth (>90 m bgl), it is probably pre-
dominantly lateral.

4.6. Implications for the Sustainability of Low-As Aquifers

The new data from Araihazar show that As concentrations remain low in some of the shallow wells with the
highest *H and "*C concentrations (Figure 3). This could be explained by As sorption onto the aquifer sands
and the resulting transport retardation relative to groundwater containing >H [Stollenwerk et al., 2007; Radl-
off et al., 2011]. Alternatively, these areas of pronounced vertical recharge may coincide with areas where
the overlying shallowest aquifer is well flushed by rapid recharge, and thus contains less As [Stute et al.,
2007; Aziz et al., 2008; van Geen et al., 2008; Shamsudduha et al., 2015].

Conversely, the presence of modestly elevated dissolved As within the three shallow wells with 11-29 pg/L
As (Table 1) does not appear related to recent recharge from the surface. Tritium is undetectable in two of
the wells, while in the third it was detected in 2006 (0.27 TU), but fell below detection in 2011 when 29 pg/L
As was measured. Elevated As in these shallow wells might instead be related to the fact that they were
installed in greyish colored sand (Table 1). Thus, it appears that targeting orange sands at shallow and inter-
mediate depths, accompanied by regular groundwater monitoring [van Geen et al., 2007], might still provide
an affordable option in the short-term for installing low-As wells in our study area.

In the long-term, however, pumping from deep aquifers (>150 m bgl) is likely to increase as more drinking
water wells and some irrigation wells switch to this source of low-As drinking water. The implications of
continued or increased deep pumping on the viability of these low-As aquifers are explored in the light of
three recharge scenarios for the deep aquifer corresponding to the Pleistocene to Holocene transition:
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Under the first scenario, Pleistocene groundwater was trapped in the intermediate and deep aquifers
(>90 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 mini-
mum. In this case, minimal recharge effectively occurred since the onset of the Holocene, therefore the flow
regime would radically change with increased pumping from the deep aquifer, which has already created a
cone of depression of 40-60 m around Dhaka that extends to the Jamuna (Brahmaputra), Padma (Ganges),
and Meghna rivers [Hoque et al., 2007]. In Araihazar, located on the outskirts of this cone of depression, the
average yearly vertical recharge to depths >150 m bgl has been recently estimated at 0.2 m/yr of Darcy
flux.

Under the second scenario, groundwater flowed and continues to flow slowly from the basin edges, some-
what akin to the flow conceptualized by Michael and Voss [2009b], Majumder et al. [2011], 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. Assum-
ing a porosity of 0.3 and a representative horizontal hydraulic conductivity of 5 X 10~% m/s from the basin-
scale hydrological models of Michael and Voss [2008], such a flow velocity would require a horizontal
hydraulic gradient in the deep aquifer of 2 X 107 or 0.2 m km™". This hydraulic gradient falls in the mid-
range between the gradients estimated by BGS/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 larger and can signifi-
cantly alter the flow regime in the future, especially at locations where cones of depression have developed.
At the location of our study, 20-30 km east of the center of Dhaka cone of depression, lateral hydraulic gra-
dients at depths >150 m bgl have recently ranged from 2 X 10™* in the early dry season to 4 X 10~ % in
the early.

The second scenario, i.e., that of the steady state lateral flow from the basin edges, provides an upper limit
on the amount of steady state horizontal flow to the deep aquifer during the Mid-to-Late Holocene. Under
nonsteady state conditions, however, it approaches the first scenario of the trapped Late Pleistocene-Early
Holocene groundwater. For example, if groundwater found at depth >90 m bgl had recharged along much
steeper horizontal and vertical gradients at the onset of the Holocene, the subsequent recharge rates dur-
ing the Mid-to-Late Holocene would have been much lower, allowing little flow to the aquifer until the
recent deep pumping induced higher gradients and recharge rates again.

The third scenario reflects slow vertical recharge from the shallowest, high-As 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 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]. It is unlikely, however,
that a long-term, steady state vertical recharge operates in the deep aquifer of Araihazar because of
the observed stratification between the shallow aquifer, where various groundwater ages and chemi-
cal compositions are found, and the intermediate/deep aquifers that have a more uniform isotopic and
chemical signature. It is also unlikely under natural conditions that downward flow would occur in the
low-lying areas, as they would normally be the discharge areas of the longer, regional flow paths. Verti-
cal leakage, however, is induced locally at present by the deep pumping for industrial and/or agricul-
tural purposes (0.2-0.6 m/yr) in the densely pumped areas [Harvey et al., 2002; Zheng et al., 2005;
Michael and Voss, 2008]. Recent estimates of 0.2 m/yr of vertical (Darcy) recharge to depths >150 m
bgl in Araihazar, based on the modeling of monitored water levels, are already one to two orders of
magnitude higher than the long-term, uniform downward recharge estimated above from ground-
water ages.

Whichever scenario is correct, vertical anisotropy appears to be have been sufficient to maintain a pro-
nounced age contrast between the shallow and deeper aquifers in Araihazar and elsewhere in the Basin
[Michael and Voss, 2009b; Hoque and Burgess, 2012]. However, the steady increase in hydraulic head dif-
ferences between the shallow and intermediate aquifers, currently as large as 6.7 m at the location of
monitoring well C5 (Figure 2), indicate a growing potential for more rapid recharge of the deeper aqui-
fers that could shorten the residence time of deep groundwater. As far as the future As status of the
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deep aquifer is concerned, the question is whether this new recharge will be mainly vertical, putting the
system at risk of contamination by shallow groundwater, or whether the lateral recharge from major riv-
ers 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 shallowest aquifer that contains high As and high DOC con-
centrations seems inevitable. Despite the protection afforded by adsorption onto the Pleistocene sedi-
ment [Stollenwerk et al., 2007; Radloff et al., 2011], preferential pathways likely exist that can speed up
the vertical migration of As and DOC. On the other hand, if recharge from the basin edges to deeper
aquifers occurs at present time, faster recharge from the highlands might be able to offset some of the
pumping withdrawals and protect the deep aquifer to a certain degree from vertical intrusion of shallow
groundwater. Last, if the deeper aquifers receive enhanced recharge from the major rivers flowing
through the basin, as it may already be the case near the Meghna River in Araihazar, 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; van Geen et al., 2013].

A number of 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 [Michael and Voss, 2008; Burgess
et al., 2010; Mukherjee et al., 2011; Radloff et al., 2011]. Our data from Araihazar upazilla show that although
recent recharge was found in the shallow and intermediate-depth low-As aquifers, no widespread intrusion
of As has occurred at any depth of the low-As aquifers in the studied region. The finding is consistent with
the recent study by Ravenscroft et al. [2013], which also offered a new ethical perspective by arguing that
the benefits of limiting As exposure via drinking water and preserving crop yields outweigh the potential
harm from contaminating the deep aquifer. Pumping of the deep aquifer for both the drinking water and
irrigation may not be sustainable indefinitely, but may still be the best option until other ways to provide
low-As drinking water are found.

5. Conclusions

This study identified two distinct zones within the 35-240 m bgl range for low-As aquifers across a 25 km?
area of Bangladesh on the basis of a broad suite of groundwater tracers. At depths <90 m bgl, bomb *H
and bomb '*C indicate the presence of groundwater recharged <60 years ago and sourced in part from
evaporated surface water, as evidenced by the stable isotope ratios. Groundwater chemistry at this depth is
quite variable, and radiocarbon ages in DIC range from modern to ~10 kyr, indicating various degrees of
mixing between older groundwater and recent recharge. High concentrations of *H and '*C are not corre-
lated with the presence or absence of clay in the well lithologs, nor do these samples bear evidence of As
intrusion from the shallower depths.

The intermediate (90-150 m bgl) and deep aquifers (>150 m bgl) hold groundwater of uniform '*C
ages clustered at ~10 kyr BP, with only five of the 22 samples containing detectable *H (<0.3 TU, all
five at intermediate depths <150 m bgl). A uniform groundwater chemical signature of low Na, low
DIC and high Si is observed in intermediate and deep aquifers, and water stable isotopes indicate
recharge with unevaporated rainwater. The radiocarbon ages from Araihazar are consistent with the
accumulation of radiogenic “He calculated independently from noble gas measurements (He, Ne, Ar,
Kr, and Xe). Systematic relationships between the intermediate and deep groundwater '*C/'%C, 2H/'H,
80/'%0, and radiocarbon, as well as variability in noble gas temperatures, suggest changes in mon-
soon intensity and shifts in dominance between the C4 and C3 vegetation at the onset of the
Holocene.

If the deep aquifer (>150 m bgl) at this central location of the Bengal Basin was last substantially recharged
~10 kyr ago, concerns about its sustainable usage arise as the aquifer exploitation continues to grow and
likely shortens the residence time of groundwater. The current stratification of groundwater ages and geo-
chemical properties between the shallow, intermediate and deep low-As aquifers argues for a very slow
deep aquifer recharge that is vertically isolated from the shallowest, high-arsenic aquifer. The aquifer
response to increased pumping in the future, and its As status, will depend on whether shorter, vertical
flow paths are induced from the high-As aquifer or the longer flow paths from basin edges can substantially
recharge the aquifer at depth.
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