
Science of the Total Environment 595 (2017) 63–71

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Human and livestock waste as a reduced carbon source contributing to
the release of arsenic to shallow Bangladesh groundwater
K.J. Whaley-Martin a, B.J. Mailloux b, A. van Geen c, B.C. Bostick c, K.M. Ahmed d, I. Choudhury d, G.F. Slater a,⁎
a School of Geography and Earth Sciences, McMaster University, ON, Canada
b Environmental Sciences Department, Barnard College, NY, NY 10027, USA
c Lamont-Doherty Earth Observatory, Columbia University, Palisides, NY 10964, USA
d Department of Geology, University of Dhaka, Dhaka 1000, Bangladesh
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Carbon cycles in Bangladesh aquifers
significantly affect microbial As release.

• Sterol biomarkers of human/livestock
waste used to examine carbon source
cycling.

• Sedimentary coprostanol found only at
depth where [Cl/Br]aq N1000.

• Depths of human/livestock waste
coincidedwith highest [Fe]aq and [As]aq.

• Human/livestockwaste DOCmay be the
young carbon source for microbial As
release.
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Recent studies have demonstrated that the supply of relatively young organic carbon stimulates the release of ar-
senic to groundwater in Bangladesh. This study explores the potential role of human and livestockwaste as a sig-
nificant source of this carbon in a densely populated rural area with limited sanitation. Profiles of aquifer
sediment samples were analyzed for phytosterols and coprostanol to assess the relative contributions of plant-
derived and human/livestock waste-derived organic carbon at two well-characterized sites in Araihazar.
Coprostanol concentrations increased with depth from non-detection (b10 m at Site B and b23 m at Site F) to
maxima of 1.3 and 0.5 ng/g in aquifer sands recovered from 17 m (Site B) and 26 m (Site F), respectively. The
commonly used sewage contamination index ([5β-coprostanol]/([5α-cholestanol] + [5β-coprostanol])) ex-
ceeds 0.7 between 12 and 19m at Site B and between 24 and 26m at Site F, indicating input of human/livestock
waste to these depths. Urine/fecal input within the same depth range is supported by groundwater Cl/Br mass
ratios N1000 compared to Cl/Br b500 at depths N50 m. Installed tube wells in the area's study sites may act as
a conduit for DOC and specifically human/livestock waste into the aquifer during flood events. The depth
range of maximum input of human/livestock waste indicated by these independent markers coincides with
the highest dissolved Fe (10–20 mg/L) and As (200–400 μg/L) concentrations in groundwater at both sites. The
new findings suggest that the oxidation of human/livestock waste coupled to the reductive dissolution of iron-
(oxy)-hydroxides and/or arsenate may enhance groundwater contamination with As.
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1. Introduction
Chronic exposure to arsenic (As) contained in groundwater poses
a considerable human health risk across rural Bangladesh and sur-
rounding regions, where most villagers depend on shallow wells as
their primary source of drinking water. The release of As from un-
contaminated sediments into groundwater has been shown to be
mediated through microbial mechanisms (Dhar et al., 2011; Harvey
et al., 2002; Islam et al., 2004; Nickson et al., 1998, 2000, Postma
et al., 2012, 2007; Swartz et al., 2004). Heterotrophic bacteria couple
the reduction dissolution of iron (oxy)-hydroxide bearing particles
(Cummings et al., 1999; Dhar et al., 2011; Dowling et al., 2002;
Harvey et al., 2002; Islam et al., 2004; McArthur et al., 2001;
Nickson et al., 1998, 2000, Postma et al., 2012, 2007; Swartz et al.,
2004) or directly of As(V) (Ahmann et al., 1997; Postma et al.,
2007) to the oxidation of organic carbon resulting in the release of
adsorbed As from the sediment to groundwater. The supply and re-
activity of the organic carbon driving this release is the ultimate
thermodynamic driver of these processes. However, after more than
a decade of research, the relative importance of advected carbon to
sedimentary carbon, as well as the role of natural versus anthropo-
genic carbon sources, remains unclear. These distinctions are impor-
tant because they have very different implications for the evolution
of the distribution of As in Bangladesh aquifers under the influence
of massive groundwater pumping (Burgess et al., 2010; Michael
and Voss, 2008).

A number of potential sources of organic carbon including human
waste (Harvey et al., 2002;McArthur et al., 2012),man-made construct-
ed ponds (Lawson et al., 2013; Neumann et al., 2010), wetland/rice
paddy environments (Meharg et al., 2006; Polizzotto et al., 2008;
Stuckey et al., 2015), river-derived flows (van Geen et al., 2013), buried
peat layers (Anawar et al., 2003; McArthur et al., 2004, 2001; Mladenov
et al., 2010; Planer-Friedrich et al., 2012; Ravenscroft et al., 2001;
Yamazaki et al., 2003) and organics deposited with sediments
(Desbarats et al., 2014; Meharg et al., 2006; Nickson et al., 2000;
Postma et al., 2012, 2007) have been proposed based on studies con-
ducted at various sites. Recent evidence based on Δ14C analysis of mi-
crobial lipids, DNA and biogenic methane from a few sites in
Bangladesh has indicated that reductive dissolution of iron (Fe) oxides
at depths b30 m may be driven primarily by relatively young surface-
derived carbon sources as opposed to older sedimentary carbon
(Harvey et al., 2002; Mailloux et al., 2013; Whaley-Martin et al.,
2016). Determiningwhich of thepotential sources of surface derived re-
active carbon, e.g. plant versus human/livestock waste, is a crucial next
question as the implications to management and mitigation efforts of
these two potential sources would be very different.

Potential sources of plant-derived carbon that have been proposed
include ponds (Lawson et al., 2013; Neumann et al., 2014), local wet-
lands (Meharg et al., 2006) or rice-paddy crops (Polizzotto et al.,
2008) which are all abundant in land coverage across Bangladesh
(Islam and Rahman, 2010; Meharg and Rahman, 2003; Rahaman,
2012). In a recent field experiment, Stuckey et al. (2015) stimulated
Fe reduction and As release from Cambodian sediments by adding
large quantities of local grass as a microbial carbon source. In contrast,
Neumann et al. (2014) found dissolved organic carbon (DOC) carried
from rice-paddy fields (plant-derived) shows limited biological degra-
dation under natural conditions and instead proposed DOC carried
with recharge water from ponds as a predominant microbial carbon
source at one site. While the origin of the DOC from ponds Neumann
et al. (2014) referred to is unclear,many ponds in Bangladesh are exten-
sively contaminatedwith latrine discharge and animal waste (Knappett
et al., 2012a, b).

McArthur et al. (2012) suggestedwidespread contamination of shal-
low aquifers across the Bengal basin with human waste on the basis of
Cl/Br ratios and Cl concentrations in groundwater (Davis et al., 1998;
McArthur et al., 2012). However, the relationship between these
indicators and fecal contamination or As concentrations in groundwater
was unclear. Monitoring of a substantial number of shallow wells in
Bangladesh has documented an inverse relationship between the fecal
indicator E. coli and As concentrations (Leber et al., 2011; van Geen
et al., 2011). This could be seen as an indication that human waste, if
anything, inhibits the release of As to groundwater (McArthur et al.,
2012). An alternate explanation supported by tritium-helium dating of
groundwater is that enhanced recharge through more permeable
surface soil favors the downwards transport of E. coli while at the
same time diluting As released by aquifer sediments (Aziz et al., 2008;
Stute et al., 2007).

Analysis of C29 sterols could potentially address this question as they
can serve as biomarkers for complex pools of carbon that are travelling
through the aquifer sediments (such as organic matter derived from
plants versus human/livestock waste in sediments) (Biache and Philp,
2013; Chikaraishi et al., 2005; Furtula et al., 2012; Lee et al., 2011;
Martins et al., 2011; Tolosa et al., 2013; Tse et al., 2014). The relative dis-
tributions of these biomarkers can provide an indication of how much
input from each source has occurred.

The octanol-water partitioning coefficients of these hydrophobic
compounds are high, indicating that they are likely to sorb strongly
onto aquifer sediments and will be retarded relative to the
movement of groundwater (Froehner and Sánez, 2013). Phytosterols
(i.e. β-sitosterol, stigmasterol and campesterol) are reliable bio-
markers of plant matter in sediments. In contrast, coprostanol (5β-
cholestan-3β-ol, logKOW ≈ 8.2) is biosynthesized from cholesterol
exclusively within the mammalian gut and comprises 25 to 90% of
total steroids in feces (Leeming et al., 1996). It is therefore a widely
accepted biomarker for sewage/fecal matter of human or animal or-
igin (Chou and Liu, 2004; Furtula et al., 2012; Hussain et al., 2010;
Lee et al., 2011; Martins et al., 2011). Under aerobic conditions in
sandy sediments, Pratt et al. (2008) observed that coprostanol de-
grades more slowly than fecal bacterial indicators. Under anaerobic
conditions, coprostanol can persist in sediments for years to centu-
ries (Bartlett, 1987; Nishimura and Koyama, 1977; Reeves and
Patton, 2005; Tse et al., 2014).

This study documents the vertical distribution of C29 sterols at two
well-characterized sites in Araihazar Upazila, Bangladesh (Dhar et al.,
2008; Stute et al., 2007) that are impacted by high levels of As in
groundwater. The sterol distributions are compared with other indica-
tors of unsewered wastes (Cl/Br mass ratios), as well as As and Fe con-
centrations. The organic extracts used for the present study are the
same that were previously used for Δ14C analysis of bacterial lipids
(Whaley-Martin et al., 2016) and showed that young carbon was driv-
ing microbial metabolisms.

2. Methods

2.1. Field sites

The area surrounding the first of the two sites, Site B in Baylakandi
Village (23.7800 N 90.6400 E), is very densely populated and ground-
water in most wells contains N50 μg/L As (Fig. 1b). In contrast, the
area around Site F in Lashkardi Village (23.774 N 90.606 E) is less
densely populated and groundwater from most surrounding wells
contains b50 μg/L, and in many cases b10 μg/L, which is the World
Health Organization guideline for As in drinking water (Fig. 1a). At
Site B, a 7-m thick clay/silt layer caps the sandy aquifer whereas the
sandy formation extends essentially to the surface at Site F (Dhar
et al., 2008). As described in detail in Whaley-Martin et al. (2016), sed-
iments were collected in January 2013 by gravity coring, sectioned di-
rectly into whirlpacks, immediately frozen, shipped on ice and frozen
until future analyses. Data for groundwater samples collected between
2002 and 2015 from pre-existing well nests at the two sites (Dhar
et al., 2008) using a battery operated downhole pump (Groundwater
Essentials©) is also presented. Wells were purged until the



Fig. 1. Local well distributions and groundwater arsenic concentrations from a 2012–13 surveywithin 100m (inner white circle) and 500m (outer white circle) from Site F (a) and Site B
(b) where [As] in groundwater are indicated by blue circles b10 μg/L, green circles 10 to 50 μg/L and red circles N50 μg/L. Depth profiles of phytosterols (green symbols: cholesterol,
cholestanol, campesterol, stigmasterol and sitosterol) and sewage biomarker coprostanol (black symbols) in shallow aquifer sediments (ng/g sediment) of the Araihazar Upazila,
Bangladesh of (c) Site F and (d) Site B.
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conductivity stabilizes before groundwater was collected in two scin-
tillation vials, without filtration.

2.2. Sterol lipid extraction, separation and derivatization

Prior to extractions, all sediments were freeze-dried for 48–72 h. A
detailed description of the organic compound extraction and separation
is provided inWhaley-Martin et al. (2016). Sediment samples (~300 g to
1 kg)were extracted twice overnight usingamodifiedBligh andDyer ex-
traction and the organic phase was removed after phase separation in
separatory funnels. A three-fraction (Fraction1 = dichloromethane
(DCM), Fraction2= acetone, Fraction3=methanol) silica gel chromato-
graphic elution was carried out. Methanol fractions were utilized for
phospholipid fatty acid analyses reported in a previous study (Whaley-
Martin et al., 2016). Preliminary tests revealed elution of sterols occurred
in both the Fraction1&2 in agreement with a recent study (Birk et al.,
2012) showing high recoveries using elution with DCM and acetone.
The DCM and acetone fractions containing the sterols were blow down
to dryness under N2 and underwent a BSTFA (N,O-bis-(trimethylsilyl)-
trifluoroacetamide, Sigma-Aldrich) derivatization using pyridine as a
catalyst for 30 min at 65 °C to create trimethylsilyl (TMS)-derivatives
of the original sterols. TMS-derivatives were found to be better resolved
through the chromatographic separation than the original steroid pre-
cursors, as seen in previous studies (Marcos and Pozo, 2015).
2.3. Sterol analysis through gas chromatography-mass spectrometry
(GC–MS)

Sterol standards used for identification and quantification with GC–
MS were cholestanol (5-α-cholestan-3β-ol, ≥95%, Sigma Aldrich), cho-
lesterol (cholet-5-en-3β-ol, ~94%, Sigma Aldrich), stigmasterol (24-
ethylcholesta-5,22E-dien-3β-ol, ~95%, Sigma Aldrich), campesterol
(24-α-methyl-5-cholesten-3β-ol, ~65%, Sigma Aldrich), sitosterol
(24-ethylcholest-5-en-3-β-ol, ≥97%, Sigma Aldrich) and coprostanol
(5β-cholestan-3β-ol, ≥98%, Santa Cruz Biotechnology). All standards
underwent the BSTFA derivatization at the same time as samples
and their TMS-derivatives were used to compare to sample extracts
(Table A1). Concentrated samples (run in 30 μL of BSTFA + 10 μL of
pyridine) were run with 1 μL injections on an Agilent Technologies
6890N GC with an Agilent DB5-MS capillary column (30 m × 0.32
μm, 0.25 μm film thickness) coupled to a 5973 quadrupole mass spec-
trometer scanning for masses from 50 to 500 m/z. Operating GC–MS
conditions included a temperature program with an initial hold for
1 min at 40 °C ramped to 300 °C at 4 °C/min and held at 300 °C for
24 min (Biache and Philp, 2013). The limit of quantification (0.5
μg/mL) was determined based on linearity of the sterol calibration
curves. Final sterol LOQ's for each particular sample (ng/g of sediment)
was dependent on the total mass of sediment weight extracted
(Table A2).
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2.4. Inorganic groundwater analysis

Cl, Br and other anion concentrations were determined using a
DIONEX-500 ion chromatograph system equipped with an IonPac®
AS18 anion-exchange column using standard EPA methods. QA/QC in-
cluded duplicates (b1% RPD), blanks, lab standards and Certified Refer-
ence Materials to ensure that recoveries and analytical accuracy and
precisionwerewithin 5%. Concentrations of As and Fewere determined
using high resolution-inductively coupled plasma mass spectrometry
(HR-ICP-MS) using previously described methods (Cheng et al., 2004).
Reference materials NIST1640A and 1643A and internal consistency
standards are included with each run. The long-run reproducibility of
this method is on the order of 5% and the detection limit b0.1 μg/L.

3. Results

3.1. Profiles of phytosterols and coprostanol in the sediment

Concentrations of the phytosterol plant biomarkers in the two sedi-
ment profiles extending to 19m depth at Site B (n= 11) and to 26m at
Site F (n=7) ranged from b2 ng/g to bLODs (Table A2). Concentrations
of phytosterols are the highest at ≤5 m depth at both sites, decline to
non-detectable levels at intermediate depths, and return to values that
are almost as high at 17–19 m depth at Site B and 24–26 m at Site F
(Fig. 1c–d). In contrast, concentrations of the sewage biomarker
coprostanol remained below detection to a depth of 10 m at Site B
and to 24 m at Site F, respectively. Coprostanol concentrations of
0.5 ng/g or higher were measured in four intervals between 12 and
18 m depth at Site B, and at 26 m at Site F.

The sewage index ([5β-coprostanol]/([5α-cholestanol] + [5β-
coprostanol]) is a commonly used measure to determine the presence,
extent and distribution of fecal/sewage contamination (Bull et al.,
2002; Martins et al., 2011; Reeves and Patton, 2005; Vane et al., 2010).
At 12–19 m depth at Site B and 24–26 m depth at Site F, this ratio is
N0.7 and provides a clear indication of human/livestock waste input to
the sediment (Bull et al., 2002; Martins et al., 2011; Vane et al., 2010).

3.2. Profiles of Cl and Br in groundwater

At depths N50 m, concentrations of Cl in groundwater at Site F are
about twenty times higher than at Site B. However ratios of Cl/Br (278
± 40) in groundwater from these deeper well depths are comparable
at both sites. In contrast, Cl concentrations in the shallow aquifer are
up to an order of magnitude higher than at depth at Site B (Fig. 2).
The higher Cl concentrations are paired with particularly high Cl/Br
Fig. 2.Groundwater Cl/Brmass ratios and Cl concentrations (mg/L) at (a) Site F: 5.8 to 56.8m de
derived from USA septic leachate samples (Panno et al. 2005, 2006), open white diamond mar
et al., 2012). Graphs are modified from Katz et al. (2011) and McArthur et al. (2012) basing bin
values for dilute groundwater, bulk precipitation, West Bengal salt, West Bengal urine, sewage
ratios (1528 ± 719, n = 157). There were several outliers at Site B be-
tween April and October 2005 (n=6) indicating input from an uniden-
tified dilute bromide source at 11.6m depth. This temporarily increased
theCl/Brmass ratio to ~97,300 (Fig. A4a andA4b). Considered an anom-
aly, theywere excluded from average concentrations reported above for
Site B. At Site F, Cl concentrations in the shallow aquifer are lower than
in the shallow aquifer at Site B but Cl/Br ratios (726±636, n=249) are
still elevated compared to deeper groundwater. Binary mixing relation-
ships for Cl/Br as a function of Cl that consider various endmembers re-
ported in previous studies suggest a significant contribution of human/
livestock urine and/or waste throughout the shallow aquifer at Site B
and primarily within the 20–25 m depth range at Site F (Fig. 2).

3.3. Profiles of iron and arsenic in groundwater

Consistent profiles of dissolved Fe and As have been monitored for
over a decade at Sites B and F (Dhar et al., 2008; Stute et al., 2007).
Below the thick clay layer that caps the shallow aquifer at Site B, concen-
trations of Fe and As in groundwater rapidly increase to maximum
values of about 25 mg/L and 500 μg/L in the 15–20 m depth range
(Fig. 3). At Site F, where the sandy aquifer extends almost to the surface,
concentrations of Fe and As increase with depth aswell, but muchmore
gradually and only to 7 mg/L and 200 μg/L, respectively.

The contrast between the two profiles explains the marked differ-
ence in the As content of water pumped from private wells, most of
which are b50m deep (Fig. 1). Below 20m at Site B, the aquifer is inter-
spersed with several relatively thin clay layers and concentrations of Fe
and As decline gradually. Even at 55mdepth, however, groundwater As
concentrations are still N50 μg/L. At Site F instead, groundwater from the
aquifer below the thick layer contains As concentrations b10 μg/L, even
if groundwater Fe concentrations remain high at 20 mg/L.

4. Discussion

4.1. Pathways for plant sterols and human/livestock waste

Plant-derived sterols are produced primarily above ground and it is
therefore not surprising that their highest concentrations were mea-
suredwithin the upper 5mof sediment at both sites (Fig. 1c,d) in agree-
ment with the observations of Al Lawati et al. (2013) at a study site in
Vietnam. Concentrations of plant-derived sterols were not markedly
different in shallow silt/clay at Site B compared to the shallow sandy
sediment collected at Site F. At a depth of about 10 m, concentrations
of the sterols declined by at least an order of magnitude at both sites.
This is not inconsistent with the relatively recalcitrant nature of these
pth in 2002–2015 b) Site B: 8.3 to 91mdepth 2005–2015. Openwhite squaremarkers are
kers are septic tank outfall samples measured in the West Bengal, Bangladesh (McArthur
ary mixing lines with Cl/Br and Cl concentrations using end members based on literature
waste-water and seawater.



Fig. 3. Biogeochemical depth profiles from 0 to 60m of a) Site F and b) Site B from available 2013/2014 data for lithology (Dhar et al., 2008), DOC concentrations, Cl/Brmass ratios, sewage
contamination indexes, PLFA Δ14C and total dissolved Fe and As (January to February 2014) in groundwater.
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biomarkers, given that radiocarbon dating shows that the sediment at
this depth is several thousand years old (Mailloux et al., 2013; Zheng
et al., 2005). Perhaps more surprising is a return to higher concentra-
tions of plant-derived sterols below 17 m depth at Site B and below
14m at Site F. There is no obvious change in the nature of these deposits
that could support a sedimentological explanation for a return to higher
plant-derived sterol concentrations at depth.

Although coprostanol is also produced by humans and livestock
above-ground, it was not detected down to a depth of 11 m at Site B
and 22 m at Site F (Fig. 1c,d). This is unexpected given the continued
practice of open defecation in South Asia, the very basic nature of the
pit latrines, and the abundance of cattle in the study area. The imprint
of human activities may be restricted to the very top layer of soil at
these sites, which was not sampled. In addition, the shallowest samples
were of the lowest mass and therefore had higher limits of detection
than deeper samples (Table A2). However, these limits of detection
did not prevent successful detection of the phytosterols. Therefore,
coprostanol and phytosterols can be assumed to not be co-occurring
in similar abundances within the shallowest sediments. Differences in
the degradation rates of coprostanol versus the phytosterols (Pratt
et al., 2008) could explain the absence of coprostanol in shallower sed-
iments, although this seems unlikely given the similarities in structure
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of the sterols. The strikingly higher coprostanol concentrations within
the same deeper intervals that contain plant-derived sterols at Sites B
and F suggest a common input mechanism to these depths.

There are several possible scenarios that could explain how these
sterols are supplied to aquifer sediments in the 10–25 m depth range
while bypassing shallower intervals. The first is depositional and in-
vokes surface input by vegetation and the local population and livestock
several thousand years ago, followed by the rapid deposition of sedi-
ment that was relatively free of plant material and human/livestock
waste. This cannot be ruled out given that the Bengal basin has long sup-
ported a high population density and is a highly dynamic depositional
environment. A large branch of the Brahmaputra River, for instance, is
believed to have passed through the area as little as a few hundred
years ago (Weinman et al., 2008). Its avulsion undoubtedly perturbed
previous sediment erosion and deposition patterns. Under this scenario,
the elevated Cl/Br mass ratios in groundwater from 2002 to 2015 at
these sites (strongly at Site B), an independent indication of recent
input of human/livestock waste to the same depth intervals, would be
coincidental.

Another possible explanation is lateral inflow from a shallower area
where both plant-derived sterols and human/livestock waste entered
the recharge water and were subsequently advected to greater depth.
The correlation observed in the underlying sediments between phytos-
terol and coprostanol distributions would be expected from sewage-
derived carbon from animals with omnivorous or herbivorous diets
that have both sterol groups within their fecal components (Bull et al.,
2002; Leeming et al., 1996) or from plant and sewage matter travelling
along similarflow paths. There are several difficulties with this explana-
tion, however. Anymigration of the sterols through groundwatermove-
ment would be slowed considerably by adsorption. The KOW's of the
sterols in combination with the range of total organic carbon contents
estimated in the sediments (Legg et al., 2012) results in calculated
soil/solution distribution coefficients ranging from 104 to 107.These
values imply retardation factors of 105 to 108 relative to conservative
constituents of groundwater such as Cl and Br. Tritium-helium dating
has shown the groundwater to be 20 and 5 years old relative to the
time of recharge at Sites B and F, respectively (Stute et al., 2007). Ac-
cording to this scenario, the accumulation of sterols observed between
10 and 25 m depth would therefore have to reflect an input hundreds
Fig. 4. Longitude, latitude and depths (m) of screening wells and associated gr
of thousands of years ago, which is well before the formation was de-
posited. However, faster lateral transport rates from potential colloidal
flow through the sand units may be occurring since organic phases of
sewage discharges have been associated with colloidal transport during
heavy rainfall (Eganhouse and Sherblom, 2001). A much shorter flow
path through zones of high horizontal conductivity, possibly enhanced
by irrigation pumping, cannot be excluded although it would have to
beminor fraction of the flow given the gradual increase in groundwater
age with depth (Stute et al., 2007).

The third explanation requires a preferential path that leads directly
from the surface to the 10–25 m depth intervals where plant and
human/livestock sterols have accumulated in the sediment. The large
number of tubewells installed in the area may provide such a conduit.
A total of 337 wells constructed of PVC pipe, without the use of any
grout, were installed within a radius of 500 m of Site B when the most
recent surveywas conducted in 2012–13 (Fig. 1a,b). The screened inter-
vals of most of these wells span the 10–25 m depth range (Fig. 4). On
the basis of the high rate and replacement of household wells (Van
Geen et al., 2014), at least a comparable number were previously
installed by the same households within the area and abandoned with-
out taking anymeasures to seal them. Given that the fields surrounding
the village are flooded every monsoon and that the village itself is
flooded roughly once a decade, transport of plant-derived sterols and
human/livestock waste down these wells, or along their annulus, and
into the sediment is conceivable. Knappett et al. (2012a, b) also invoked
transport along a well's annulus to explain the higher frequency of
E. coli in groundwater pumped from unsealed wells compared to
wells that had been grouted. However, transport of human/livestock
waste along a well's annulus would not explain the absence and reap-
pearance of coprostanol at depth. Therefore, organic matter input
through the well's screen during flooding may be a more dominant
pathway. According to these scenarios, the lower population and well
density could possibly explain the generally lower concentrations of
sterols at Site F compared to Site B. Generally lower Cl/Br ratios in shal-
low groundwater at Site F compared to Site B and a broad resemblance
to vertical profiles of the sewage contamination indexmay suggest that
the input of a non-adsorbing indicator of human waste such as Cl also
occurs predominantly in flooded wells through screens or year-round
along a well's annulus.
oundwater total arsenic concentrations within 500 m of Site F and Site B.



Table 1
Calculated sewage contamination indexes ([5β-coprostanol]/([5α-cholestanol]+ [5β-coprostanol])) for each sediment depth at Site B and Site F. Bold values indicate the sewage contam-
ination index was N0.7.

Site B Site F

Depth
(m)

Sewage contamination index
[5β-coprostanol]/([5α-cholestanol] +
[5β-coprostanol])

[As]aqa

(μg/L)
[Fe]aqa

(mg/L)
Depth
(m)

Sewage contamination index
[5β-coprostanol]/([5α-cholestanol] +
[5β-coprostanol])

[As]aqa

(μg/L)
[Fe]aqa

(mg/L)

2.3 bLOD N/A N/A 4.1 bLOD N/A N/A
5.3 bLOD N/A N/A 7.1 bLOD 20 0.6
8.7 bLOD 25 8 10.6 bLOD 72 1.4
9.1 bLOD 90 7 16.3 bLOD 130 1.4
11 0.6 245 5 21.6 bLOD 190 2.6
11.3 0.6 255 5 23.7 0.7 200 4
12.2 0.8 370 6 25.7 0.8 205 6.5
14 0.8 430 8 – – – –
16.9 0.9 420 18 – – – –
18.1 1 410 20 – – – –
18.9 1 380 21 – – – –

a Arsenic and iron concentrations were estimated for each particular sediment depth based on the groundwater depth profiles measured in the 2014–2015 groundwater samples.
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4.2. Reactivity of plant and human/livestock waste organic matter

Profiles of the sterol-based sewage contamination index bear a re-
markable resemblance to dissolved Fe and As profiles in groundwater
at the two study sites, including more pronounced features at Site B
compared to Site F (Table 1; Fig. 3). The strong correlations found be-
tween the sewage contamination and arsenic concentrations (Fig. A2)
support that human/livestock waste may provide the carbon source
driving microbially mediated arsenic release at these sites. In addition,
the installation of large numbers of tubewells, by providing a pathway
for plant- and human/livestock-derived sterols and other organic mat-
ter, might enhance the release of As to groundwater in already grey (re-
duced) Holocene sands. This would create a pathway that appears to
shunt sterols including coprostanol (plant and/or sewage), from the
surface to aquifers sediments in the 10–25mdepth range. The transport
of these sterols and associated DOC components present in the water
may enhance the reductive dissolution of Fe oxides and the release of
As to groundwater at these depths.

Understanding how the organic nature of human/livestock waste
may enhance microbial Fe reduction in Bangladesh aquifers is impor-
tant to determinewhether thismechanism is plausible in these systems.
Bangladesh aquifer sediments are oligotrophic containing low carbon
and inputs of labile carbon sources has been shown experimentally
(Dhar et al., 2011; Islam et al., 2004; Stuckey et al., 2015) to stimulate
the in situ sedimentary bacterial communities and ultimately arsenic re-
lease. Islam et al. (2004) detected amajor shift in the sediment associat-
ed community with iron-reducing (Geobacter) bacteria increases when
a small amounts of carbon (acetate) was added to Bangladesh sedi-
ments in a microcosm experiment. Sewage waste-water contains
higher proportions of organic compounds (i.e. short-chained fatty
acids such as acetate, propionate, and butyrate) (Wong et al., 2006) pro-
duced through fermentation in the animal gut that are readily degraded
by anaerobic reducingmicrobial communities (Smith et al., 2008) com-
pared to other sources (i.e. unfermented plant material and recalcitrant
sedimentary organic carbon). In agreement with this notion, in a
sewage-contaminated aquifer with similar geochemical characteristics
to Site F and Site B, (Fe(OH3) coated mineral grains, circum-neutral pH
and anoxic groundwater), Lee and Bennett (1998) reported enhanced
reductive dissolution and mobilization of Fe at depth where anaerobic
indigenous bacterial communities were utilizing sewage-derived or-
ganics as their carbon sources.

Previous work conducted at our two study sites has shown that the
microbial community, including presumably the ubiquitous Fe and As
reducers, is fueled in large part by relatively young advected carbon
(Mailloux et al., 2013;Whaley-Martin et al., 2016). Unlike themicrobial
radiocarbon ages which show no systematic different between the two
sites, the radiocarbon age of DOC in these shallow aquifers is consider-
ably younger at Site B (Δ14CDOC - 151 ± 25‰) compared to Site F
(Δ14CDOC - 353 ± 40‰) (Whaley-Martin et al., 2016), possibly because
of larger contributions of relatively young organic matter. In addition,
DOC concentrations are 1.5 times higher and coprostanol concentra-
tions almost 3 times higher at Site B compared to Site F. These observa-
tions, while not definitive, suggest that whatever the pathway that
shunts sterols, including coprostanol, from the surface to aquifers sedi-
ments in the 10–25mdepth rangemay have implications for As in shal-
low aquifers and deserves further study.

5. Conclusion

Our new observations from two well-characterized sites in
Bangladesh document the supply of plant- and human/livestock-
derived organic matter to the depth range where both Fe and As are re-
leased to groundwater. The presence of coprostanol, in particular,which
can be uniquely traced to the gut of higher animals, suggest the supply
of a reactive carbon pool that could potentially stimulate the release of
As from aquifers sediments. There is no evidence at the regional scale
that such input has led to widespread Fe oxide reduction and As release
in similarly populated areaswhere shallow aquifers are composed of or-
ange Pleistocene sands. This does not mean a supply of reactive carbon
associated with human and livestock waste could not potentially en-
hance the release of As from grey Holocene sediments. Given the indica-
tion of the potential role of human/livestock waste, resolving the
mechanisms of transport of these sources to depth is a crucial next step.
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Appendix A. Supplementary data

Included in the appendix are aerial photographs of the study sites,
the correlational relationship between the sewage contamination
index and As concentrations, tables of sedimentary sterol concentra-
tions and groundwater total [As] and [Fe] concentrations. Supplementa-
ry data associated with this article can be found in the online version, at
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