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Abstract
The present study investigates the current state and distribution of As in the upper soil horizons (i.e. rhizospheric zone, 
0–15 cm) of two different agricultural fields: (1) paddy-cultivating agricultural field that was irrigated with groundwater 
containing 137 µg/L of As and (2) wheat-cultivating agricultural field that was irrigated with groundwater having 67.3 µg/L 
of arsenic. Results clearly indicate different levels of As accumulation in the upper soil horizons of both profiles. In paddy 
field, although significantly higher quantity of As-contaminated groundwater was used for irrigation, still lesser than expected 
As concentration in soils was found [average As concentration 16.0 mg/kg (measured) vs. 29.0 mg/kg (calculated)]. The 
imbalance between higher influx of As and its relatively lower accumulation in soils indicates the existence of a mechanism 
(organic carbon mechanism, elaborated in the main text) that is responsible for continuous removal of As, and ultimately 
prevents the expected shoot-up of As in the paddy soils. On the other hand, although lesser quantity of less contaminated 
groundwater is used in wheat field, still wheat field soils show relatively higher As accumulation [average As concentration 
22.5 mg/kg (measured) vs. 12.2 mg/kg (calculated)]. Such accumulation of As happens when there is continuous influx of 
As through irrigation water and/or other sources, and an effective (natural) mechanism to remove As from the wheat soil 
is absent. Adoption of distinct harvesting methods is responsible for existence of different mechanisms in paddy and wheat 
fields, which ultimately cause the differential accumulation of As in paddy and wheat soils.

Keywords  Arsenic in agriculture soils · Paddy cultivation · Wheat cultivation · Soil organic matter · Arsenic mass 
balancing

Introduction

Arsenic contamination in the groundwater is probably the 
worst case of mass poisoning in the history of mankind 
and poses a severe threat to the worldwide groundwater 
resources (Chatterjee et al. 1995). Many countries in the 
world are facing problems of As contamination in the 
groundwater. However, this problem is most severe in 
many Southeast Asian countries including India, Bangla-
desh, Cambodia, Vietnam, etc. (Ahamed et al. 2006; Berg 
et al. 2007; Bhattacharya et al. 1997; Charlet and Polya 
2006; Fendorf et al. 2010; Polya et al. 2005). Elevated 
As concentrations in the groundwater have been reported 
from many Indian states, namely West Bengal, Bihar, 
Uttar Pradesh, Assam, Jharkhand, Chhattisgarh and Mad-
hya Pradesh (Acharyya et al. 2005; Ahamed et al. 2006; 
Bhattacharjee et al. 2005; Chakraborti et al. 1999, 2003; 
Chandrasekharam et al. 2001; Das et al. 1996; Paul and 
Kar 2004). However, because of the extent and severity 
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of the As contamination in the groundwater of Bengal 
Delta Plain (BDP), it has drawn a lot of attention from 
the scientific community. Over 50 million people in BDP 
are routinely exposed to As poisoning through drinking of 
contaminated groundwater, and around 45% of the total 
population living in As-affected areas of West Bengal is 
severely affected (Fewtrell et al. 2005; Smith et al. 2000). 
Different aspects of As contamination of groundwater 
have been investigated by various researchers around the 
globe (Berg et al. 2007; Charlet et al. 2007; Guo et al. 
2007; McArthur et al. 2001; Mukherjee et al. 2008; Nath 
et al. 2008; Norra et al. 2012; Smedley and Kinniburgh 
2002; Stüben et al. 2003; van Geen et al. 2006), but still 
several gaps exist in scientific knowledge.

In BDP, As-contaminated groundwater is extensively 
used for irrigation purposes. Arsenic supplied through the 
contaminated irrigation water accumulates itself in soil 
and in different parts of plant body. Correlations between 
As concentrations in irrigation water and affected soils 
are documented (Dittmar et al. 2007; Neidhardt et al. 
2012; Norra et al. 2005; Stüben et al. 2007; van Geen 
et al. 2006). However, a comparative study of As accu-
mulation and distribution in agricultural fields/soils cul-
tivating different crop types (e.g. paddy vs. wheat) and 
irrigated with As-contaminated water has not yet been 
investigated. Such comparisons are important as differ-
ent crops not only require different quantities of water 
to be pumped into the agricultural fields but also fol-
low different cultivation practices which may control As 

accumulation or mobilization in these soils. In this paper, 
we present a comparative study of As accumulation in two 
different agricultural fields (i.e. a paddy- and a wheat-
cultivating field).

Materials and methods

Sampling sites and collection of samples

Two agricultural fields with different crop types (paddy and 
wheat) but irrigated with As-contaminated groundwater 
were selected. These fields are located in Kaliachak block I 
(24°51′–24°56′N; 88°01′–88°06′E) of Malda district in West 
Bengal, India (L-1 for paddy and L-2 for wheat; Fig. 1) and 
are around 1.8 km away from each other. To select suitable 
agricultural fields that are irrigated by As-contaminated 
groundwater, groundwater samples were collected from 29 
different tube wells in the Kaliachak block I as shown in 
Fig. 1. In agricultural field L-1, different varieties of rice 
were cultivated throughout the year and the groundwater 
used for irrigation contained 137 µg/L of arsenic. On the 
other hand, wheat was the main cultivating crop in field L-2 
and the groundwater irrigating this field contained 67.3 µg/L 
of arsenic.

Groundwater samples were collected in polyethylene (PE) 
bottles and were filtered in the field using 0.45-µm cellu-
lose nitrate filter. In order to avoid any precipitation, filtered 
water samples were acidified by adding 5 mL of ultrapure 

Fig. 1   Location of groundwater and soil sampling sites (L-1: paddy and L-2: wheat) in the Kaliachak block I of Malda district in West Bengal, 
India selected in this study
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HNO3 (concentration 14 M) per litre of groundwater and 
stored at a low temperature (4 °C) until further analysis. To 
collect soil samples, separate trenches of 100 cm (L) × 75 cm 
(W) × 110 cm (D) were dug in the centre of both agricultural 
fields and two opposite corners (N and S) of each trench 
were sampled following composite sampling technique. Soil 
samples at every 5 cm of vertical interval were collected in 
the first 30 cm depth, and then samples were collected at 
every 10 cm till the end of the profile (i.e. 110 cm). A total of 
28 soil samples (14 samples at each corner) were collected 
to cover the entire soil profile of paddy field (L-1). Approxi-
mately, 150 g of soil was collected from each sampling point 
and stored immediately into zip-lock plastic bags. The other 
trench located in wheat field (at L-2) was also sampled in the 
same manner. In the laboratory, soil samples were freeze-
dried and stored in the nitrogen atmosphere in refrigerator 
until further analysis. Hereafter, the soil profiles collected 
from the paddy and wheat fields will simply be referred 
as paddy soil profile and wheat soil profile, respectively. 
Removal of As from agriculture fields through various crop 
products is one of the important pathways. To calculate the 
amount of As leaving agriculture fields via crop products, 
three plant samples from each field were collected. Care 
has been taken not to lose any part of plant while uproot-
ing. Excessive soil along the roots was washed away imme-
diately. After drying, the plant samples were preserved in 
zip-lock plastic bags. In the laboratory plant samples were 
washed thoroughly with double distilled water and dried in 
oven at 105 °C for 24 h. The plant samples were separated 
into grains, leaf and stem by a ceramic scissors. Each part 
was cut into small pieces and ground into powder. Powered 
samples were stored in plastic containers.

Chemical analysis of water, soil and plant samples

Concentration of As and other elements in the groundwater 
samples was measured by high-resolution ICP-MS (Axiom, 
Thermo/VG Elemental, UK). In case of soil samples, a sub-
set of samples was powdered and used for energy-dispersive 
X-ray fluorescence (ED-XRF) and X-ray diffraction (XRD) 
analysis. Constituent minerals in soil samples were identified 
by means of X-ray diffraction analysis (Kristalloflex D500, 
Siemens) as described in (Norra et al. 2006). Semi-quanti-
fication of minerals in soil samples was done by comparing 
the spectra of samples with the calibration curves of known 
mineral composition (Snyder and Bish 1989). The frac-
tions of quartz, feldspar, dolomite, kaolinite and mica were 
determined on the basis of related reflected X-ray intensities. 
The fractions of mineral phases plus organic matter were 
summed up, and the fraction of clay minerals comprising 
minerals such as smectites, vermiculites and chlorites was 
determined by taking the difference from total sample (i.e. 
100%). The clay mineral fraction also includes oxides and 

amorphous constituents that may present in small quantities, 
and their concentrations were below detection limits (bdl).

Elemental composition of soils was determined by ED-
XRF (Spectra 5000, Atomica) using standard analytical 
techniques as described in Kramar (1997) and (1999). The 
detection limits for As, Cu and Zn were 1.8, 4.6, 3.3 mg/
kg, respectively, and those for Fe2O3 and MnO were 0.03% 
and 0.005%, respectively (Norra et al. 2006). Accuracy was 
checked by analysing certified reference material (CRMs) 
such as GXR-2, Soil-5, GXR-5, SL-1 and SCO-1. To control 
the quality, these CRMs have been repeatedly analysed. In 
general, precision was better than 5% and accuracy was bet-
ter than 10% for all the analysis.

Total carbon (TC) content in soil samples was measured 
by a Carbon–Sulphur-Analyser (CSA 5003, Leybold Her-
aeus, Germany), while inorganic carbon (IC) content was 
determined by Carbon–Water-Analyser (CWA 5003, Ley-
bold Heraeus, Germany). Total organic carbon (Corg) content 
in the soils was calculated by subtracting inorganic carbon 
from the total carbon content (i.e. Corg = Ctot−Cinorg).

To determine the concentration of As and other ele-
ments, total digestion of powdered plant samples was done 
in a microwave digestion system (MW system, Start 1500, 
MLS GmbH) in a stepwise manner. A complete digestion 
was achieved, and the solution was analysed for As through 
high-resolution ICP-MS (Axiom, Thermo/VG Elemental, 
UK). All the analytical work presented in this paper was 
carried out at the Institute of Mineralogy and Geochemistry, 
Karlsruhe Institute of Technology—Karlsruhe, Germany.

Results

Analysis of groundwater and plant samples

Groundwater samples, collected from 29 different tube 
wells, were analysed for As and other elements. The detailed 
result of these samples is not discussed here, as it is beyond 
the scope of this paper (for detailed results, see Appen-
dix 1, Sheet#I of Electronic Supplementary Material). The 
concentration of As in groundwater samples (i.e. irrigation 
wells) ranged between 2 and 850 µg/L. The two irrigation 
wells having As concentration of 137 µg/L and 67.3 µg/L 
were selected. These wells supply water for irrigating paddy 
(L-1) and wheat fields (L-2), respectively. To calculate the 
As budget, it is important to determine the quantity of As 
leaving the agriculture field along with various crop prod-
ucts. In this regard, As concentrations in different parts of 
plant were measured. Arsenic concentration in grains, leaf 
and stem of paddy and wheat plant shows a consistently 
increasing trend with the highest As concentrations found in 
stem. However, the transfer coefficient of As between stem, 
leaf and grain is different for paddy plant than that of the 
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wheat plant. In paddy plant, 0.35 mg/kg of As was found 
in rice grain, while 1.71 mg/kg and 2.26 mg/kg has been 
measured in leaf and stem, respectively. In wheat plant, As 
concentrations of 0.01 mg/kg, 2.97 mg/kg and 0.69 mg/kg 
have been measured in grain, leaf and stem, respectively. 
The highest As concentration (40.3 mg/kg and 4.82 mg/kg 
for paddy and wheat plants, respectively) was found in the 
roots. Harvesting of paddy and wheat crop does not involve 
uprooting of plants; therefore, the As associated with roots 
does not leave the agriculture field. For this reason, the As 
concentration in the roots is not considered while calculat-
ing the As budget for the agriculture fields. A Microsoft 
excel sheet has been developed to calculate the inflow and 
outflow of As (As budget) into the different agriculture fields 
through irrigation water and agriculture products, respec-
tively (Appendix 2, Sheet #I of Electronic Supplementary 
Material). This excel sheet can widely be used by anyone 
working on mass balancing of an element in an agriculture 
field.

Elemental composition along soil profiles

In this study, the entire soil profile of paddy and wheat 
field has been divided into two horizons: the upper horizon 
(0–15 cm) and the lower horizon (15–110 cm) because of the 
fact that roots of most “Leguminous group” of plants remain 
within top 15 cm of soil profile. Furthermore, average depth 
between two subsequent samples has been assumed to repre-
sent average composition of soil sample in particular depth 
interval (i.e. average concentration at 2.5 cm depth repre-
sents concentration between 0 and 5 cm depth). Arsenic con-
centration in paddy soil profile (i.e. both horizons combined) 
ranged between 12.0 and 18.0 mg/kg, with an average As 
concentration of 15.2 mg/kg (Table 1, Fig. 2). The topmost 
paddy soil layer (0–5 cm) has 15 mg/kg of As concentration 
which increased gradually with depth and reached a value of 
17 mg/kg at an average depth of 12.5 cm. After this depth, 
arsenic concentration decreased, and between 30 and 40 cm 
the lowest As concentration (12 mg/kg) has been registered. 
Arsenic concentration did not show much variation between 
15 and 80 cm depth and range between 12.0 and 14.5 mg/

kg. However, again elevated values of As concentration were 
found between 80 and 110 cm and the highest As concentra-
tion (18 mg/kg) was recorded at a depth of 110 cm.

Arsenic concentration along the wheat soil profile (i.e. 
both horizons combined) varied between 12 and 26 mg/kg 
(average: 16.6 mg/kg). However, in the upper soil horizon 
(0–15 cm), wheat soils show As concentration of 22.5 mg/kg 
which is considerably higher than that of paddy soils where 
16.0 mg/kg of As has been registered. The lower soil horizon 
(15–110 cm) of both fields does not show any variation in 
average As concentrations, and 15 mg/kg of As has been reg-
istered. In general, As concentrations were relatively higher 
in wheat soil profile, compared to those in paddy soils, up to 
a depth of 55 cm. Similar to paddy soil profile, wheat profile 
also shows a gradual increase in As concentrations in the 
upper horizon and maximum As concentration of 26 mg/kg 
was registered at the depth of 15 cm (Fig. 2). However, the 
lowest As concentration (12 mg/kg) was found at the deepest 

Table 1   Statistical summary 
of concentrations of various 
elements along paddy and 
wheat soil profile

*K2O, CaO, and Fe2O3 are in percentage (w/w)
# Cu, Zn, As, Pb are in mg/kg

Depth (cm) Field Type K2O* CaO* Fe2O3* Cu# Zn# As# Pb#

0-15 Paddy 3.2 4.5 9.0 56.0 106.5 16.0 22.2
Wheat 2.8 2.1 8.7 55.3 100.5 22.5 21.7

15-110 Paddy 2.9 3.2 9.6 61.3 107.4 15.0 22.7
Wheat 3.0 5.2 7.4 46.7 85.5 15.1 18.1

0-110 Paddy 3.0 3.4 9.5 60.2 107.2 15.2 22.6
Wheat 2.9 4.5 7.7 48.5 88.7 16.6 18.9

Fig. 2   Variation in As concentrations with depth along the paddy and 
wheat soil profile
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level (i.e. at 110 cm depth). This is in sharp contrast to that 
for paddy soil samples. The detailed elemental composition 
of individual soil sample of both profiles is given in Appen-
dix 1, Sheet #II of Electronic Supplementary Material.

Unlike As, iron (Fe as Fe2O3) in the paddy soil profile 
showed a very limited variation in concentration along the 
depth of profile (Fig. 3). Iron concentrations in paddy soil 

profile ranged between 8.1 and 10.1%, with the highest 
Fe concentration recorded in samples collected between 
40–50 cm and 60–70 cm depths. In case of wheat soil 
profile, Fe concentrations varied between 5.9 and 9.0% 
with an average iron concentration of 7.7%. In contrast to 
the paddy soil profile, Fe concentration in wheat soil pro-
file showed a significant and gradual decrease with depth 
and the lowest Fe concentration (5.9%) was registered at 
a depth of 110 cm (Fig. 3). However, average iron concen-
tration in paddy soil profile (average: 9.5%) was relatively 
higher than that for wheat soil (average: 7.7%).

Manganese (Mn as MnO) concentrations were very low 
throughout the paddy profile and ranged between 0.07 and 
0.12%, with an average value of 0.09%. In the same pro-
file, the concentration of Cu and Zn varied between 50.0 
and 65.0 mg/kg (average 60.2 mg/kg) and 96.5–113 mg/
kg (average 107 mg/kg), respectively (Fig. 4a, b). Similar 
to paddy soil profile, Mn concentrations also did not show 
much variation in wheat soil profile, and concentration var-
ied between 0.07 and 0.12%, with an average value of 0.09%. 
The concentration of Cu and Zn for wheat profile ranged 
between 38.5–57.5 mg/kg and 67.5–106 mg/kg, respectively 
(Fig. 4a, b).

Mineralogy along soil profiles

Semi-quantification of minerals present in two soil profiles 
(0–110 cm) showed a marked difference (Fig. 5a, b). Paddy 
soil profile is dominated by clay minerals (average 42.4%), 
and at a depth between 70 and 80 cm clay mineral makes 
up to a maximum of 57% of total mineral present (Fig. 5a, 

Fig. 3   Variation in Fe concentrations (as Fe2O3) with depth along 
paddy and wheat soil profile. The dashed arrows indicate the trend of 
Fe concentration with depth

Fig. 4   Variation in concentrations of Cu and Zn (redox sensitive trace elements) with depth along paddy and wheat soil profile
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Table 2). In contrast, average concentration of clay minerals 
in wheat profile was only 25.7%, which is significantly lower 
(i.e. ≈ 1.5 times) than that in the paddy profile. However, it 
is interesting to note that the upper soil horizons (0–15 cm) 
of both agriculture field show comparable concentration of 
clay minerals (37.2% and 35.5% for paddy and wheat soils, 
respectively) which vary widely in the lower soil horizon 
(43.8% and 23% for paddy and wheat soils, respectively). In 
entire soil profiles (0–110 cm) clay mineral are quite high 
in paddy soils (42.4%) than the wheat soils (25.7%). The 
average concentration of quartz in wheat profile was ≈ 1.5 

times higher (20.7%) than that in the paddy profile (only 
12.5%). Fractional contribution of other minerals such as 
mica and plagioclase in paddy soil profile was relatively 
lower (average concentration of 29.5% and 1.3%, respec-
tively), as compared to those in wheat profile (36.5% and 
2.5%, respectively) (Fig. 5b, Table 2).

Organic matter (OM) content of paddy profile ranged 
between 0.2 and 2.8% (average 1.0%), whereas it varied 
between 0.3 and 2.2% (average 0.9%) in wheat profile. 
Organic matter concentration was estimated as 1.7 times the 
concentration of total organic carbon (TOC) in soil samples 

Fig. 5   Variation of mineral 
composition of soils with depth 
along paddy and wheat profile

Table 2   Statistical summary of abundances of minerals in paddy and wheat soil profile

*includes other minerals below detection limit

Depth (cm) Field Type Minerals

Quartz (%) Pla-
gioclase 
(%)

K-feldspar (%) Dolomite (%) Calcite (%) Kaolinite (%) Mica (%) Phyllosilicates*/
clay minerals (%)

0–15 Paddy 13.3 1.2 0.7 0.2 8.2 6.5 31.2 37.2
Wheat 17.7 2.3 0.5 <0.1 4.5 5.0 33.2 35.5

15–110 Paddy 12.3 1.3 0.5 <0.1 6.5 6.0 29.0 43.8
Wheat 21.5 2.5 0.9 0.5 7.5 6.0 37.4 23.0

0–110 Paddy 12.5 1.3 0.5 <0.1 6.9 6.1 29.5 42.4
Wheat 20.7 2.5 0.8 0.4 6.9 5.8 36.5 25.7
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(i.e. OM = 1.7 × TOC). In case of paddy profile, maxi-
mum OM concentration was found at a depth of 15–20 cm 
(Fig. 6). Organic matter content showed a gradual decrease 
between 20 and 100 cm, and the lowest concentration 0.2% 
was detected at a depth of 90–100 cm in paddy profile (Fig. 6 
and Appendix 1, Sheet #III of Electronic Supplementary 
Material). However, higher organic matter content (0.7% for 
wheat and 0.4% for paddy) was registered at the depth of 
100–110 cm. In wheat profile, organic matter does not show 
either a continuously increasing or decreasing trend with the 
depth (Fig. 6). However, organic matter concentrations in 
paddy and wheat soil profile exhibit opposite trend between 
5 and 25 cm depths (Fig. 6).

Discussion

Average As concentration of 16.0 mg/kg and 22.5 mg/kg 
was measured in the top 15 cm of soils of paddy and wheat 
profiles, respectively. Arsenic concentrations are signifi-
cantly higher than the background concentration (≈ 10 mg/
kg; Norra et al. 2005) in top soils irrespective of the field 
type (i.e. paddy or wheat field). The extent of As accumula-
tion and distribution in agricultural soil depends primarily 
on the As concentration in irrigation water and irrigation 
intensity (Ahmad et al. 2006; Patel et al. 2005; Stüben et al. 
2007; van Geen et al. 2006). However, there are several other 
factors such as soil mineralogy, clay and organic matter con-
tent which also play a crucial role. In subsequent sections, 
possible reasons and mechanisms for As accumulation and 

distribution in paddy and wheat agricultural soils have been 
discussed.

Both paddy and wheat fields were irrigated with As-con-
taminated water of different concentrations. Arsenic con-
centration in groundwater used for paddy field irrigation 
(As concentration: 137 µg/L) is roughly two times higher 
than that used for wheat field (As concentration 67.3 µg/L). 
Paddy fields need flooded conditions during the cultivation, 
which requires larger amount of groundwater to be pumped 
in the fields. For example, Jehangir et al. (2007) have shown 
that 1458 mm of average gross inflow of water takes place 
in paddy fields compared to only 357 mm of water inflow 
in wheat fields. These values may vary slightly depending 
on local climatic factors (such as rainfall and evaporation) 
and irrigational and agricultural practices followed during 
the cultivation. However, in general, paddy fields require ≈ 4 
times higher quantities of water than wheat fields, and thus, 
paddy fields are supplied with many fold higher As con-
tent through contaminated irrigation water. Earlier studies 
have demonstrated that irrigation with As-rich groundwater 
introduces ≈ 1360 tons of As into paddy soils of Bangladesh 
each year (Ali et al. 2003; Linda et al. 2012; Meharg and 
Rahman 2002). A major portion of As brought along with 
contaminated irrigation water initially accumulates in top 
agricultural soils, while the remaining fraction accumulates 
itself in different parts of plant body (Neidhardt et al. 2012; 
Norra et al. 2005; Stüben et al. 2007).

Considering the concentration of As in irrigation water 
and quantity of water used in paddy field, it is expected that 
As concentration in top 15 cm of paddy soils should be at 
least eightfold higher than those in wheat field soils (i.e. 2 
times As concentration in irrigation water and 4 times higher 
water supply).

Further, our As budget calculation shows that irrigation 
water supplies ≈ 200 mg/m2/year of As to paddy field of 
which ≈ 0.5 mg/m2/year is removed from the agricultural 
field through various crop products (i.e. rice grain, stem, 
etc., Appendix 2, Sheet #I of Electronic Supplementary 
Material). The distribution of remaining As in upper soil 
horizon will lead to ≈ 1 mg/kg/year increase in As concen-
tration. Paddy is cultivated in this field since last more than 
20 years; thus, 29.0 mg/kg of As (including background 
concentration 10 mg/kg of As) must be present in the upper 
soil horizon (Appendix 2, Sheet #I of Electronic Supple-
mentary Material). Similarly, in wheat field ≈ 24 mg/m2/year 
of As comes with irrigation water and ≈ 0.5 mg/m2/year is 
removed along with the crop products. The distribution of 
remaining As in upper soil horizon may cause an increase 
in 0.11 mg/kg/year, and over a period of 20 years, 12.2 mg/
kg (including the background As conc.) would have been 
accumulated in upper soils.

However, average As concentration in top 15 cm of paddy 
soil is 16.0 mg/kg which is ≈ 30% lower than that in wheat 

Fig. 6   Variation of TOC concentrations with depth along paddy and 
wheat soil profile
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field (22.5 mg/kg) and ≈ 45% lower than the calculated con-
centration (29.0 mg/kg). This indicates the existence of a 
mechanism that either prevents accumulation of As in top 
soils or continuously removes the As accumulated in paddy 
fields. Arsenic concentrations in BDP soil generally decrease 
with depth (Dittmar et al. 2007); however, no such trend has 
been observed in the paddy soil profile and As concentra-
tions remained stable or slightly increased with depth in our 
study (Fig. 2). Such a trend further supports the existence 
of an As removal (remobilization) mechanism in the upper 
soil horizon and subsequent transfer to the lower horizon. 
The quantity of clay minerals present in the soil plays a cru-
cial role in As accumulation, as it not only provides binding 
sites for As but also enhances ion-exchange capacity (Ona-
Nguema et al. 2005). The presence of relatively high quan-
tity of clay minerals in top 15 cm of both profiles (37.2% 
paddy and 35.5% wheat) may have provided greater chance 
for As adsorption and thus, leading to high concentration of 
As in top soils. However, this cannot explain the observed 
differences in As concentration in the top soils of two differ-
ent agricultural fields as clay content in both fields is nearly 
the same (Fig. 2). Furthermore, iron plaque formation takes 
place on the roots of paddy plant during cultivation (i.e. in 
the rhizospheric zone; typically between 0 and 15 cm depth), 
which adsorbs As and causes an increase in As concentra-
tion in top soils (Caetano and Vale 2002; Kirk et al. 2004; 
Norra et al. 2005; Otte et al. 1995). However, it is interesting 
to note that Fe does not show any enrichment in the rhizos-
pheric zone and is rather slightly lower between 5 and 10 cm 
depth, and thereafter, it is almost uniform throughout the 
soil profile (Fig. 3). On the other hand, As concentration in 
top soils of wheat profile is significantly higher than that in 
paddy soil profile. This may be due to the absence or less 
effectiveness of As transfer mechanism from upper to lower 
soil horizons. This suggests that As accumulation mecha-
nisms in paddy and wheat soils are significantly different 
and As in paddy soils have undergone some remobilization 
processes after the crop is harvested.

Leaching and transportation of As from top soils to the 
underlying soils represent a possible pathway of As removal 
from the top soils (Farooq et al. 2010; Polizzotto et al. 2006). 
Dittmar et al. (2007) have suggested that As accumulated in 
top few centimetres, during the monsoon flooding, diffuses 
into the floodwater, and thus, As concentration in top soils 
remains lower than the expected values. However, during the 
monsoon season, fields in the study area are filled with water 
but flooding (i.e. overflow) does not occur. This limits the 
possibility of washing away of As with floodwater.

The relative enrichment of redox sensitive elements (such 
as Fe in their respective mineral phases) in the lower paddy 
horizon (9.6% between 15 and 110 cm) further supports 
that the leaching and transportation is the dominant process 
(compared to diffusion and washing) for removal of As and 

other elements from the top paddy soils (9.0% between 0 
and 15 cm). It is well documented that under the reducing 
conditions Fe+3 coverts into Fe+2 and easily gets mobilized. 
In paddy fields, reducing condition develops primarily due to 
decay of organic matter and further strengthens by the water 
cover (water logged conditions) that prevents the exchange 
of gasses from the atmosphere. The distribution of non-
redox sensitive trace elements such as Cu and Zn reflects 
the depth distribution of clay mineral content. Cu and Zn 
are positively charged, whereas clay mineral surfaces are 
negatively charged at the given pH values between 7 and 8 
in both soils (as obtained in this study).

The difference in As accumulation in paddy and wheat 
fields can be understood by observing the differences in the 
agricultural practices adopted for cultivating the respec-
tive crops. In wheat field, when crop is harvested, it is cut 
from the bottom of the stem and the leftover is burnt in the 
field. However, harvested crop is cut from the middle of the 
stem in paddy cultivation and the remaining half of the stem 
(lower portion) and roots are ploughed back for the next 
cultivation. This way significant quantity of organic matter 
remains available in paddy field. The organic matter starts 
to decompose during the next cultivation (i.e. monsoon sea-
son) when the fields are filled with water. Studies have also 
shown that standing water in paddy fields contains high TOC 
content, ranging between 56 and 128 mg/L (Farooq et al. 
2010). The decomposition of organic matter induces reduc-
ing condition in the paddy field and helps in remobilization 
of arsenic (Mladenov et al. 2010; Lawson et al. 2016). In 
addition, decomposition of organic matter produces weak 
organic acids which reacts with the mineral surfaces and 
modifies their sorption behaviour (Farooq et al. 2012, 2010; 
Senesi et al. 1994). Negatively charged ions from dissolved 
organic acids increase desorption of As from binding sites 
through electrostatic effects (Bauer and Blodau 2006). This 
leads to leaching of As from upper soil horizon to the lower 
horizon and thus keeps the As profile steady and uniform in 
case of paddy soils (Fig. 2).

In the absence of such cultivation practices (i.e. plough-
ing back the remaining parts of previous crop) and the 
existence of non-flooded conditions in the wheat field, only 
weak reducing condition develops. Under such conditions, 
only a small fraction of As remobilizes and the rest remains 
accumulated in the upper horizon of wheat field soils. Thus, 
despite of lower As concentration in irrigation water and 
lesser water usage, As concentrations are found to be higher 
in upper horizon of wheat soil profile. In addition, limited 
transfer of As from upper to lower horizon causes a decreas-
ing trend in As concentration with depth. The findings of the 
present study emphasize that the presence of higher surfi-
cial organic matter content and its decomposition plays an 
important role in distribution and remobilization of As in 
paddy soils. In contrast, lesser availability of organic matter 
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in wheat field limits remobilization of As from wheat soils. 
These results further corroborate earlier observations of As 
mobilization from the soils with the inflow of young carbon 
(Harvey et al. 2002). Thus, the present study highlights the 
existence of different mechanisms that operate in paddy and 
wheat fields and controls the distribution of As in soils.

Globally in most of the As-affected areas, a closely knit-
ted web of rivers and streams exists. The water in these sur-
face water bodies is free from As; thus, the use of surface 
water for irrigation purposes should be encouraged (Chan-
drasekharam 2007). Such a practice on the one hand will 
stop supply of As to the agriculture soil and on the other 
hand will clean up the soil by redistributing the accumu-
lated arsenic. In places where it is difficult to fetch water 
from river, local rain-fed ponds can be utilized for irrigation 
purposes.

Conclusion

We present a comparative study of the distribution of As in 
paddy- and wheat-cultivating soils irrigated with ground-
water having different concentrations of arsenic. The results 
suggest that As distribution mechanism is different for paddy 
and wheat soils. The As content present in irrigation water 
serves as an important source of As to the pedosphere and 
initially accumulates in top soil horizon (0–15 cm). The 
decomposition of surficial organic matter and subsequent 
production of weak organic acids are important factors in 
controlling the distribution of As in paddy and wheat soils. 
In paddy fields, reducing conditions generated by decompo-
sition of organic matter triggers redox induced As mobiliza-
tion and organic acids produced prevents the As readsorp-
tion. This mechanism causes transfer of a major fraction 
of As accumulated in the top soils to the deeper horizons. 
Due to the limited availability of organic matter in wheat 
field, only weak reduction conditions are generated, and 
thus, major fraction of As remains accumulated in top soil. 
The study highlights that As accumulation and distribution 
in agricultural soils not only depend on As concentration in 
irrigation water and quantity of water supplied but also on 
agricultural practices and crop type.
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