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ABSTRACT: In the lowlands of Nepal, as well as in several other South Asian
countries, the level of arsenic in groundwater extracted from Quaternary alluvial
sediments frequently exceeds the World Health Organization (WHO) drinking water
guideline of 10 μg/L. The widely accepted explanation refers to the reductive
dissolution of Fe-bearing minerals releasing As-oxyanions from the soil minerals.
However, this hypothesis is only to some extent applicable. Given that arsenic and
iron in the groundwater are weakly correlated or decoupled and iron(III)
(hydr)oxides are scarcely present, a substantial portion of As and Fe has to be
retained in clay minerals. The low concentration of iron in groundwater can be
explained by the origin of As and Fe in the rocks (leucogranites); in the High
Himalayas, they are low in Fe but considerably enriched in Li, B, As, Se, Br, Sr, Mo,
Cd, P, and U. This unique geochemical setting has a major impact on the
performance of the Kanchan Arsenic Filters (KAFs) used to eliminate As from
groundwater in Nepal. Lack of sufficient Fe in groundwater, combined with limited
release of iron by corrosion of iron nails, call for an adapted version of these filters. The first results from 20 modified filters show a
clear increase in As removal efficiency, achieved mainly by the replacement of old nails, an added upper sand layer over the nails, and
elongation of the outlet tube to avoid wet−dry cycles and to keep the nail bed immersed. Proper instructions to the users on the
operation and maintenance of filters, by replacing the reactive materials (iron nails) and the lower sand bed regularly, are imperative.

1. INTRODUCTION
Although the problem of arsenic contamination of ground-
water in several South Asian countries (Bangladesh, India,
China, Vietnam, Cambodia, Myanmar) has been known since
the 1990s (e.g., see ref 1 and references therein), this issue
remains mostly overlooked in Nepal. Several sporadically
published scientific articles mention that the population in the
southern lowlands of Nepal (Terai, the Indo-Gangetic Plain of
southern Nepal) suffers from adverse health effects caused by
the intake of arsenic (As) from the groundwater used as
potable water. According to the available information, 24
districts in Nepal, including all 20 Terai districts and four hill
districts, exhibit an increased concentration of As in ground-
water.2−8 Groundwater represents the principal source of water
for drinking and irrigation in the Terai area, and over 90% of
the entire Terai population extracts groundwater from single
household tube wells for drinking, household use, and land
irrigation.9,10

Given the geological and geochemical conditions conducive
to the release of this contaminant in groundwater, As
concentrations can reach levels hazardous to human health,
causing skin lesions and pigmentation changes, keratosis of
palms and soles, and cancer of skin and internal organs.7,9,11,12

Therefore, as the drinking water guideline of 10 μg/L for
arsenic introduced by the World Health Organization (WHO)
was frequently exceeded in the Terai, the National Arsenic

Steering Committee (NASC), involving major stakeholders
from the drinking water and sanitation sector, was established
in Nepal in 2003.

In accordance with almost all scientists researching arsenic
contamination of groundwater, elevated concentrations of As
in these surroundings are of geogenic origin. As is undoubtedly
derived from the natural weathering of minerals and rocks of
the Himalayan belt.9,13−15 The Himalayan foreland basin and
the Bengal fan, one of the largest modern fluvial deltas of the
world,16 are built up by the sediments carried by the Ganga−
Brahmaputra river system. The younger sediments (Holocene
in age) in these regions of low elevation combined with a low
hydraulic gradient are distinctive from many arsenic-rich
aquifers. The sediments frequently contain 1−20 mg/kg
(near crustal abundance) of arsenic, and this level can cause
high dissolved As (>50 μg/L) concentrations in groundwater if
one or both of two potential triggers, an increase in pH above
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8.5 or the onset of reductive iron dissolution, are
activated.17−19

The discussion on the release mechanisms leading to the
dissolution of As into groundwater from alluvial sediments in
the Terai is still controversial. The iron concentrations in the
groundwater are much lower in Nepal than, for instance, in
Bangladesh or Vietnam.20 Moreover, As is not correlated with
Fe concentrations (decoupling of As) but is positively
correlated with lithophile elements, such as Na and K.
Decoupling between aqueous As and Fe has also been
observed by other authors.19,21 As, Na, and K are commonly
derived from alumosilicates, such as clay minerals (including
micas). During weathering, elements such as Fe and Al are
enriched in the residues of the soil minerals and the
groundwater will be enriched in mobile elements like Na and
K. Fine-grained alumosilicate is well-known for efficiently
adsorbing As22−25 and is, therefore, regarded as a source of a
substantial amounts of As. This desorption is widely controlled
by local and climatic conditions.

The objective of this Perspective is to provide an overview of
the general situation, geological background, release mecha-
nisms of As into groundwater, and the actual mitigation
provisions in the district of Nawalparasi, Nepal. Kanchan filters
are currently the first mitigation choice in Nawalparasi and
subject to modifications for improved performance. Although
several studies about newly developed materials for As removal
have successfully been tested in laboratory settings, these
materials are still far from being evaluated in field trails and are
therefore not mentioned in this article. Nawalparasi is a split
district of the Lumbini Zone, Western Development region, at
a latitude of 27°37′09.84″ North, longitude 84°01′12.00″ East.
Tubewells and sampled filters are located within the urban area
of Ramgram (the capital of Nawalparasi) or in the villages of
Manari, Panchanagar, Tilakpur, and Unwach, which are all
found in the vicinity of Ramgram. The Perspective is based on
previous publications by the author and coauthors from 2015
to 2020 and on filter modifications and new data collected in
2021 and 2022.

2. GEOLOGY OF THE TERAI
The landlocked Nepal appears to be squeezed between China
and India. A rugged and undulating topography and geology is
characteristic of the whole predominantly mountainous
country. These topographic variations in Nepal are largely
controlled by geology,7 and the marine sedimentary deposits
forming the High Himalayas and the Siwalik Hills, formed by
the then east−west flowing rivers, can be located within
relatively short distances.26 The Terai Plain in the southern
part of Nepal, close to the Indian border, is known as an active
foreland basin built up by Quaternary sediments, including
molasse units along with gravel, sand, silt, and clay.27 Within
the region of provenance concerning the Terai sediments, the
Tethys Himalaya includes 10 km of various metasedimentary
rocks (limestones, calc-schists, shales, and quartzites). More-
over, felsic rocks, such as the leucogranites found, for example,
in the Manaslu area, are embedded within the Tethyan rocks.
The Manaslu area represents a major catchment realm of the
Terai sediments.28,29

Fine-grained sediments interspersed with organic material
were deposited in the interfan lowlands, wetlands, and swamps
and are recharged by intense monsoon precipitation (1,800−
2,000 mm) and year-round snow-fed river systems, resulting in

a high potential for groundwater resources. The entire aquifer
system is highly sensitive to precipitation.30

Currently, the most intensely studied Terai province in
terms of local geology and arsenic-contaminated groundwater
is Nawalparasi. Situated to the north of the Indian border, the
Nawalparasi district spreads across the Narayani River alluvium
and the low gradient fan of the locally derived alluvium and
into the Himalayan foothill. The Narayani River reveals a
major influence on the underlying unconsolidated Holocene
fluvial deposits. Small natural ponds and meandering rivers are
described as characteristic geomorphic features of the area.31

In areas with fine-grained sediments, elevated concentrations
of As are typically recorded.19,20,32−37

3. ORIGIN OF ARSENIC IN HIGH HIMALAYAS
The controversy about the actual source of As polluting
groundwater in the alluvial plains of Nepal and other countries
in Southeast Asia is unresolved. However, the trace element
patterns of the groundwater samples from Nawalparasi can
help reveal the initial source rock, as these trace elements
indicate the origin of As in the rocks of the High Himalayas of
Nepal.28,29 Li, B, P, V, Cr, Mn, Fe, Cu, Zn, Se, Br, Sr, Mo, Cd,
P, and U are found among the most prominent trace elements
beside arsenic and are all found in relevant concentrations. The
average concentration of arsenic in 10 groundwater samples
was 0.25 ppm (226.97 μg/L); the average concentration of
iron was rather low (1.30 mg/L). Moreover, sulfur was hardly
detectable. As a consequence, the suggestion that the origin of
arsenic can be the result of oxidation of pyrite in the sediments,
leading to an increased concentration of SO4 in the
groundwater, is not comprehensible. Fe- and (arseno)-pyrite-
rich rocks, like ophiolites, were also postulated as the initial
source of As.13,22 Yet, ophiolites were never found in the
Nepalese Himalayas.

Another peculiar feature, besides the high concentration of
As in the groundwater, is the presence of lithophile trace
elements, such as Li, B, P, Mn, Br, Sr, and U. Studies report
increased concentrations of B, Cr, Mn, Ni, Zn, Se, Mo, Sb, Ba,
Pb, and U in well waters from West Bengal (India) and
Bangladesh.38 It is evident that boron stands out from the
analyzed trace elements, as it is hardly found in significant
amounts in the most common minerals, such as silicates.
Tourmaline represents the most prominent mineral, compris-
ing the major portions of boron in the structure. Boron found
in the spring water in the Peshawar basin and surroundings in
the Himalayan foreland of Pakistan is closely linked with
igneous complexes and, most probably, the tourmaline-rich
Tertiary leucogranites.39 Concordantly, elevated boron con-
tents in the metasedimentary rocks of the Lesser Himalayas
(up to 322 ppm) and the Manaslu leucogranite (up to 950
ppm), where tourmaline represents the boron-containing
mineral, were reported;40 the tourmaline-containing aquifers
are rich in As in West Bengal, India,41 and a very low average
concentration of Fe in groundwater from Nawalparasi was
already mentioned. Compared to the groundwater from the
Hanoi area of Vietnam42 and Bangladesh,38 with a molar ratio
between 60 and 68 in As-contaminated groundwater and
between 14.88 and 90.49, respectively, the average molar Fe/
As ratio from the samples in Nepal is only up to 5.3. This ratio,
together with a low concentration of Fe, is a prominent
indicator of sediments representing a heterogeneous mixture of
parent rocks of felsic origin.9,14,28,29,43
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The comparison of the most crucial trace elements in the
groundwater from Nawalparasi with the data from the
Macusani obsidian glass (peraluminous in composition,
enriched in As−B−F−P44) reveals significant similarities.
The authors present significant enrichment of As in the
peraluminous glass from Macusani (SE Peru), which is taken
as a representative of anatectic melts derived from metasedi-
mentary crustal protoliths. Compared with the mean
continental crust values, As and other incompatible trace
elements (e.g., Be, B, Rb, Sn, Sb, and Ta) exhibit enrichments
by factors of 10 to 100 and Li, Cd, and Cs, enrichments by
factors of 100 to 200. Apart from As, up to 300 ppm of Cd was
also found in the quartz-hosted fluid and melt inclusions of
hydrous peraluminous systems (pegmatites and leucogran-
ites).45,46 Several groundwater samples from Nawalparasi show
similar detectable concentrations of Cd.28,29 The protoliths of
the so-called peraluminous granites often consist of low-grade
metapelites,47,48 hosting significant amounts of As, Sb, Be, B,
Ba, and Rb, enriched by a factor of 5 to 10, compared to the
average crustal abundances (2−5 ppm49). The leucogranites
found in the Himalayas of Nepal are unequivocally
peraluminous in composition;50 therefore, a comparison with
the findings of previous research44 is clearly justified.

4. RELEASE OF As INTO GROUNDWATER IN
NAWALPARASI DISTRICT

The most widely accepted general concept concerning the
mechanisms of arsenic release into groundwater is based on
the assumption that As originates in groundwater from the
reductive dissolution of As-rich iron(III) (hydr)oxides existing
as a dispersed phase (e.g., as a coating) on sedimentary
grains.44 The reduction seems to be driven by microbial
degradation of sedimentary organic matter. A strong
correlation observed between dissolved organic carbon
(DOC) and As in groundwater is considered to be the proof
that the microbial degradation of organic matter in the
sediment leads to a general reducing environment and
promotes the dissolution of As.51 A further consensus states
that the dominant initial process affects the fixation of aqueous
arsenic by sorption onto Fe-, Mn-oxyhydroxides, or clay
surfaces in high-redox medium-pH conditions (pH = ∼5.5−
6.5). As soon as groundwater becomes more reducing and
alkaline (i.e., negative Eh and pH > 6.5), desorptive release of
arsenic occurs, basically, as a byproduct of bacterially mediated
FeOOH dissolution.

After fundamental research was made,17 some further
scientific articles have been published exploring the specific
situation and mechanisms of arsenic release in the groundwater
in the Terai in Nepal.15 In particular, the groundwater in the
Terai is mostly found within a pH range of 6.1−8.1, with the
redox potential (Eh) levels between −0.20 and −0.11 V,
suggesting fairly reduced conditions in the aquifers.3

Predominantly, the groundwater is of Ca−Mg−Na−HCO3
−-

type with HCO3
− as the principal anion and low levels of Cl−

and SO4
2−. Furthermore, these authors state that the redox

levels (Eh < −0.2 V) for sulfate reduction appear to be
sufficiently low to facilitate the reduction of Fe3+ and Mn4+

found in Fe- and Mn-oxides and -hydroxides and to mobilize
As in the aquifer sediments. Reductive desorption can be the
most likely rationale to break down arsenic-rich iron(III)
(hydr)oxides and dissolve As into groundwater in terms of the
context of strongly reducing environments (Eh −110 to −200
mV) in Nepal. The usually low redox potential of tube well

waters in combination with the frequency of reduced species of
various redox-sensitive elements (i.e., Fe2+, As(III), NH3)
indicates that the reductive processes are essential controls on
aquifer geochemistry.19,20,36

The underestimated or misunderstood role of clay minerals
adsorbing and releasing As into groundwater is mentioned in
other works,32 revealing a direct correlation between the trends
related to the degree of clay minerals interacting with
groundwater (sodium fraction of major cations) and arsenic
concentrations. Such observations support a model of the
reductive mobilization of As from adjacent clay minerals into
aquifers. High As concentration was mostly associated with
fine-grained clay minerals.26 Fe-, Mn-, and Al-oxyhydroxides
are the dominant components of fine-grained particles and are
seen to restrain As under specific pH conditions, but their
abundant percentage in the Terai groundwater also suggests a
reductive dissolution mechanism of As. This is consistent with
previous findings, in which the authors report the absence of
iron(III) (hydr)oxides in the sediments of the Terai.30,52

This lack of iron(III) (hydr)oxides is confirmed by another
author33 and can also explain the unique situation in Nepal
concerning the molar ratio of Fe/As (see above) in
comparison with Bangladesh and Vietnam. The scarcity of
Fe in the sediments has a deep impact on the mode of
operation and the efficiency of the Kanchan Arsenic Filters
used in the Terai (discussed further in the next chapter).
Nevertheless, the second peculiarity of the chemical
composition of the groundwater in the Terai, which plays a
decisive role in the mode of operation and the efficiency of
these filters, is a weak correlation or decoupling between As
and Fe, as already mentioned in previous research.33 These
findings are confirmed by several studies.20,36,37 Apart from
that, the intriguing positive correlation between the concen-
trations of As and Na and K, as well as Li, B, Sr, and Mo, in the
groundwater is strongly indicative of clay minerals representing
the major hosts of a significant quantity of the arsenic. We
previously indicated a negative correlation between Ca, Mn,
and As.20 Na, Mg, K, and Sr (a substitute for Na and K) are
incorporated in the interlayers of clay minerals and can be
easily displaced. Li, Ba, and Mo represent characteristic trace
elements found in macs, Li, and B and are major components
of tourmaline (a boron-bearing silicate). As-rich tourmaline-
containing aquifers were found in West Bengal,41 whereas later
publications relate that the analyzed data referred the trace
element composition of groundwater to the source rocks, such
as leucogranites (rich in B) in the High Himalayas (see Release
of As into Groundwater in Nawalparasi District).28,29 A rather
strong correlation between K2O and arsenic content in the
finer clay fractions is also mentioned in other works.9

Moreover, fine-grained layered silicates, including clay
minerals, are well-known for adsorbing As efficiently22,23,25

and are capable of releasing a significant quantity of arsenic
depending on local and temporal conditions. Authors report
concordantly higher As concentrations in groundwater in
postmonsoon compared to premonsoon time.20,32 Increasing
trends in water−rock interaction (higher TDS, cation exchange
resulting in increased Na−HCO3 waters) and increased As and
Fe concentration in groundwater are usual indications for the
postmonsoon period. These observations firmly promote a
model of the reductive mobilization of As derived from clay
minerals into aquifers. As(III) has at all times been the
dominant species in groundwater analyses. The corollary of the
predominance of As(III) is 2-fold: As(III) is more mobile than
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As(V), and reductive mechanisms are essential for As
mobilization.17,20,36,37

5. ACTUAL MITIGATION OPTIONS AND
CONSTRAINTS

The delineated decoupling between the concentrations of Fe
and As raises an urgent concern about the efficiency of As
removal with iron-assisted biosand filters (Kanchan filters)
installed in the district of Nawalparasi. The low level of Fe
released from sediments into groundwater is an important
factor causing unsatisfactory filter efficiency. Due to lack of
sufficient Fe in the source water, the removal of As (mostly
As(III)) requires an additional source of iron. The iron-
assisted biosand Kanchan filters were constructed on the basis
of As removal from water using zerovalent iron (ZVI) media.
The additional iron is provided in the form of iron nails, and
As removal occurs through oxidation, adsorption, and
coprecipitation during the corrosion of the nails, whereby As
is incorporated into iron(II,III) (hydr)oxides.

However, water flow through the nail layer of the Kanchan
filters is frequently too fast for sufficient formation of
Fe(hydr)oxides from Fe(0) to counteract the low Fe
concentrations in the groundwater.20,36,37,53,54 Our previous
investigations have shown that the As removal efficiency was
frequently determined by the Fe concentrations in the source
water, rather than by the intended corrosion of the iron nails.36

As described explicitly in previous reports,36 groundwater
composition in the southern lowland of Nepal is distinctly
different from that in Bangladesh, Vietnam, or Cambodia.
According to published works,55,56 the Fe/As molar ratios
exceeding 54 are essential for sufficient As removal from
groundwater with high concentrations of phosphate, silicate,
and carbonate. Although phosphate strongly competes with the
adsorption of As(III) and As(V), its concentrations in
groundwater in Nepal are low (0.02−0.89 mg/L in
Nawalparasi), and the effect of phosphate is therefore limited.
Nevertheless, existing model calculations36 show that the
present Fe concentration in groundwater from Nawalparasi is
not sufficient to remove all arsenic, both As(V) and partially
oxidized As(III).

It is thus essential that the iron nails act as a source of
additional iron. The successful SONO filters developed and
used in Bangladesh57 work with a layer of iron scraps
(composite matrix CIM) placed between two layers of sand.
Over 95% of As was removed in the CIM by sorption,
coprecipitation, and incorporation into solids formed during
the corrosion of ZVI.57,58 Due to the lack of steel industry in
Nepal, iron scraps are not available locally36 and iron nails are
used instead. However, iron nails have a much lower surface
area per volume than CIM and do not corrode as efficiently.
Moreover, several X-ray surveys of nails from various Kanchan
filters33 indicate formation of siderite (Fe(II)-carbonate) on
the surface of the nails, which impedes the corrosion and
adsorption of As on corrosion products on the surface of the
nails.36,59

Keeping in mind that various other materials or components
to remove As from groundwater were tested in laboratories but
never in larger field trials, the further development of the
Kanchan filter is imperative. The latter holds especially true in
terms of the rural, not industrialized, context of the Terai
region of Nepal where it turns out to be extremely demanding
to produce sophisticated removal material. Moreover, due to

socioeconomically constraints, the affordability for all house-
holds has to be guaranteed.

6. STUDY SITE, MATERIALS, AND METHODS
All groundwater samples used for various studies were
collected directly from privately owned hand pumps in the
urban area of Ramgram (the capital of Nawalparasi) or in the
villages of Manari, Panchanagar, Tilakpur, and Unwach. The
depths of the tube wells do not generally exceed 25 m, and the
soil is mostly composed of clayey components. To eliminate As
from groundwater, Kanchan Arsenic Filters (KAFs, iron-
assisted biosand filters) were installed in the 2000s (Figure
1),34,35 but some of these filters did not remove As sufficiently.

Coworkers from the Centre for Affordable Water Sanitation
Technology (CAWST), Calgary, Canada, in cooperation with
the Environment and Public Health Organization (ENPHO),
Kathmandu, Nepal, and Eawag, Switzerland, initiated sampling
campaigns for groundwater in Nawalparasi in October 2015,
which continued onward. Households for the sample
collections were chosen according to the register provided by
ENPHO for the wells whose filtered water exceeded the Nepal
drinking water quality standard value (50 μg/L). The iron nails
were 20 mm long and 2 mm or less in diameter. Contact times
were determined as empty bed contact times, by dividing the
volume of the nail bed (L) by the measured flow rate (L/min).

Water samples in the field were collected into 4.5 mL
preacidified polypropylene vials (containing 150 μL of 1 M
HNO3). To determine As(III), nonacidified water samples
were filtered through metalsoft arsenic speciation cartridges
(https://metalsoftcenter.com) specifically adsorbing As(V)
and then acidified. All samples were sent to Eawag by courier
for further examination. In the laboratory, the acidified samples
were diluted 1:5 and 1:20 into 0.1 M HNO3 for ICP-MS
analysis (Agilent 7500cx). Standards for the reported elements
were prepared by dilution of J.T.Baker single element
standards with 0.1 M HNO3, covering the relevant
concentration ranges in the samples. Triplicate analyses within
single ICP-MS measurements agreed to within 2−5%.
Detection limits were at least 10 times lower than the lowest
reported concentrations for all elements, except for P, B, and
Fe, for which they were 0.03 mg/L, 5 μg/L, and 0.03 mg/L,
respectively, with dilutions of 1:5.

Figure 1. Diagram of the original KAF35 with modifications, showing
the location and arrangement of its components.
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More information about the procedures can be found in refs
20, 36, and 37.

7. IMPROVED As REMOVAL WITH ADAPTED FILTERS
A total of 38 tube wells and their corresponding Kanchan
filters were surveyed between postmonsoon 2015 and
premonsoon 201736 and then again in postmonsoon 2018 to
detect variations in efficiency of the filters with regard to
seasonal groundwater regime changes. Most of the filters had
been in use for several years, with the nails and sand
occasionally replaced. In April 2021, only one of the 38
selected filters was found to remove As below the WHO
guideline of 10 μg/L, and only four (10.5%) reached the Nepal
interim standard of 50 μg/L. The overall removal efficiency
fluctuated between 6.3% and 98.5%.

These observations led to the decision to completely rebuild
20 filters (Figure 1) and survey these filters over a period of
one year. Thus, new filters were installed in April 2021 with
newly acquired nails and sand. To achieve better elimination of
As from groundwater, the following filter design modifications
were made:
(1) An upper sand layer and brick chips above the nail bed

were added. The sand and nail bed were separated with
a cloth to facilitate cleaning of the nails, as well as to
lower the flow rate and increase the contact time with
the nails. The upper sand layer also kept the nails in
place, thus impeding the formation of irregularities and
displacement in the nail bed itself.

(2) The outlet tube was elongated and raised to above the
level of the nail bed, in order to keep the nails covered
with water and to avoid dry−wet cycles. Drying of the
nails and full exposure to air can lead to formation of
dense corrosion scales decreasing the rate of corrosion,
which is detrimental for As elimination. In the SONO
filters, the reactive iron layer (CIM) between two sand
layers never completely dries, which results in black
corrosion products (predominantly magnetite). A recent
study has shown that intermitted flow without exposure
to air leads to the formation of mixed Fe(II,III) phases
and magnetite, which are denser than Fe(III) phases and
thus maintain better porosity in the filter and higher
corrosion rates.60

Figure 2 shows an old filter with the outlet lower than the
nail bed (red) and a filter filled with new nails and sand and a
raised outlet (green).

The results of the analyses of the water samples (ground-
water, partially filtered water after nail bed, and completely
filtered water) are listed in Table S1.

Figure 3 provides a graphic representation of the measured
concentrations and of the filter performance. The denotation
of the filters was used according to the register provided by
ENPHO Kathmandu.

Figure 3A,B shows the concentrations of Fe and As in the
source water at the various times of sampling; Figure 3C shows
the concentrations of As of the filtered water and Figure 3D,
the overall removal efficiencies (OR) of the old and new filters
over time. The most striking observation is the significant
improvement of removal efficiency and final As concentration
from the old filters (light-red bars) to the newly installed filters
(dark-blue bars). The WHO guideline of 10 μg/L As in
drinking water was met by 15 out of 20 new filters, with the
other 5 filters reaching lower As concentrations in drinking

water than the Nepali standard of 50 μg/L. These results
clearly indicate the importance of replacing filter materials
(nails and sand) on a regular basis. Filter SN45, with

Figure 2. Upper panel: old filter (red, in use since 2014) with the
outlet lower than the nail bed; lower panel: refitted filter (green) filled
with new nails and sand with a higher outlet.
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previously high Fe and As concentrations in the extracted
groundwater, was deinstalled in 2016 because the plastic
bucket was broken. When a new filter was set up in April 2021,
the groundwater concentrations of Fe and As had clearly
declined, revealing enormous heterogeneity of the alluvial
sediments and pointing to variations in groundwater
flow.9,20,32,33,36 The low groundwater As concentrations of
2−13.7 μg/L and less than 1 μg/L in the filtered water of
SN45 show that new nails and sand do not act as sources of As.

The majority of the filters were still working satisfactorily in
July 2021 (monsoon time), with final As concentrations <50
μg/L. Further analyses from November 2021 to April 2022
showed a gradual drop in removal efficiency over time,
particularly in filters SN57, SN64, SN66, SN69, and SN70 with
high inflow As concentrations. The outflow arsenic concen-
tration in filters SN51, SN56, SN64, SN66, SN68, SN69,
SN70, and SN73 rose to above the 50 μg As/L limit.
Replacement of the lower sand bed resulted in an immediate
improvement of efficiency and to outflow concentrations

below 27 μg/L. These findings are especially relevant for filters
fed with groundwater high in As and low in Fe (e.g., filter
SN70).

As mentioned in a previous study, arsenic concentrations
after complete treatment can be higher than those measured
just after filtration through the nail bed only.36 This
observation is sound evidence that the fine sand of the lower
sand bed has to be replaced after a certain period of usage to
eliminate exfoliated particles from the nail bed, as such
particles could release As again under the assumed reducing
conditions in the biofilm on top of the sand layer. Apart from
this, the filtration capacity of the lower sand bed can
compensate for the low removal efficiency in the nail bed.

As the removal efficiency of the nail bed tends to decline,
nails should be replaced on an annual basis as well.
Considering that the mass, size, and distribution of the nails
in the nail bed are crucial factors for performance, the most
efficient filter contained the highest amount of small, bright
brown, rusty, and loosely kept nails (e.g., confirmed by the field

Figure 3. Graphic representation of the performance of old and new filters (April 2021, July 2021, November 2021, and April 2022) using data
from Table S1. (A, B) Variations of the concentrations of As (>75% As(III)) and Fe in the groundwater at the different times of sampling. (C)
Concentrations of As in filtered water, (D) the overall removal efficiencies (OR), and (E) the contact times. A clear decline of As concentrations in
the filtered water and improvement of the removal efficiency are seen after the redesign of the filters in April 2021 (light-red to dark-blue bars). The
removal efficiencies decline in time (dark-blue to light-blue bars) but increase again after replacement of the sand (green bars).
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observation for filters SN1A and SN65 in April, July, and
November 2021 and SN4C in April 2022).

Poor performers, such as SN70 (high in As) or SN66,
exhibited an uneven surface of the nail bed, leaving the flow
channels without any contact with the nails. Therefore, the
contact time between water and nails is another basic variable
that affects the performance of filters. The contact time for the
formation of sufficient Fe(II) and Fe(II,III)(hydr)oxides by
corrosion of ZVI for the oxidation and removal of As(III) has
to be sufficient, although we observed only a weak correlation
between contact times longer than 5 min and removal
efficiencies in our former study.36 Prolonged contact times
do not guarantee a better performance, as also outlined in
previous research.61 In the present study, contact times in
modified filters with higher removal efficiencies were shorter
(Figure 3E), which indicates that the improvement was mainly
due to the replacement of old nails by new nails and possibly
the added sand layer and constant immersion of the nail bed.

The in situ generated Fe(III)hydr(oxides) are larger in
volume than their parent Fe(0), which leads to a decline in the
initial porosity of the nail bed containing Fe(0), so the pores
will be progressively filled causing a loss of permeability in the
porous and permeable media. Formation of denser mixed
Fe(II,III) phases and particularly of magnetite in constantly
immersed nail beds can maintain a better permeability.60,61 A
slightly higher TDS in the postmonsoon season is indicative of
an increased water−rock interaction during high-precipitation
seasons and caused by an increased particle size in the
groundwater: such particles can also lead to a decline in the
porosity of the nail bed and subsequent clogging.

8. SUMMARY AND CONCLUSIONS
The replacement of old nails, addition of an upper sand layer
above the nail bed, and elongation of the outlet pipe caused
major improvements in the performance of the filters: the nails
were no longer displaced and were kept wet during no-flow
periods. The low Fe concentrations and molar ratios of Fe/As
in the groundwater in the Terai of Nepal were counteracted by
increased corrosion due to the constant immersion of the nails
and prolonged contact time of water with the nails. The
preliminary results on the As removal efficiency of 20 Kanchan
filters that were completely rebuilt in April 2021 are promising.

The low performance of some filters is usually caused by
negligence (e.g., uneven nail bed, agglomeration of nails, a lack
of manual separation of the nails) and poor maintenance (e.g.,
failure to replace nails and fine sand in the lower sand layer).
Therefore, proper instruction of the involved users and
operators is imperative.

Socioeconomically and in terms of the rural context of the
Terai region of Nepal, the design of the KAFs should remain as
simple and straightforward as it is to date. Hence, local
production has to be continued, as the existing filters’
maintenance is elementary and operation is self-explanatory.
Moreover, the use of locally available materials ensures
economic affordability for all households.
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