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ARTICLE INFO ABSTRACT

Editorial handling by: Prof. M. Kersten Arsenic is a common trace element in groundwater and its fate and transport are controlled by combination of (i)

natural processes, including redox conditions, salinity and pH, (ii) sedimentary and geochemical environment,

Keywords: and (iii) anthropogenic influences such as groundwater extraction, managed aquifer recharge (MAR), Aquifer
Afsenic Thermal Energy Storage (ATES), and pollution. We investigated the relative influence of these processes by
Z;Zi(;ldwater presenting 10 cases from The Netherlands. Our review showed that the primary controlling factor for arsenic
Redox environment mobility in natural coastal dune systems is the redox state of groundwater, with concentrations between 2 and
Methane 10 pg/L. Strongly reduced greensands (containing glauconite and, more importantly, associated minerals)

exhibited elevated As concentrations, with concentrations up to 40 pg/L. Groundwater systems modified by MAR
or those that are influenced by nitrate pollution (NP) showed elevated As concentrations (20-110 pg/L), as a

Artificial recharge
River bank filtration

Peat result of either pyrite oxidation (MAR, NP) or reductive dissolution of iron(hydr)oxides (MAR). Increasing
Pyrite temperature at ATES systems may cause mobilization of As at temperatures beyond 25 °C. The highest As
Glauconite

concentrations were observed at sites where muddy sediments were recently deposited in surface water bodies
(200-820 pg/L), for example in dammed Rhine River tributaries and sand pit lakes south of the city of
Amsterdam. The reduction of arsenate to arsenite and competitive desorption during intrusion of polluted water
also form important As mobilizing processes. The data for the Netherlands show that high CH4 and NH4 con-
centrations may form a risk indicator of elevated As levels in some fresh groundwater systems.

1. Introduction problematic are the deltas, like the ones in Bangladesh, West Bengal,
Cambodia and Vietnam, because of widespread reliance on untreated
groundwater as the main source of drinking water. The direct use of As

containing groundwater for drinking water purposes results in elevated

Arsenic (As) is a natural trace element commonly found in ground-
water (Hem, 1985; Herath et al., 2016; Matthep, 1994; Ravenscroft

et al.,, 2009; Smedley and Kinniburgh, 2002) with concentrations in
many aquifers below drinking water standards (<10 pg/L). Elevated
concentrations (up to several thousands of pg/L) are observed in specific
environments, notably in thermal groundwater (Morales-Simfors and
Bundschuh, 2022; Webster and Nordstrom, 2003; Welch et al., 2000;
Xing et al., 2022), groundwater affected by mining activities (Coudert
et al., 2020; Paktunc, 2013; Smedley et al., 1996; Williams et al., 1996),
groundwater in tuffaceous rock (Johannesson and Tang, 2009),
groundwater in closed basins with high evaporation rates (Dehbandi
et al., 2019; Jia et al., 2017; Ortega-Guerrero, 2017; Smedley et al.,
2002; Welch et al., 2000) and in deltas (Postma et al., 2007; Smedley,
2008; Smedley and Kinniburgh, 2002; Wang et al., 2018). Most

* Corresponding author.

risk of skin disorders and various cancers (Bundschuh et al., 2005; Kapaj
et al., 2006; Tchounwou et al., 2019; World Health Organization, 2019).
Elevated As concentrations in groundwater are also reported in Euro-
pean countries including Belgium (Coetsiers and Walraevens, 2006;
Vandenbohede et al., 2019) and Germany (Banning, 2021; Heinrichs
and Udluft, 1999; Houben et al., 2017).

Areas with high As concentrations in groundwater combine several
hydrogeochemical triggers to mobilize As, with a (past) hydrogeological
regime to keep the As within the system (Smedley and Kinniburgh,
2002). The main triggers are: reductive desorption from and reductive
dissolution of iron (hydr)oxides (like hydrous ferric oxides (HFO) and
goethite), desorption and pyrite oxidation. A favorable (past)
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hydrogeological regime consists of young fluvial, deltaic or estuarine
sedimentary deposits rich in iron(hydr)oxides, pyrite and labile organic
material, without previous extensive periods of leaching (Ravenscroft
et al., 2009; Smedley and Kinniburgh, 2002).

These conditions are also abundantly present in the sediments that
built the Quaternary deltas and fluvial plains in the Netherlands.
Shallow water tables and the widespread occurrence of clay and peat
layers resulted in predominantly reducing groundwater conditions. The
situation changed roughly around 1000 AD when the inhabitants started
cultivating the land which strongly impacted the hydrologic regime.
This involved draining the land, building dikes for protection against
marine and fluvial inundations, peat extraction and dewatering,
reclaiming land from lakes and the sea, groundwater extraction and
artificial recharge for water supply. Meanwhile groundwater levels are
maintained within close boundaries by an intricate system of both
draining and infiltration ditches and canals, regulated by weirs, sluices
and pumps (Huisman et al., 1998; Mostert, 2020; Van de Ven, 2003). In
addition, surface and groundwater pollution started on a large scale
roughly since 1880 AD with a strong boost after World War 2, with
major increases in salinity, NO3, NHy, SO4, F, DOC, PO4 and As. All these
changes had and continue to have a profound impact on the spatial
distribution of water types (Engelen, 1986; Stuyfzand, 1995).

Despite the presence of aquifers with abundant reactive components,
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and a hydrogeological regime that has undergone severe changes and is
under considerable pressure from polluting activities, the Netherlands
have not been identified as a country with major As problems (Ahmad
et al., 2020b; Brunt et al., 2004). This is probably because groundwater
used for drinking water supply is treated by aeration and rapid sand
filtration for iron removal which is very effective in removing As to <10
ug/L (Ahmad, 2020). Although there is a large body of literature on As
occurrence in deltas in southeast Asia (Chakraborty et al., 2022; Hos-
sain, 2006; Huq et al., 2020; Nickson et al., 1998; Pedersen et al., 2006),
a reasonable number of studies in other regions like the United States
(for example Welch et al., 2000), and research in Germany and Belgium
(Banning, 2021; Coetsiers and Walraevens, 2006; Heinrichs and Udluft,
1999; Houben et al., 2017; Vandenbohede et al., 2019), relatively little
is reported in literature on arsenic in the Netherlands (Ahmad et al.,
2020b; Spijker, 2008; Vermooten and Gunnink, 2006; Stuyfzand et al.,
2008). In order to fill this gap, this work presents an overview on arsenic
occurrence in 10 groundwater flow systems in the Netherlands,
including both natural and anthropogenically influenced systems. The
focus is on revealing patterns as based on major-ion and trace-element
data (without As speciation but with bulk geochemical data), with
special attention to i) surface water - groundwater interaction
(including the effects of muddy fine-grained sediments depositing in
relatively stagnant areas of highly managed surface water systems), ii)
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Fig. 1. Top panel: Landscape map of the Netherlands showing the 10 study sites and the position of cross section AA’ (bottom panel). Bottom panel: Geological Cross
section AA’ over the Netherlands from the North Sea into Northern Belgium (Modified from TNO, n.d.).
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artificial recharge systems, and iii) impacts of temperature perturbations
in shallow geothermal energy systems (also known as aquifer thermal
energy storage). The overview will help researchers and water managers
to identify settings or activities that may mobilize and increase aqueous
concentrations of arsenic.

2. Field sites and methods
2.1. Setting

The focus is on a selection of detailed hydrochemical and
geochemical field studies that have been conducted on various sites in
the Netherlands (Fig. 1, Table 1, Figure SI1). A cross section over the
Netherlands (Fig. 1) shows the position of the study sites in their
geological and hydrological setting, and how the spatial distribution of
groundwater bodies probably changed during the past millennium.

2.2. Groundwater sampling

Groundwater samples were taken and analyzed from dedicated
monitoring wells in the period 1980-2014, during various regional and
local surveys (Table 1). The samples from sites 1-6 and 8-9 are derived
from individual or nested PVC piezometers with a 0.2-2 m long well
screen, or from a set of 10-30 PE miniscreens (0.01 m) attached to a
25-35 m deep piezometer. At site 7, samples were taken, both on land
and from a boat, via a direct push, groundwater sampler mounted in a
cone tip during cone penetration testing. The piezometers were installed
in percussion drilled bore holes. At site 10, samples were taken during
flow through column testing experiments in a laboratory setup (Bonte
et al. 2013a).

Sample conservation for cations, SiOp, PO4 and trace elements
including total As consisted of on-site filtration over 0.45 pm membrane
filter, acidification by 65% HNOj3 suprapure (0.7 mL/100 mL), and
storage in the dark at 4 °C. Samples for Cl, SO4, HCO3, NO3, NHy, F and
DOC, for CH4 and for 18O—HZO were taken without filtration and
without additives for conservation, in 3 separate vials with an air-tight
cap construction, and stored in the dark at 4 °C. Chemical analysis
typically occurred within 0.5-7 days.

Table 1
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2.3. Sediment sampling

In total 908 sediment samples were taken on around 100 sites, from
0 to 300 m-LS depth. Various sampling and preservation methods were
applied. Samples from the unsaturated zone were taken by either a hand
auger or a direct push core sampler, and stored under atmospheric
conditions at 4 °C in the dark.

Underwater muds and sediments up to 20 m below them were
sampled via a direct push core sampling system. Aquifer and aquitard
material from deep drillings for installation of monitoring wells (20-300
m-LS) were sampled through either core catchers ahead of the drilling
casing, or directly from a bailer. Most sediment cores from core catchers
including their pore water were immediately sealed on site using
liquidized paraffin, and kept at 4 °C in the dark until analysis. Samples
taken from a bailer or otherwise were stored under atmospheric con-
ditions at 4 °C in the dark.

2.4. Hydrochemical analyses

Temperature, pH, SEC and O, were normally measured in the field.
Major cations and anions, CH4 and DOC were analyzed using conven-
tional, well standardized techniques by certified laboratories. Samples
with elevated CH4 concentrations (roughly >15 mg/L) suffered from
CHj4 losses by bubble formation and degassing during vacuum sampling.
The resulting data are treated as underestimates. Total aqueous arsenic
was analyzed in most cases through either AAS hydride with graphite
furnace (limit of quantification [LOQ] 0.5-1 pg/L), or ICP-MS (LOQ
0.1-0.5 pg/L). The quality of analytical data of major ions was checked
by the charge balance and by comparing the measured with calculated
EC. Precision of the As measurements in groundwater was about
+(5-10)%, the accuracy had about the same range (evidenced by
comparing groundwater samples with different methods and standard
addition).

Naturally recharged (through rainfall) groundwater, artificially
recharged surface water (AR) and river bank filtrate (RBF) were iden-
tified by using a combination of the environmental tracers §'%0 and the
Cl/Br-ratio (Stuyfzand et al., 2005). Groundwater ages were estimated
by comparison of tracer input concentrations (°H, Cl) with their spatial
distribution or tracer output record in groundwater, hydrological

Summary of data regarding the 10 study sites. Site numbers correspond with location map in Fig. 1. AR = Artificial Recharge via basins; ATES = Aquifer Thermal
Energy Storage; DWI = AR via Deep Well Injection. LS = Land Surface; RBF = River Bank Filtration; SL = Sea Level.

Site Geological deposits flushed Recharging water type As-max Sampling Reference
No. Name pg/L Depth Age [a] year
[m-LS]
1 Zandvoort dunes Holocene coastal dune and marine Coastal rain 2-10% 9 10 2007 Stuyfzand (1993a,
sands 1993b)
2 West-Brabant Pleistocene fluvial and marine sands/ Rainfall 25-40% 175 2000-10,000 2003 This paper
uplands (Dorst) loams, Upper Tertiary glauconitic sands
3 AR, Zandvoort Holocene coastal dune and marine Rhine River water (pre- 50 13 4-20 2007 Stuyfzand (1993b,
sands treated) 2015)
4 DWI, Langerak Pleistocene fluvial sands Drinking water 90 92 0.02-0.5 1996-1998  Stuyfzand and
(injected) Timmer (1999)
5 Vierlingsbeek Pleistocene and Tertiary sands Inland rain, fertilizer 110 27 30-40 1988 Van Beek et al.
inputs (1989, 1988)
6 RBF Opperduit Recent mud®, Holocene and Rhine River water (bank 200 5-15 0.2-4 1983 Stuyfzand et al.
Pleistocene fluvial sands filtrate) (2006)
7 RBF Hollandsch Recent mud®, marine Holocene and Rhine + Meuse River 420 12-15 10-25 1997 Stuyfzand et al.
Diep fluvial Pleistocene sands/clays water (bank filtrate) (2005, 2006)
8 Polders south of Recent mud®, Holocene peat and Polder waters* 880 30 20-200 1996 Van Rossum
Amsterdam marine clay, Pleistocene fluvial sands (1998)
9 AR Ouddorp Holocene coastal dune and marine Rhine (70%) + Meuse 27 2-4 0.3-5 2014 Stuyfzand et al.
sands (30%) River (AR) (2014)
10 Scherpenzeel Pleistocene fluvial sands Inland rain 138 -35 N/A 2012 Bonte et al.

ATES experiments

(2013a, 2013b)

Notes: #: a mixture of Rhine River water and groundwater exfiltrated in deep polders; &: 2 in calcareous dunes Zandvoort, 10 in decalcified dunes 40 km north of
Zandvoort; $: 25 near Dorst, 40 in glauconitic sands without fertilizer inputs on site 5; @ = mud formed and still residing underwater; N/A: Age data not available.
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calculation and — in >150 years old groundwater — by *C dating.

The redox state of each sample was determined on the basis of all
redox sensitive main components of water, i.e. Oz, NO3, SO4, Fe, Mn,
CH4 and H,S, following the scheme in Table 2. The redox clustering
(oxic, suboxic and anoxic) in Table 2 is used here because of lack of
sufficient data on Oy, CH4 and HsS. The distinction between an iron-
reducing (sulfate-stable) and sulfate-reducing environment can be
problematic when HsS data are lacking and the original SO4 concen-
tration before potential sulfate-reduction (which is indicated as (SO4)o)
cannot be estimated. In case of infiltrating surface waters (as in AR and
RBF systems) the (SO4)o concentration was estimated by the strong
positive, linear regression between Cl (considered conservative) and SO4
(dependent variable).

2.5. Sediment geochemical analyses

Samples from a (sub)oxic environment were air dried and subse-
quently sieved, homogenized and split. About 60% of the anoxic samples
derived from cores were treated in a glove box under N, atmosphere and
not dried, except for a fraction to determine its dry weight. The other
40% was treated without excluding air, which led to partial oxidation of
reduced components such as pyrite. This did not affect the elemental
composition of the samples, but excluded them from more detailed
analysis (results not included in this paper). All samples were sieved
over mesh 2 mm to remove the gravel size fraction. Gravel consisting of
quartz or siliceous rock was excluded from further analysis. Clay ag-
gregates, peat, roots and shell fragments were ground and returned to
the sieved sample. Sieved samples (the fraction <2 mm plus ground
material) were manually homogenized and split into identical sub-
samples for separate analysis.

Geochemical analyses included: 1) Thermo-gravimetric Analysis
(TGA; Dean, 1974; Rabenhorst, 1988) for dry weight residue, loss on
ignition, and total carbonate content. 2) grain size analysis of the frac-
tion <2 mm (after treatment with HCl and HyO5 to remove cementing
materials), by a FRITSCH Laser Particle Sizer A22. Clay and silt fractions
were converted to the traditional grain size analysis with pipette and
sieves, by the approach of Konert and Vandenberghe (1997). 3) total
organic C, total N and total S by pyrolysis and infrared gas detection.
After acid washing to remove inorganic carbon and subsequent pyrol-
ysis, C, N and S were measured on a LECO analyzer. Total C was also
measured without acid washing, for calculating total carbonates. 4) XRF
(X-ray Fluorescence) to determine total element content (30 species).
The X-ray spectroscopy was performed with a ARL8410 spectrometer
with a Rh tube, with full matrix correction for major elements, and
Compton scatter method for trace elements. Precision and accuracy for
As measurements in solids were about +(5-20)% depending on method
and concentration level, with a likely underestimate when using XRF
due to volatilization losses. In the Supplementary Information, details
are given on how to convert total S in iron-bound S.

Table 2
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3. Results and discussion
3.1. Arsenic in mineral phases

Table 2 presents an overview of the geochemical characteristics.
Arsenic is present in the Dutch sediments in the following forms
(Huisman, 1998; Van Rossum, 1996): (a) sorbed, largely as arsenate or
arsenite to mainly Fe(IIl), Mn(IV) and Al (hydr)oxides, clay minerals and
organic material; (b) an impurity in minerals like iron (hydr)oxides,
pyrite (FeSy, replacing S), monosulfides, acid-volatile sulfides and
apatite (Cas(PO4)3[OH,F,Cl], replacing PO,4); and (c) an arsenic mineral
phase like arsenopyrite (FeAsS) and orpiment (AsyS3).

Iron (hydr)oxides and pyrite (or other iron sulfides) are the dominant
arsenic containing minerals. The importance of iron sulfides is sup-
ported by a positive linear relationship between total S or FeS; and As in
anoxic sediments, which improves when looking at specific sediment
types or locations (figures in SI). In the relation As = a + b S-FeS,,
constant ‘a’ represents the average amount of As contained in other
phases than FeS,. Constant ‘b’ normally varies between 0.002 and 0.006
on a molar basis (mol/mol), which ideally equals the stoichiometric As
content of pyrite. This range corresponds with other data in the
Netherlands (Broers and Buijs, 1997; Huisman, 1998), Germany
(Cremer et al., 2003) and Florida USA (Price and Pichler, 2006).
Regression data revealed that the marine deposits show a higher
non-pyrite bound As content than the fluvial deposits, while the As
content of the pyrites is lower. Linear relations also hold for other
important trace elements in pyrite, like Co, Ni and Zn (Figs. SI-3) but the
relations for As are stronger than those for Co, Ni and Zn.

Glauconitic sands (marine sands with the Fe-clay mineral glauconite,
commonly known as ‘greensands’) showed relatively high As concen-
trations (Table 2), and the highest not-pyrite bound contents of As, Co,
Ni and Zn. Our bulk data are inconclusive as to whether this arsenic is
associated with glauconite itself or high As contents of accessory min-
erals like phosphorite, apatite and carbonates (Flink, 1985). presented
data on the composition of various glauconites of Upper Cretaceous age,
showing As contents of 4-57 ppm.

The recent underwater muds and sludge in the Hollandsch Diep fresh
water estuary (site 7) show very high As contents (Table 3) that are only
partly linked to pyrite (Figs. SI-2). The remainder could be associated
with arseniferous struvite (NH4MgP04.6H20), a mineral that is normally
formed in sewage treatment plants (Lin et al., 2016), but which is also
observed in natural deposits (Donovan and Grimm, 2007) and which
may incorporate significant amounts of As (Weil, 2008).

3.2. Arsenic occurrence and hydrochemical patterns at individual sites

Results of chemical analyses are shown in Table 4 for selected water
samples taken at the 10 study sites, with indication of their approximate
age and transport distance in the underground. It is assumed that, at the
prevailing pH range of 4-8 in groundwater of the Netherlands, in (sub)

Practical criteria for determining the redox environment of a water sample (modified after Stuyfzand, 1993b). Concentrations in mg/L.

Level Un-mixed redox environment Redox cluster Criteria [mg/L]
0, NO3 Mn?* FeZ* S0% H,S" CH,4
1 Oxic Oxic 03 > 0.8 (O2)sar <0.1 <0.1 >0.8 (SO4)o no <0.1
2 02-reducing 05 < 0.8 (O2)saT <0.1 <0.1 >0.8 (SO4)0 no <0.1
3 NOj3-reducing Suboxic <1 >1 <0.1 <0.1 >0.8 (SO4)o no <0.1
4 Mn-reducing <1 <1 >0.1 <0.1 >0.8 (SO4)0 no <0.1
5 Iron reducing <1 <1 >0.1 >0.8 (SO4)0 no <0.2
6 Sulfate reducing Anoxic <1 <1 0.2-0.8 (SO4)o yes 0.2-0.5
7 Methanogenic <1 <1 <0.2 (S04)o >0.5
Notes.

(O2)sar: calculated saturation with atmospheric O,.
(SO4)o = original SO4 concentration [mg/L], see text.

% Yes/no = yes/no clear HoS-smell in field, or HyS > /< 0.1 mg/L. If data unavailable not a criterion.
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Table 3
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Survey of the average geochemical composition of un-cemented Recent, Holocene, Pleistocene and Upper Tertiary sediments in the Netherlands. LS = Land Surface %

= mass % (dry weight).

Age Lithological description Sample Number Grains Bulk CaCOg3 S FeS, XRF

Site Depth Samples <2 um Organic total Max Al Ca Fe

No m-LS n % % % ppm ppm % % %
Recent 7 Underwater mud, Estuary 1.8 66 15.3 7.27 7.66 2444 3821 3.89 3.83 2.40
Holocene 1,39 Young dune sand 2.6 19 1.1 0.59 2.87 <50 0 1.88 2.33 0.55
Holocene 1,9 Old dune sand 0.6 10 0.9 0.83 0.02 <10 0 1.52 0.14 0.27
Holocene 1 Dune peat (1A in Fig. 3) 3.6 10 55.30 29.2 6920 7231 0.76 13.01 3.49
Holocene 1,39 Marine sands and clay 10.9 40 3.0 0.27 8.99 583 1063 2.01 4.78 0.67
Holocene 8,9 Holland peat, polder 2.0 46 - 47.40 - 17300 27468 2.34 5.00 3.53
Holocene 8 Marine clay 5.0 98 - 15.00 - 5900 9488 5.20 5.81 3.44
Holocene 8 Basal peat 9.0 213 - 56.10 - 30100 50518 1.32 6.09 6.09
Pleistocene 1-4 Fluvial sands & loams 32.4 287 3.2 0.34 1.55 289 505 1.66 1.05 0.62
Pleistocene 2 Marine sands 54.4 45 2.0 0.29 6.34 528 957 1.13 2.09 0.61
Pleistocene 10 Fluvial sands 35.0 2 1.3 0.20 0.74 500 900 0.68 0.28 0.07
Tertiary 2 Marine sands/clay, +glau@ 82.2 22 10.6 0.52 8.17 3342 6199 1.89 2.85 2.98
Tertiary 2 Fluvial sands 202.7 52 21 3.64 0.05 1376 2198 1.19 0.09 1.11
Age Lithological description Sample XRF

Site Depth K Mg Mn Si P As Co Ni Zn

No. m-LS % % % % % ppm ppm ppm ppm
Recent 7 Underwater mud, Estuary 1.8 1.50 0.67 0.07 31.90 0.267 35.3 - 44 781
Holocene 1,3,9 Young dune sand 2.6 1.07 0.08 0.01 40.88 0.018 1.0 1.2 8.7 11
Holocene 1,9 0Old dune sand 0.6 0.84 0.02 0.01 43.80 0.014 1.9 0.5 2.6 8
Holocene 1 Dune peat 3.6 0.47 0.10 0.12 7.96 0.110 12.5 - - -
Holocene 1,3,9 Marine sands and clay 109 1.11 0.20 0.01 37.14 0.021 3.8 1.1 8.8 12
Holocene 8,9 Holland peat, polder 2.0 0.98 0.53 0.12 13.50 0.130 135 - - -
Holocene 8 Marine clay 5.0 1.78 0.93 0.09 26.40 0.080 14.1 - - -
Holocene 8 Basal peat 9.0 0.54 0.45 0.12 6.90 0.080 84.3 - - -
Pleistocene 1-4 Fluvial sands & loams 32.4 0.87 0.11 0.01 42.64 0.013 3.0 1.6 9.2 15
Pleistocene 2 Marine sands 54.4 0.68 0.10 0.01 41.92 0.021 2.7 2.5 7.9 14
Pleistocene 10 Fluvial sands 35.0 0.55 0.13 0.15 43.09 0.00 3.7 2.6 7.4 8
Tertiary 2 Marine sands/clay, +glau@ 82.2 0.92 0.22 0.02 37.81 0.041 16.3 5.9 11.1 33
Tertiary 2 Fluvial sands 202.7 0.57 0.03 0.02 42.84 0.007 5.1 1.6 6.1 12

Note: @: glau = glauconite + associated minerals such as phosphorite and apatite.

oxic environment As(V) as HyAsO; or HAsOZ™ is dominant, and under
anoxic redox conditions As(II) as H3AsO3 (Smedley, 2008). This was
confirmed by arsenic speciation calculations using PHREEQCv.2 with
the Wateq4F database (Parkhurst and Appelo, 1999), and by Dutch data
sets (Ahmad et al., 2015; Van Rossum, 1996, 1998). A further presen-
tation and elaboration of the data follow in the following sections
together with site specific background information.

3.2.1. Site 1: A relatively undisturbed coastal dune aquifer system
(Zandvoort)

The hydrochemical evolution of dune groundwater is discussed
along a flow path starting at the recharge area in the calcareous dunes to
its exfiltration in the Haarlemmermeer polder (Table 4 and Fig. 2).
Background details about this study are given by (Stuyfzand, 1993a,
1993b). Arsenic ranged between 0.3 and 1.5 pg/L near the infiltration
zone, which likely results from atmospheric input (0.2 pg/L in rainfall
which is evapoconcentrated to 0.3 pg/L) and reaches a maximum con-
centration of 2.1 pg/L in the anoxic marine sands of zone C. This is
followed in zone D by a reduction of As concentrations that coincides
with an increase in Fe and SO4 concentration. The SO4 increase relates to
higher atmospheric inputs. The As behavior in zones BCD differs from
the general pattern of As and Fe increasing together when the water is
becoming anoxic. The anomalous As behavior (decreasing when Fe is
increasing) is not understood. It could reflect the atmospheric input
record of As.

Arsenic increases slightly down-gradient (zones E and F) but remains
<1 pg/L. The abrupt SO4 reduction in Holocene clay (zone E) is inferred
to be the result of pyrite precipitation. Similar patterns were obtained in
neighboring wells and other dune areas, including decalcified dunes, all
showing maximum As concentrations up to 10 pug/L, a few meters below
the groundwater table.

Geochemical analyses revealed a relatively high arsenic content in
dune peat layer 1A, (Table 3), but arsenic concentrations directly below
these shallow peat layers remain <2 pg/L (Fig. 3). Either the As was
present in a form that is not leachable or it was sequestered quickly after
being leached. The chemical data showed a reduction in SO4 concen-
trations and increase in NH4 for groundwater passing especially through
peat layer 1A3 indicating anaerobic mineralization of peat coupled to
sulfate reduction. This likely resulted in the formation of sulfides which
can sequester leached arsenic as demonstrated by X-ray absorption
spectroscopy for a wetland in Switzerland by (Langner et al., 2012).

3.2.2. Site 2: A relatively undisturbed glauconitic aquifer system (Dorst,
Brabant)

Well field Dorst in the south of the Netherlands extracts 5.8 Mm°®/a
from an anoxic, confined aquifer at 118-183 m-SL. This aquifer is
composed of marine glauconitic sands belonging to the marine Pliocene
Oosterhout and Miocene Breda Formations. Recharge of this northward
dipping aquifer occurs in the Kempian hills of Northern Belgium (30-40
km to the south).

Contrary to most other sites where highest As concentrations were
observed at shallow depth (<20m-SL), here the highest As concentra-
tions of up to 25 pg/L were observed in the glauconitic sands below
somewhere between 120 and 170 m-LS (Fig. 4). There are no indications
of pyrite oxidation, the water is several thousands of years old (3H <1
TU, 14c = 10-32 pmc), calcareous and anoxic (however with a low CHy
concentration, which is remarkable). The relatively high Na, K and Mg
concentrations compared to Cl (Table 4) suggests cation exchange of
these species with Ca due to freshening of the formerly more saline
aquifer (Stuyfzand, 1993a). Elevated As concentrations have been
observed in many more monitoring wells in Miocene/Pliocene aquifers
of the Southern Netherlands (Flink, 1985) and Northern Belgium



Table 4

Summary of hydrochemical data for the 10 study sites.
Sample Depth Subsoil pH T Cl SO, HCO3; NO;3 PO, F Na K Ca Mg Fe Mn NH4 Si0, DOC As Co Ni Zn (o2} CH,4
No. Code m+SL'  flow [m] age - °C mg/L ug/L mg/L
SITE 1. COASTAL DUNES, ZANDVOORT
1 Rain 1991-99 4 0 0 5.80 10.0 23 7.4 2.6 3.90 0.05 24 131 0.7 16 17 0.13 0.014 0.93 0.3 1.7 0.7 <0.9 25 16.8 10.8 <0.01
2 24H470 —-0.4 5 1.4y 7.84 16.2 33 7.8 192 10.88 0.08 150 21.8 43 639 49 0.01 0.029 <0.004 5.1 4.2 0.5 0.13 1.6 4.5 <1 <0.01
3 24H470 —4.9 15 7y 7.80 15.5 43 28.4 222 <0.1 0.23 90 26.7 3.0 78.2 6.0 0.22 0.052 0.007 6.4 1.4 2.1 0.01 0.1 3.0 <0.1 <0.01
4 24H470 -13.6 33 20y 7.78 13.6 84 44.6 208 <0.1 0.71 90 44.0 1.9 88.8 5.3 1.86 0.29 0.50 236 1.3 <0.5 0.01 0.1 2.1 <0.1 <0.1
5 24H379 -21 28 25y 7.30 10.0 31 12.0 325 <0.1 1.32 40 19 1.8 103 4.2 6.87 0.50 1.70 326 - 0.3 <0.1 0.6 <5 <0.2 -
6 24H536 —57 1000 120y 7.30 10.8 41 <0.1 312 <0.1 1.4 60 22 4.4 90 6.2 230 0.42 2.80 30.8 6.0 1.0 <0.05 <05 <10 <0.2 -
7 24H450 -77 3500 400y 7.20 11.3 33 <0.1 365 <0.1 2.6 70 43 19.8 60 20.6 231 0.22 1.50 18.6 6.5 1.2 <0.05 <05 9 <0.2 -
8 24H600 —69 5500 600y 7.30 114 68 <0.1 540 <0.1 4.07 100 97 27.6 45 44.5 1.61 0.10 4.60 147 108 1.0 <0.05 <0.5 <10 <0.2 -
9 25C291 —60 7000 800y 7.30 11.6 225 6.0 927 <0.1 5.1 300 400 40 34 13.8 1.80 0.03 4.60 26.0 70 1.0 <0.05 <05 <10 <0.2 -
SITE 2. GLAUCONIFEROUS SANDS, DORST (BRABANT)
10 49F235 no glau  —50 500 >100y 56 - 11 11.0 16 <0.1 1.22 80 8.0 1.5 43 08 2.45 0.03 - 169 - 1.1 <4 <6.5 23 <0.1 <0.1
11 49F235 no glau —104 3000 >200y 7.8 - 8 3.0 204 <0.1 0.77 140 6.7 1.3 60 2.2 2,50 0.25 - 240 - 1.5 <4 <6.5 47 <0.1 <0.1
12 49F235 + glau2 —151 30,000 >2,000y 7.7 - 25 1.0 447 <0.1 1.68 360 96.0 224 45 14.8 1.10 0.93 - 16.9 - 22.0 <0.4 <6.5 16 <0.1 <0.1
13 50E377 + glau2 -163 33,000 >3,000y 7.62 18.1 9 0.2 195 <0.1 - - 14.0 19.0 38 18.0 0.77 0.02 0.55 - 1.9 25.0 1.0 - - <0.1 0.05
14 50B340 + glau2 -189 35,000 >3,000y 7.77 134 16 1.9 270 <0.1 - - 23.0 18.0 33 20.0 0.84 0.34 0.85 - 2.6 240 2.0 - - <0.1 0.35
15 50E377 + glal.l2 —208 37,000 >3,000y 7.83 185 11 <0.1 260 <0.1 - - 13.0 18.0 38 17.0 0.71 0.02 1.10 - 2.1 25.0 0.0 - - <0.1 0.16
SITE 3. ARTIFICIAL RECHARGE (BASINS), ZANDVOORT
16 Input 2006 0 0 0 7.80 129 100 60.2 157 11.4 0.02 110 486 46 760 104 0.01 O 0.01 50 25 0.2 0.19 1.6 2.4 9.3 <0.01
17 24H478 1.6 100 3y 7.46 139 100 67.6 167 16.2 0.08 200 45.0 54 845 111 0.01 0.001 0.001 5.0 1.6 <0.5 0.05 1.3 4.4 <1 <0.01
18 24H480 —-9.4 350 12y 7.58 15.9 116 54.3 232 <0.1 0.12 70 741 2.0 96.4 3.3 4.28 1.10 0.54 15.7 3.3 33.2 042 0.3 5.3 <0.1 <0.1
19 24H480 -13.8 360 16y 7.76 164 144 39.3 253 <0.1 038 70 848 24 990 3.8 3.19 0.60 0.61 222 27 0.8 0.01 0.1 1.7 <0.1 <0.5
20 24H484 —18.6 810 26y 7.68 139 156 65.7 234 <0.1 1.04 110 333 33 160 7.8 0.58 1.14 1.56 584 29 3.1 0.01 0.1 1.2 <0.1 <0.5
SITE 4. DEEP WELL INJECTION, LANGERAK
21 Input 1997 0 0 0 7.70 12.6 34 7.6 298 14.9 - - 459 6.5 602 11.0 0.04 0.01 0.02 - 3.0 0.8 - 1.1 4 9.5 <0.01
22 W1-f3, 0 PFs -91 20 6.4d 73 142 7 1.4 476 <0.1 - - 735 53 694 111 231 0.14 1.17 - 5.2 0.5 - 1.0 10 <0.1 8.95
23 W1-f3, 2 PFs —91 20 6.4d 7.4 12.7 88 19.5 286 1.3 - - 79.0 5.5 62.8 9.7 1.57 0.10 1.11 - 3.4 90.0 - 0.5 5 0.5 0.43
24 W1-f3, 9 PFs —-91 20 6.4d 7.4 128 11 33.8 278 <0.1 - - 37.8 5.8 61.7 10.2 1.63 0.10 0.21 - 2.3 4.0 - 0.5 5 <0.1 <0.01
25 W1-f3, 75 PFs -91 20 6.4d 7.4 111 12 29.9 296 3.2 - - 39.0 6.4 630 11.0 0.57 0.24 0.04 - 2.2 1.0 - 9.5 <5 0.7 0.02
SITE 5. HIGH AGRICULTURAL INPUTS, VIERLINGSBEEK
26 46DNP3 14.8 300 6y 4.7 - 37 75.0 3 281 0.04 40 17.5 223 104 13.0 0.04 1.80 0.03 215 34 0.5 3.2 78.0 160.0 <1 <0.01
27 46DNP1 6.8 800 16y 6.1 - 47 96.0 125 85.3 0.04 40 33.0 38.0 70 143 0.03 0.44 3.90 10.0 9.1 1.0 135.0 465.0 150.0 <1 <0.01
28 46DNP1 -3.2 1200 24y 5.1 - 35 190.0 9 <0.1 0.05 - 15.0 80 52 16.0 5.5 0.31 0.08 13.0 1.7 75.0 25.0 100.0 10.0 <0.1 <0.1
29 46DNP1 —4.2 1300 26y 5.3 - 33 143.0 10 <0.1 0.05 - 13.5 6.0 40 12.3 7.5 0.29 0.09 13.5 1.3 110 29.0 125.0 5.0 <0.1
30 46DNP1 +glau2 —22.2 2600 >50y 7.2 - 9 8.0 130 <0.1 430 - 5.5 1.4 37 2.3 8.8 0.50 0.32 185 0.9 40.0 5.6 2.0 10.0 <0.1
SITE 6. RIVER BANK FILTRATION, OPPERDUIT
31 Rhine 1983 0 0 0 7.8 12.8 141 67.0 161 15.9 1.00 210 78 6.1 74 106  0.59 0.08 0.53 5.6 4.6 1.1 0.6 4.6 26.0 838 <0.01
32 38D290-mf7 -10 20 <ly 7.10 - 171 6.0 686 <0.1 4.53 - 91 9.0 150 125 26.0 1.70 51.0 13.8 6.5 200 1.0 2.0 10.0 <0.1 -
33 38D292-mf4 —22 150 2.5y 75 - 148 70.0 188 <0.1 0.34 - 93 5.1 68 10.0 1.9 - 1.06 3.6 27 1.5 1.5 1.0 5.0 <0.1 0.12
34 38D294-mf7 —22 650 8y 7.7 - 137 52.0 226 <0.1 0.46 - 72 50 81 120 23 - 2.00 5.0 33 1.0 <0.5 <1 5.0 <0.1 0.13
SITE 7. RIVER BANK FILTRATION, HOLLANDSCH DIEP ESTUARY
35 Input 1996 0 0 0 8.20 10.5 146 65.0 162 16.1 0.31 210 81 64 75 12.9 <0.2 <0.1 0.19 4.7 29 <2 - 3.4 - 9.2 <0.01
36 6-6 (type A) -5.9 8 <5y 7.5 105 110 18.0 265 <0.1 5.51 270 59 6.3 88 11.0 20 0.60 3.0 27.0 6.0 6 - 2 56 <0.1 0.1
37 9-9 (type C) -9.4 12 10y 6.80 105 260 <1 2400 <0.1 0.46 320 200 36.0 230 110.0 36.0 0.50 230 15.0 33.0 81 - 3 7 <0.1 >19.0
38 4-14 (type B) -13.8 22 12y 7 10.5 130 <1 1120 <0.1 0.49 120 94 19.0 190 40.0 39.0 3.00 53.0 18.0 23.0 413 - <1 <5 <0.1 >16.0
39 71-13 (type A) -12.5 750 38y 6.9 290 <1 649 <0.1 0.37 260 160 7.2 160 25.0 15.0 1.90 5.4 220 11.0 04 - <1 16 <0.1 16.0
40 1-22 (type F) —22.2 800 75y 7 10.5 330 <1 650 <0.1 0.21 230 220 10.0 87 59.0 4.0 0.20 15.0 240 9.0 0.6 - <1 7 <0.1 20.0
41 71-28 (type G) -27.1 1400 125y 6.8 10.5 210 <1 451 <0.1 0.58 260 130 7.4 99 17.0 4.0 0.15 16.4 26.0 17.0 0.2 - <1 13 <0.1 18.0
SITE 8. POLDER SYSTEM, SOUTH OF AMSTERDAM
42 25GS001 -14.0 - <300y 6.67 - 171 2 924 <0.1 9.14 - 128 28.6 126 68 9.2 0.83 39.5 249 - 141 - - - <0.1 -
43 25G376 -19.5 - <300y 6.95 - 189 1 1146 <0.1 - - 201 31.4 76 97 12.2  0.05 16.6 19.8 - 216 - - - <0.1 -
44 25GS001 —25.3 - <300y 6.91 - 118 2 875 <0.1 6.57 - 152 25.0 85 56 13.2 0.18 20.0 16.4 - 404 - - - <01 -

(continued on next page)
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Table 4 (continued)
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1038

<0.1

1192
1124
467

1338 9

7.38
7.23
6.97

<300y

—50.5
—82.5

25G376

<0.1

10.8

6.2
6.1

2.7

1829 33.7 178
3306 85.4 363

<0.1

3224 78

25G376

47
48

<0.1

1.0

11.6

7.3

352

- 6385 553 <0.1

6000

—149.5

25G376

SITE 9. ARTIFICIAL RECHARGE (BASINS), OUDDORP

49
50

<0.01

10.6
1.8

5.1

0.6
0.3
0.4

0.2

0.5

2.4
2.9

4.2

0.11
0.37

0.3

0.04 0.04
0.24 0.11
2.7

11

67

4.9
4.4

0.06 42
0.2
6.4

11.4
2.8

0.1

54 161
214
264

78

0

Input 2005-10

0.4

12

6.4

10.8
11

77.6
79

47.3
63

45.1
40

93.9
110

7.4
7.6

90 67 d

33

—4
2.2

Output 2005-10

10.664-2

<0.5 0.49

27.3 0.04 0.6

6.58 2.8

0.03

0.39

40d
SITE 10. COLUMN TESTING OF IMPACTS OF AQUIFER THERMAL ENERGY STORAGE AT SCHERPENZEEL

51

30 <0.1

1.4

0.7
1.4

0.6
0.8
1.9

2.1

5.2

0.09
0.06
0.02
0.02
0.04

299 22 0.08
0.36  0.06

0.8

5.6
6.2

<0.25 0.2

122
145

7.1

N/A 7.3
N/A

N/A

-35

In-situ

52

<0.1

11

6.1

<0.25 0.08 70 36.6 2.8

7.4
7.9

7.1

7.4
7.6
7.4

7.1

4.2 PV
0.9 PV
3.6 PV
2.2 PV

Max As @5 °C

<0.1

11

16.5
33

0.06 6.1

0.07
0.08

90 36.9 2.8

<0.25 1

139
130
145

N/A

Max As @11 °C  N/A

<0.1

7.3

0.4
0.4

387 3

2.7
2.1

110 6.4
##

7.1 <0.25 0.08

N/A

Max As @25 °C N/A

55

<0.1

2.5

<1

138

13.6 4.8

422 31

8.5

<0.25 0.4

7.8

N/A

Max As @60 °C  N/A

Sea Level.

Notes: + Glau = sand containing glauconite. SL
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(Coetsiers, 2007), also remote from well fields.

3.2.3. Site 3: Artificial recharge in coastal dunes (Zandvoort)

Since 1957, around 60 Mm®/a of pretreated Rhine water recharges a
large dune area south of the town of Zandvoort. The original infiltrated
Rhine water is oxic (with Dissolved Oxygen, DO > 9 mg/L), followed by
the subsequent consumption of DO and NOs during oxidation of sedi-
mentary organic matter, inferred to represent a transition in redox zones
from oxic to nitrate to iron reducing conditions (Table 4, Fig. 5). The
position of the next redox boundary separating iron and sulfate reducing
conditions (inferred from a reduction in sulfate concentrations) coin-
cided more or less with the deeper parts of aquitard A. The ambient dune
water is characterized by the absence of SO4 and underlies the infiltrated
Rhine water.

A distinct zone of high As concentrations was observed between
0 and 15 m below mean sea level in the anoxic parts of the Holocene
beach and marine sands (Fig. 6). The upper part of this high As zone
coincided with the change from aeolian to marine deposits and with the
transition from nitrate to iron-reducing conditions. The subsequent
reduction of As concentration with depth, coincided with the transition
from iron reducing to sulfate reducing conditions (indicated by reducing
sulfate concentrations). The coincident reduction in Fe and As suggests
that produced sulfide likely precipitated as arseniferous pyrite.

This situation resembles the situation in the dunes without artificial
recharge (site 1) but with higher As concentrations. This difference may
be explained by differences in lithology and geochemistry, history and
hydrochemical composition. The Holocene sediments found at site 3
contained more discontinuous dune peat layers and aquitard A has a
finer texture. Geochemical analyses showed that peat and fine grained
sediments have relatively high As concentrations. Another difference is
the higher rate of historic groundwater extraction in the period
1853-1957 that occurred at site 3 resulting in groundwater drawdown
of 4 m, compared to only 1 m at Site 1. Following the start of the arti-
ficial recharge, groundwater recovered and rose by 1-4 m at Site 3.

3.2.4. Site 4: Artificial recharge using deep well injection (Langerak)

Close to the town of Langerak, a deep well injection pilot was run for
20 months, recharging a semiconfined, anoxic, sandy aquifer with oxic
drinking water (Table 4, Fig. 7). Further details on the pilot study are
given by (Stuyfzand and Timmer, 1999) and (Saaltink et al., 2003). Mass
balances revealed that both O, and NOj3 oxidized pyrite, that contained
significant amounts of As, Co, Ni and Zn (Table 3 and SI). This resulted in
a front of mobilized As close to the injection well, which was largely
immobilized further down gradient by adsorption to, or co-precipitation
with, neo-formed iron(hydr)oxides (Fig. 8). Arsenic leaching declined
substantially after flushing of the aquifer matrix with 10 pore volumes of
infiltrated water (PVs), while elevated SO4 concentrations in the
observation well at 20 m distance suggested ongoing pyrite oxidation
during the entire pilot (>88 PVs). This is explained by the initial lack of
(a) complete oxidation of the mobilized As (probably as H3zAsOs) to
AsO3~ and (b) sufficient sorption sites on neo-forming iron (hydr)oxides.
Also Ni mobilized from pyrite, but showed a significant delay in the
calcareous aquifer with respect to As (Fig. 8, Table 4). The highest As
concentrations were observed at 1.6 PVs, whilst for Ni highest concen-
trations were observed around 75 PVs.

3.2.5. Site 5: An aquifer system with strong nitrate pollution (Vierlingsbeek)

A phreatic well field near the town of Vierlingsbeek extracted 3-5
Mm?®/a of groundwater for around half a century starting since 1965.
Land use in the catchment area was dominated by agriculture with high
fertilizers use. The high input of nitrate resulted in extensive oxidation of
pyrite in the sediment below 1-6 m + SL, which led to elevated SO4 and
As levels in extracted groundwater (Smolders et al., 2010; Van Beek
et al., 1989, 1988; Van Beek and Van der Jagt, 1996). Pyrite facilitated
denitrification is widely reported in sandy aquifers which are impacted
by excessive fertilization (Jessen et al., 2017; Zhang et al., 2009, 2012).
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Fig. 2. Site 1: Concentration patterns of total As and
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Fig. 3. Site 1: Mean composition of shallow dune groundwater as a function of
dune peat interaction: 1A; = thin peat layer permanently in unsaturated zone;
1A, = thin peat layer permanently in saturated zone; 1A3 = relatively thick peat
layer permanently in saturated zone. Pure dune peat groundwater = dune
groundwater that passed the peat layer without mixing with dune groundwater
that did not.

A-D = dissolved ions in groundwater for situation without peat (A; oxic to
suboxic), with peat 1A; (B; oxic to suboxic), with peat 1A, (C; suboxic), and
with peat 1A3 (D; anoxic). n = number of samples in area (Figure modified from
Stuyfzand, 1993a; 1993b).

The spatial distribution of groundwater types showed that agricul-
tural impacts were limited to the upper 20-25 m (Fig. 9, showing data
for 1988). This resulted in (sub)oxic CaNO3 water (NOs up to 330 mg/L)
in the Pleistocene coarse sand and gravel aquifer, and an anoxic CaSO4
water type in the underlying, finer grained Pliocene sands. The highest
concentrations are observed in NP.1 where SO4 and As reached 250 mg/
L and 110 pg/L, respectively. The elevated As coincides with increasing
concentrations of Co, Ni and Zn (Table 3). Ni concentrations were
elevated over a larger depth zone than As (Fig. 13) which may be due to
the low pH (4.5-6) resulting in differences in sorption between Ni and
As. In addition, As is largely immobilized in the upper pyrite oxidation

As-total [ug/L], SO, [mg/L]

Fig. 4. Site 2: Arsenic and sulfate depth profile at the Dorst well field. The
profile is based on average concentrations from 8 wells within a radius of 2 km
around well field Dorst.

zone by co-precipitation with neo-forming iron (hydr)oxides. Although
groundwater below 10 m-SL is less influenced by nitrate pollution, As
concentrations are still elevated (20-40 pg/L; Fig. 10). The absence of
elevated Ni and Zn concentrations (which would derive from pyrite
oxidation), overall natural groundwater composition (CaHCO3 type)
and presence of glauconite in the Miocene deposits (as on site 2) suggests
that the elevated As is of purely geogenic origin (deriving from minerals
associated with greensand).

3.2.6. Site 6: Anoxic, Rhine River bank filtrate (Opperduit)

A former floodplain of the Lek river (a Rhine tributary) north of the
town of Opperduit was embanked and drained in the 18th century,
resulting in a so called polder. Continued drainage induced land subsi-
dence, which in turn resulted in a hydrological setting where water from
the river Lek infiltrates towards the aquifer and flows towards the
floodplain. In 1983 and 1995 a transect of wells equipped with nested
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piezometers was sampled for extensive chemical analysis (Stuyfzand
et al.,, 2006). Nearly all samples collected were anoxic. A plume of
groundwater with elevated As concentrations (up to 200 pg/1) stretches
from below the floodplain towards the former floodplain (Fig. 11). The
elevated As is attributed by Stuyfzand et al. (2006) to the recent fluvial
mud/sludge layer, deposited between the river groins, which likely acts
as a substantial source of As, solutes like DOC, HyS and CHy4, which may
reduce iron (hydr)oxides and arsenate, and ions like PO4, HCO3, H4SiO4
and DOC which may compete with As for sorption sites on reactive
minerals. The Opperduit case is representative for situations with sedi-
mentation of underwater muds and sludge, with a high content of
reactive young organic matter (for instance in gravel pits, harbors and
closed meanders), which results in anoxic conditions.
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3.2.7. Site 7: Anoxic, river bank filtrate in the Hollandsch Diep estuary

The Hollandsch Diep is part of the estuary formed by the Rhine and
Meuse rivers. The flood protection of the Deltaworks (Dutch: Delta-
werken), led to changing river flow conditions which resulted in the
deposition of a 0.2-4 m thick mud layer on top of the sandy river bed at
the northern part of the estuary (Fig. 12). The presence of a permanently
drained deep polder north of the Hollandsch Diep (surface at 1.6 m-SL),
resulted in continuous infiltration of the estuarine fresh surface water
towards the aquifer, since the 17th century, which resulted in an intri-
cate spatial pattern of groundwater quality as shown in Fig. 13 (Stuyf-
zand et al., 2004, 2006). Groundwater is anoxic with high CH4
concentrations (up to 20 mg/l) especially in types B, C, F and G
(Table 4). Groundwater types B and C have been in close contact with
the recent mud layer, and are quite exceptional in their chemical
composition with relatively high concentrations of As and other species
including Ca, HCO3, DOC, CHy4, NH4, Mg, K, and Fe. This is thought to be
the result of oxidation and fermentation of labile organic matter present
in the mud, and As may have been derived from reducing iron (hydr)
oxides in and below the mud layer. In addition, the mud layer is sus-
pected to contain dissolving arseniferous struvite.

3.2.8. Site 8: polders south of Amsterdam

Several deep polders (4-6 m-SL) south of Amsterdam were reclaimed
from lakes between 1700 and 1852 AD. These intensively drained
severely polders impacted groundwater flow (Fig. 13) resulting in a flow
direction from the surrounding peat lands and the surface water
network. In these deep polders (Van Rossum, 1998) observed high As
concentrations in the upper 50 m of groundwater (Fig. 13 and Table 4).
High As contents were observed in the deepest of several peat layers (84
ppm; Table 3), while the highest As concentrations (100-823 pg/L) are
associated with anoxic groundwater in the Pleistocene aquifer, and
coincide with elevated concentrations of Fe, HCO3, PO4, and NH4
(Table 4). This water is mostly fresh (Cl < 300 mg/L) and relatively
young (<100 years, tritium often present), and infiltrated through dis-
continuities in the Holocene clay and peat aquitard. These discontinu-
ities are formed by sandy infills of tidal gullies and rivers, relatively
shallow peat excavations and canals (down to 5 m-SL) and deep sand
pits (e.g. the Ouderkerkerplas extending to 45 m-SL). The As mobiliza-
tion in the area may have multiple causes (Van Rossum, 1996, 1998): (i)
local pyrite oxidation may have occurred at shallow depths near
drainage systems and at depth within the Pleistocene aquifer; (ii)
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reductive dissolution of iron (hydr)oxides in the Holocene sediments
and underlying Pleistocene sediments in combination with the reduction
of As(V) to As(Ill); (iii) desorption of As(V) through raised concentra-
tions of PO4, H4Si04, HCO3, SO4 and DOC in the infiltrating polluted
surface waters that are composed of a mixture of Rhine River water and
groundwater seepage from deep polders; and (iv) by ripening of iron
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(hydr)oxides to more crystalline iron-minerals (e.g. goethite) which
have less sorption sites.

3.2.9. Site 9: Arsenic problems due to ecological optimization of basin
recharge system Ouddorp

At public supply well field Ouddorp (Fig. 1), AR has been applied as
of 1955. The infiltration water was composed of untreated polder water
(1955-1972), an untreated mixture of polder and fresh water from the
Haringvliet lake (1972-1993), untreated Haringvliet water
(1993-1995), and pre-treated Haringvliet water (1995-today). In 2007
an alarming rise of As concentrations was noticed in the raw water,
which is still on-going. The level increased from ~3 pg/L in the year
2000 to ~13 pg/L in 2013, with a simultaneous increase in Fe, Mn, NHy
and PO4 concentrations (Fig. 14). A very similar As peak concentration
had shown up already in 1983, also together with high Fe, Mn, NH4 and
PO, concentrations (Fig. 14). The As increase in the period 2000-2013
could be linked to ecological renovation works in 2000, which aimed at
the creation of broader and morphologically more varied recharge ba-
sins, and at a rise of water tables in the recharge area to stimulate
phreatophytic plant communities. The water table rise resulted in
groundwater conditions becoming more anoxic, as evidenced by the
increasing Fe, Mn, NH4 and PO4 concentrations. This resulted in
increasingly more reductive dissolution of iron (hydr)oxides from which
the As was inferred to be mobilized. A clear seasonal pattern in this
reductive dissolution was observed, showing As peaks in late summer or
autumn when temperature is highest and NO3 lowest due to more
denitrification (Stuyfzand et al., 2014).

The upward trend in As concentrations also correlated with a
decreasing trend in Oz concentrations, an upward trend in temperature,
HCO3 and TOC concentrations, and a decreased infiltration rate.
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Concentrations of As, Fe and PO, increased by about the same factor (4)
in the period 2000-2013: As from 3 to 13 pg/L, Fe from 0.25 to 1.0 mg/L
and POgy-total from 0.06 to 0.24 mg/L. Mo and V showed a positive
correlation with As peaks, in 12 observation wells, contrary to Co and Zn
which showed a negative correlation. This indicates that Mo and V (both
oxyanions) could be bound to Fe(OH)3 as well, and codissolve with it
under reducing conditions.

The above discussed Ouddorp case confirms the insight from the
other sites that an As increase is often accompanied by groundwater
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becoming more anoxic: which can be seen from rising Fe(II), Mn(II),
NH,4, PO4, HCO3 and DOC concentrations and a decline of O, NO3 and
SO4 concentrations.

3.2.10. Case 10: temperature effects of aquifer thermal energy systems
Over the last two decades, the Netherlands have seen an exploding
use of aquifers for aquifer thermal energy storage (ATES). This involves
extracting groundwater to heat or cool a building, after which the
groundwater is infiltrated back into the same aquifer. This causes
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temperature perturbations far beyond natural variability. While most
systems operate within a range + 5 °C, there are also applications where
much higher groundwater storage temperatures are desirable, between
40 and 60 °C (Bonte, 2015; Fleuchaus et al., 2020; Wesselink et al.,
2018). This raised questions regarding groundwater quality impacts,
especially when potable aquifers are used (Bonte et al., 2011).

This question was addressed using a column testing setup where
aquifer sediments from the Sterksel formation (a Pleistocene sand
aquifer used for both drinking water production and ATES) were flushed
with ambient anoxic groundwater at various temperatures. This showed
that As is very sensitive to temperature change, with the As concentra-
tion doubling when temperature is increased from 11 to 25 °C (Bonte
et al., 2013a, 2013b). These results were confirmed in several other
laboratory studies (Craig, 2018; Javed and Siddique, 2016; Liiders et al.,
2020).

Based on leaching patterns observed during the column testing
(Bonte et al., 2013a), inferred that As mobilization was caused by
desorption from, and potentially reductive dissolution of, iron oxides.
Reactive transport modelling was used to simulate these processes. It
showed that ATES operation at elevated temperature causes transport of
As from the center of the hot zone where it is released to the fringe of the
cold zone where it is resorbed (Bonte et al., 2014). This however
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assumes a homogeneous geochemical distribution of sorbents, and a
more heterogeneous distribution may result in As mobilizing further
away from the ATES system.

Water quality data from ATES sites confirms the temperature influ-
ence on As concentrations but results are variable. For example at the
Koppert-Cress site in the Netherlands where As concentrations decrease
as a result of mixing processes (Guglielmetti et al., 2021). At another site
in the Netherlands in Wageningen (NIOO) both increasing and
decreasing As concentrations with increasing and decreasing tempera-
ture are observed (Guglielmetti et al., 2021) which is in line with
modelling results by (Bonte et al., 2014). These studies showed that
temperature is an important factor influencing As mobility which re-
quires monitoring, especially at systems operating at high temperatures.

3.3. Review of arsenic mobilizing processes in The Netherlands

Based on the collected data and interpretation for these sites, seven
processes for arsenic mobilization can be recognized (Table 5). The
dissolution of sulfuric arsenic minerals without redox changes (no. D) is
not discussed further because of its presumed very rare occurrence in the
Netherlands but can be important elsewhere (Kim et al., 2000). A survey
of the main triggers, processes and accompanying hydrochemical in-
dicators of arsenic mobilization at the 10 study sites is presented in
Table 6.

3.3.1. Process A: desorption by a decreasing Anion Exchange Capacity

Several processes can negatively influence the Anion Exchange Ca-
pacity (AEC) of minerals present in the aquifer system. This may occur
when iron and aluminum (hydr)oxides dissolve or ripen into higher
crystallinities (Smedley and Kinniburgh, 2002). The ripening of hydrous
ferric oxides (HFO) to more crystalline minerals such as goethite
(a-FeOOH) results in a decrease in surface area and desorption of anions
like arsenate (Dixit and Hering, 2003; Stolze et al., 2019). This is illus-
trated by the chemical composition of mineral deposits found in water
well screens, showing decreasing As content when HFO ripen to higher
crystallinities (Houben and Treskatis, 2007). Ripening of HFO, can also
result in incorporation of As into the crystal lattice and become more
firmly incorporated to the product phase (Pedersen et al., 2006). We
presume that this process is also active in specific groundwater flow
systems, for instance where groundwater tables first decline, with
concomitant HFO formation from oxidizing pyrite. When groundwater
levels are restored, recently formed HFO may reductively re-dissolve
(Burton et al., 2014). Released Fe?* may be flushed to other parts of
the aquifer where HFO is transformed to goethite or hematite. This may
have happened on sites where groundwater extraction was followed by
artificial recharge like in the coastal dunes (Site 3).
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2020), HCO3 (Anawar et al., 2004; Appelo, 2008; Appelo et al., 2002;
Holm, 2002), SO4 (Ghurye et al., 1999; Xu et al., 1988), F (Wu et al.,
2017), H4SiO4 (Nguyen et al., 2011; Swedlund and Webster, 1999), and
possibly DOC (Malik et al., 2020; Smedley and Kinniburgh, 2002). Such
competition induced As desorption can be expected in situations where a
change in water management (for example artificial recharge) resulted
in the introduction of water with increased PO4, HCO3, H4SiO4 and DOC
concentrations in aquifers with ambient groundwater with relative low
concentrations of these species (Sites 3, 6-8), or in situations where an
increase in these species is generated by increasingly reducing condi-
tions and reductive dissolution of Fe-oxides (Site 6).

Changes in anion sorption selectivity or the point of zero charge of
the sorbent may also induce As desorption. These changes can be due to
changes in salinity, pH or temperature (Bonte et al., 2013a; Ghurye
etal., 1999; Kersten and Vlasova, 2009). This is likely a main contributor
for As mobilization for the ATES column tests at site 10. Elevated SO4
concentrations may contribute to the high As levels on site 5 which is
characterized by a low pH (4.6-5.3). The infiltration of polluted surface

13

Note: C = frequent; CC = very frequent; RR = very rare.

waters also increased SO4 and F concentrations in AR and RBF systems,
but the pH of these waters is probably too high (7-8) and the concen-
tration increase relatively limited (up to 100 mg/L SO4 and 0.4 mg/L F)
for SO4 and F to become a significant As desorbent.

Artificial recharge with surface water and saturated with respect to
calcite at Sites 3 and 4, resulted in increases in groundwater pH from 7.3
to 7.8 (Stuyfzand, 1993b). This may have contributed to mobilizing As
at these sites. Fresh groundwater intrusions into brackish or saline
aquifers often lead to more pronounced pH increases (from 7.5 to 8-8.5;
(Stuyfzand, 1993a), but no As mobilization has been observed there.
This may indicate that As sorption to reactive surfaces is limited in these
strongly reducing environments.
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Table 6

Survey of arsenic occurrence at the 10 study sites, main triggers and accompanying redox conditions.
Site As-max Conditions
No. Name ug/L Depth [m-LS] Age [a] Main processes # Main triggers ## Redox
1 Zandvoort dunes 2-10 9 5-10 G Redox transition Oxic/suboxic
2 West-Brabant uplands 25-40 175 2000-10,000 C GMA, Ca-adsorption? anoxic
3 AR Basin, Zandvoort 50 13 4-20 EJF,GA ARB, GWT down & up suboxic
4 AR DWI, Langerak 90 92 0.02-0.5 E DWI suboxic
5 Vierlingsbeek 110 27 30-40 E,B excessive manuring, GWT down suboxic
6 RBF Opperduit 200 5-15 0.2-4 G, F,CB deposition mud anoxic
7 RBF Hollandsch Diep 420 12-15 5-25 G, F,C,B deposition mud; struvite diss? anoxic
8 Polders south of Amsterdam 880 30 20-200 G,F,E,C,B,A drainage, peat excavation and sand pits anoxic
9 AR Basin, Ouddorp 27 2-4 0.3-5 G,F rise of water table suboxic
10 138 35 NA G,FA rise of temperature suboxic/

ATES Laboratory experiments, Scherpenzeel

anoxic

Notes: #: number corresponding with Table 6, in order of decreasing importance; ##: ARB = Artificial recharge via basins, using oxic water; DWI = Deep well injection
into anoxic aquifer, using oxic water; GMA = dissolution glauconite mineral assemblage; GWT = Groundwater table; RBF = River bank filtration; R: relative retar-
dation factor = time of Ni peaking since infiltration/time of As peaking since infiltration.

3.3.3. Process C: dissolution of non-sulfuric mineral phases containing as
traces

The most important As containing non-sulfuric mineral phases in the
Netherlands, are probably contained in anoxic glauconitic sands and
clays of Pliocene and Miocene age (Site 2), and in recent underwater
muds and sludge (Site 6-7). The exact non-sulfuric sources of As in these
sediments are not clear. However, in the glauconitic sediments it could
be the anoxic weathering of glauconite or of associated minerals like
apatite and carbonates. As a large fraction of the As is not S-bound
(Supplementary Information), it is hypothesized that cation exchange
due to fresh water intrusion, which depletes Ca and raises Na, K and Mg,
may also trigger the dissolution of apatites and carbonates which have

Table 7

As associated. Struvite could be present in the polluted underwater muds
and sludge on Site 7. The mineral saturation index of water type C
(sample 37 in Table 4) with respect to struvite is indeed close to O,
indicating that the water approaches saturation possibly by dissolving
struvite.

3.3.4. Process E: redox reactions: pyrite oxidation

Oxidation of pyrite is one of the most important As mobilizing pro-
cess in the Netherlands, especially in closed systems exposed to nitrate
pollution. This situation occurs at Site 5 with high agricultural NO3
input (Fig. 9), and at Site 4 where oxic drinking water is injected. The
relevant chemical reactions are schematized as equations 7-10 in

Overview of the most important redox reactions with organic material, pyrite and ferrihydrite, and the resulting concentration changes in water for inorganic
carbon species, nutrients and trace constituents of the reacting solid phases. Reactions generating the highest concentrations of trace elements and nutrients show a-
h without brackets in blue cells. Reactions showing a-h within brackets indicate that the mobilized nutrients or trace elements are largely immobilized by secondary

reactions (chemisorption to Fe(OH); or nitrification).

Reaction Concentration change [mol/L] on the product side #
No. | Equation CO: | HCOs [Tic$| NHe [POs| 1| | As | Co | Ni | zn
Oxidation of organic material (CH20)
1 |[CH:20+02 > CO2+H20 1 0 2 (a) (b) | (c) 0 0 0 0
2 |CH20+0.8NOs > 0.4 Nz2+0.2CO2+ 0.8 HCOs + 0.6 H20 0.2 0.8 1.2 (a) (b) | (c) 0 0 0 0
3 |[CH20 +4 Fe(OH)3+ 7CO2 > 4Fe?+ 8 HCOs + 3 H20 -7 8 1 a b © ? 0 0 0
4 |CH20 +0.5S04> > 0.5H2S +HCOs 0 1 1 a b © 0 0 0 0
5 |CH20+05C02 > 0.5CH4+ CO2 0.5 0 1 a b © 0 0 0 0
6 |CH2O0+2H0 -> 2H2+CO2+H0 1 0 2 a b © 0 0 0 0
Oxidation of pyrite (FeS3)
7 |FeS2+3502+2HCOs > Fe?* +2804* +2 CO2 + H20 2 -2 2 0 0 0 e f g h
8 |FeS2+3.7502+4HCOs > Fe(OH)s +2 S04* +4 COz2 + 0.5 H20 4 -4 4 0 0 0 (e) ) 9) | (h)
FeSz2+2.8NO3 +0.8 CO2+ 0.4 H2O > Fe? +2S0s* +0.8HCOs +14N2 | -0.8 0.80 0 0 0 0 e f g h
10 |FeS2+ 3 NOs + HCO3 + H2O > Fe(OH)s + 2 SO4* + CO2 + 1.5 N2 1 -1 1 0 0 0 (e) (f) (9) | (h)
Reduction of ferrihydrite (Fe(OH)3)
11 | Fe(OH)3 + 0.25 CH20 + 1.75CO2 > Fe?*+ 2HCOs + 0.75 H20 1.75 2 0.25 a b © ? 0 0 0
12 | Fe(OH)s + % H2S +1.75 CO2 > Fe?* + % S04% + 1.75 HCOs + 0.75 H20 -1.75 1.75 0 0 0 0 ? 0 0 0
13 | Fe(OH)s + % CHa + 1.88 CO2 > Fe?" + 2 HCOs + 0.75 H20 -1.875 2 0.125 0 0 0 ? 0 0 0
14 |Fe(OH)3 +0.5H2+2C0O2 > Fe? +2HCO3 + H20 -2 2 0 0 0 0 ? 0 0 0

Notes: ## = upon oxidation of 1 mol/L CH20 or FeS2, or reduction of 1 mol/L Fe(OH)3, assuming conservative behavior of trace constituents (NH4, PO4, 1, As, Co,

Ni, Zn); $ = Total Inorganic Carbon, assuming all CO2 reacting with CaCO3; a, b = average molar content of CH20 according to resp. Froelich et al. 1979 and
Uliman & Aller 1985: a = 0.075-0.151 NH4, b = 0.0045-0.0094 PO4; ¢ = average molar content of CH20 according to Ullman & Aller 1985: 0.0002 i-total
e, f, g, h = average molar content of FeS2 (Table 4): e = 0.0018-0.0058, f = 0.0003-0.0048, g = 0.0013-0.0145, h = 0.0029-0.0421
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Table 7.

At both sites pyrite oxidation is clearly demonstrated by the com-
plete loss of oxidants, the stoichiometric release of SO4, and the (tem-
poral) mobilization of As, Co and Ni. At Site 5, with pH 4.5-5.4 due to
natural decalcification and high acid inputs (by nitrification and pyrite
oxidation), Co and Ni concentrations approximate the stoichiometric
pyrite oxidation, whereas As and Fe show a smaller release due to neo-
formation of HFO and increasing As sorption at low pH.

During deep well injection at Site 4, As was mobilized close to its
stoichiometric release only in the beginning and close to the injection
well, when O, and NOg3 were firstly introduced to pyritiferous deposits
(Fig. 7). As injection at this site continued, released Fe?" was converted
to HFO that sorbed mobilized As and dampened aqueous concentrations.
When redox conditions in the aquifer become less reducing, arsenite
may be oxidized to arsenate, subject to availability of O, or NO3, which
can depending on prevailing pH influence overall arsenic mobility (Dixit
and Hering, 2003).

The downstream attenuation of As plume is probably connected with
continued HFO interaction. The latter could be transported as colloidal
particles over a limited distance before being deposited when either the
velocity of groundwater flow reduces or where sediments become finer
resulting in trapping of colloidal particles. In fact, anoxic filtration of the
water samples in the field led to a remarkable removal of ferric iron
flocs, as evidenced by a brownish coating of the membrane filters used.
This particle transport in deep well injection systems is enhanced by
relatively high groundwater flow velocities (1-3 m/d). When compared
to Site 5, deep well injection resulted in higher As and lower Co, Ni and
Zn concentrations. This is attributed to the higher pH (7.3), which raises
the mobility of As and decreases the mobility of Co, Ni and Zn. Pyrite
oxidation may have played an indirect role at Sites 1 and 3, where the
groundwater table first declined (and pyrite oxidized) and was later
restored.

3.3.5. Process F: redox reactions leading to reductive dissolution
Reductive dissolution of iron (hydr)oxides with the reduction of
arsenate to the more mobile arsenite forms the second most important
As mobilization process in the Netherlands. The reduction is mainly
achieved in the upper 300 m where fresh groundwater is pumped for
drinking water supply, by unstabilized soil organic matter (SOM), either
directly in solid or dissolved state (reaction 11 in Table 7), or indirectly
through the gases H,S, CH4 and H; (reactions 12-14 in Table 7). These
gases are produced during either fermentation of SOM or oxidation of
SOM coupled with sulfate reduction (reactions 4-6 in Table 7).
Although anaerobic oxidation of methane by ferrihydrite (reaction
13) has been reported to occur under natural conditions (Cornell and
Schwertmann, 2003), no data on the reaction kinetics at ambient tem-
peratures were found in the literature, indicating that further research
on the relevance of reaction 13 is needed. SOM is represented in the
above-mentioned reactions as CH2O(NH3)w(H3PO4)yI; with default
values w = 0.151 and y = 0.0091 in accordance with (Froelich et al.,
1979), or w = 0.075 and y = 0.0045 in accordance with Hartmann et al.
(1973), and z = 0.0002 in accordance with (Ullman and Aller, 1985).
Methane concentrations in anoxic groundwaters in the Netherlands
are normally in the range of 1-50 mg/L, with occasional outliers to 100
mg/L (Cirkel et al., 2015; Fortuin and Willemsen, 2005; Stuyfzand,
1994). Reaction 5 shows that the presence of methane should be asso-
ciated with high concentrations of HCO3, NH4, PO4 and I. This is indeed
very often the case (Stuyfzand, 1993b, 1994), which also holds for dis-
solved organic carbon (DOC). The para-genesis of CH4, CO3. HCO3, NHy,
PO4, DOC and I implies that mobilized arsenite, if it could sorb anyway,
finds a huge amount of competitors (PO4, HCO3, DOC and I) which in-
creases its mobility. It should be noted that the direct reduction of Fe
(OH)3 by labile organic material likewise yields elevated concentrations
of at least HCO3, NH4 and PO4 (Reaction 3). It can therefore be
concluded that redox reactions in a reducing (suboxic to anoxic) envi-
ronment, not only dissolve iron (hydr)oxides and the associated As, but
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also generate anions and DOC that act as inhibitors of As sorption. In
addition, high concentrations of H4SiO4 may develop in anoxic envi-
ronments due to the dissolution of diatoms, which can be abundant in
the aquitards responsible for developing the anoxic conditions (Stuyf-
zand, 1993b).

Unfortunately very strong correlations do not exist between As and
single indicators of anoxic conditions (like high CH4, HCO3, NHy, POy,
and DOC concentrations and low SO4 contents) (for instance (Appelo,
2008; Smedley and Kinniburgh, 2002)). This is due to many secondary
processes taking place when large amounts of SOM, CaCO3 and iron
(hydr)oxides dissolve. These processes include CH4 bubble migration,
sorption of FeZ*, NH,, As, PO, and DOC, and precipitation of minerals
like siderite, apatite and vivianite, which may sequester As again.
(Postma et al., 2007) noted a good positive correlation between As and
NH4 which is not evident for data presented in Table 4, where NH4 and
As have a correlation coefficient of less than 0.04. This indicates that the
use of indicator parameters is strongly restricted to the aquifer for which
the data are collected and care should be taken to extrapolate such to
other geochemical systems.

4. Implications and conclusions

Although our review showed that elevated As concentrations may
occur in various groundwater systems in the Netherlands, no major As
problems have been encountered in drinking water supply. Arsenic
concentrations in most fresh groundwater systems in the Netherlands
are low (<10 pg/L), as observed at Site 1 (coastal dunes). This is
considered representative for most sandy recharge areas under natural
conditions without large scale hydrologic disturbances. At sites where
higher As concentrations are present in raw groundwater, water treat-
ment effectively reduces arsenic concentrations. This usually involves
aeration followed by rapid sand filtration resulting in precipitation of
iron(hydr)oxides and co-precipitation of As (Ahmad, 2020, de Moel
et al., 2006). Recently, the Dutch drinking water sector has aimed at
increasing water treatment efforts further to meet a drinking water
criterion of <1 pg/l, which is a factor of 10 lower than the WHO health
advisory limit (Ahmad et al., 2020b). This is achievable through further
optimization of Fe based co-precipitation methods (Ahmad et al.,
2020a).

Our review highlighted that elevated arsenic concentrations are
present in a wide range of hydrogeological conditions under anthropo-
genic pressures. Understanding the hydrochemical processes and
anthropogenic influences that trigger these processes is key to predicting
future trends in arsenic concentrations in groundwater. Our review
identified a number of systems where elevated As may occur: 1)
Groundwater extraction from aquifers in anoxic glauconitic deposits of
upper Tertiary age (As concentrations up to 40 pg/L); 2) Systems where
surface water is used for artificial recharge via basins (max. 50 ug/L) or
wells (max. 90 pg/L); 3) Systems with pyritiferous sediments under
pressure of nitrate pollution (max. 110 pg/L); 4) Aquifers fed by surface
water bodies where infiltrating water passes accumulated underwater
muds and sludge (max. 420 pg/L); 5) Man-made polders and reclaimed
lakes south of Amsterdam (max. 880 pg/L). Anthropogenic temperature
perturbations, for example caused by aquifer thermal energy storage,
have the potential to raise As concentrations (site 10).

This study suggests that the most severe As problems in the
Netherlands relate to interactions of (occasionally) polluted surface
water and groundwater (as in AR and RBF systems), especially where
redox conditions are variable through time, for example changing from
reducing to oxidizing and then back to reducing, or where methanogenic
polluted underwater muds and sludge interfere with groundwater
recharge. Interestingly, these findings are partly in line with those re-
ported by (Harvey et al., 2006) who identified intensified groundwater
flow, increasing aquifer recharge via ponds and rivers, and inputs of
labile organic carbon via waste water as main drivers for arsenic prob-
lems in Bangladesh.
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