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 To delineate groundwater arsenic vulnerable zones using Geographic Information System and evaluating the feasibility of bio-char application for 
reduction of arsenic entry into rice irrigated with arsenic laden groundwater.

 Grid (1.6 × 1.6 km) based water samples, totalling 893 numbers from the entire district (Nagaon of Central Assam) were collected 
following the standard protocol (WHO, 1996) and location of each sampling site required for preparation of GIS map was recorded using Global 
Positioning (GPS) system unit (GARMIN GPS 64). Inverse Distance Weighted (IDW) approach in GIS was used to delineate the arsenic vulnerable 
zones. Field experiment with three rice varieties grown with arsenic laden groundwater was conducted to study the feasibility of using bio-char prepared 
from rice straw and toria stover under slow pyrolysis for reduction of arsenic entry into rice plant. 

 Groundwater arsenic content of the study area as depicted 
-1from GIS map varied from 2.40 to 127.58 µg l . About 42% of the study 

-1area had arsenic contents above the bench mark level 50 µg l  
recommended by Bureau of Indian Standard. Application of graded 
doses of bio-char significantly reduced the grain arsenic content of rice 

-1 -1to the tune of 0.135 mg kg  (44%) at 1% and 0.118 mg kg  (51%) at 2% 
with respect to no added bio-chars. Bio-char prepared from both rice 
straw and toria stover were found effective in reducing arsenic content in 
grain, straw and rice root irrespective of the varieties and levels of bio-
char application.

 GIS guided map of groundwater depicted that 99.5% of 
the total water samples recorded arsenic concentration above the World 

-1Health Organization (WHO) recommended (10 µg l ) guidelines while, 
-140.4% samples showed above the permissible level (> 50 µg l ) of 

Bureau of Indian Standard (BIS). Bio-char prepared from rice straw and 
toria stover was found to be the best possible option to reduce arsenic content in rice plant.
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Introduction

Rice, being the staple crop with daily average intake of 
0.5 kg per capita, is potentially a major source of dietary arsenic 
posing serious threat to human health more particularly in South 
and South East Asian countries. Continuous monoculture of this 
crop irrigated with arsenic laden groundwater results in alarming 
level of arsenic content both in paddy soils and plant. The effect of 
arsenic contamination in irrigation water and eventually its 
transportation to food chain through rice is so severe that its 
pernicious effects are visible on human health across rice growing 
belts of the region. Arsenic contamination in groundwater has far-
reaching consequences; sooner we identify sustainable solutions 
to resolve the issue, lesser be its future health hazards to human 
being (Singh and Singh, 2020). GIS-aided assessment and 
identification of risk prone zones due to high arsenic content in 
groundwater and its possible mitigation strategy employing bio-
char as soil amendment help in evaluating the fate of arsenic in 
rice plant irrigated with arsenic laden ground water. Assessing 
groundwater arsenic vulnerable risk zones through GIS-based 
tool and finding out site-specific technological backstops to 
reduce its translocation to rice plant is the need of hour 
(Balakrishnan and Mallikarjun, 2011). To reduce arsenic 
contamination in food chain through water–soil–plant route, entry 
of arsenic into the rice plant is to be minimized through adoption of 
suitable intervention(s) that are technologically viable, 
economically feasible and acceptable to poor and needy farmers. 
Activated carbon present in bio-char produced from locally 
available biomass acts as adsorbent to remove arsenic from 
irrigated water (Inyang et al., 2012). Among the locally available 
biomass, the contribution of leftover rice straw and toria stover 
after harvest of these crops towards converting such biomass to 
bio-wealth, i.e., bio-char, is enormous. It has been estimated that 
nearly 16 and 2.78 lakh tons of rice straw and toria stover, 
respectively are produced every year in Assam which remain 
underutilized. In a study sponsored by the Ministry of New and 
Renewable Energy (MNRE), Government of India has estimated 
surplus biomass availability of about 120–150 million tons per 
annum covering agriculture and forest residues. As suggested by 
various researcher and research group, the surplus crop residue 
can be used for alternative activities including making of bio-char 
instead of burning in the field (Deka et al., 2018a). Bio-char, 
although, has been reported to contain arsenic but it varied with 
the biomass from where it is prepared. Schaller et al. (2018) 
reported that bio-char yields highest nutrient content and lowest 
arsenic release to soil owing to formation of complex with iron 
during pyrolysis. Further, information on screening of suitable rice 
cultivars under the effect of activated charcoal in groundwater 
arsenic contaminated areas is lacking. No serious effort at any 
level to undertake systematic and serious research work has 
been taken to manage the menace in the state, unlike in 
Bangladesh and other parts of the world (Zhang et al., 2019). 
Following the statement from WHO in 2000, that Bangladesh has 
been experiencing the largest mass poisoning of population in 
history, several research have been carried out in Bangladesh to 
assess the arsenic vulnerable zones in the country (Yunis et al., 

2015). The situation is so alarming that quantity of arsenic laden 
underground water is being used to irrigate summer paddy during 
dry spell. Long term use of such water may further aggravate this 
problem through high arsenic uptake in rice grain and enter into 
the food chain from cooked rice (Davis et al., 2017). The present 
research thrusts need orient on developing technologically 
viable, economically feasible and acceptable low-cost technology 
that would minimize arsenic input into paddy, irrigated with 
arsenic laden groundwater. Bio-char, being a low-cost 
technology, has received considerable scientific attention in 
recent days as a possible method for decreasing arsenic loading 
in irrigated rice culture (Inyang et al., 2012). Physico-chemical 
characterization of bio-char prepared from different feedstocks 
viz. rice straw, toria stover, rice husks, bamboo leaves under slow 
pyrolysis and their feasibility of using such materials to reduce 
metal has been reported by Deka et al. (2018b, c). Therefore, 
technologically acceptable and economically viable management 
options to reduce arsenic loading in rice is a major challenge.

The present study aims to find out the management 
strategy to reduce arsenic entry into summer paddy by exploring 
the use of bio-char (Activated charcoal) produced from locally 
available agricultural wastes (rice straw and toria stover) and 
screen-out efficient low grain arsenic cultivar(s).

Materials and Methods

GIS mapping: The entire area was divided into grids (1.6 × 1.6 
km) and a total of 893 grids were demarcated to represent the 
whole study area (Nagaon district of Central Assam). One 
representative water sample from the existing well/ tube well of 
each grid was collected as per the standard protocol outlined by 
WHO (1996) and sampling sites (longitude and latitude) were 
recorded using handheld Global Positioning System (GPS) unit 
(GARMIN GPS 64). The arsenic content in groundwater was 
analyzed by UV VIS double beam Spectrophotometric ‘Silver 
diethyl dithiocarbamate’ method (Jackson, 1973) and the data 
thus obtained formed the non-spatial database. It was stored in 
excel format and fed in GIS environment using ArcGIS 10.4. The 
spatial and non-spatial database formed were integrated for 
generating spatial distribution maps of groundwater arsenic 
content. For spatial interpolation, Inverse Distance Weighted 
(IDW) approach in GIS was used to delineate arsenic distribution. 
In this method, the distances between the points were counted 
and the predictive values to unknown points were calculated with 
a weighted average of the values available at the known points 
and hence the points of equal distance have equal weights (Singh 
and Khan, 2011). Final product in the form of maps and statistical 
reports can give an overall idea of the extent and distribution of 
classified arsenic levels in more logical way to address different 
critical issues for effective adoption of management options. 
Cluster analysis was performed through Moran’s I test for spatial 
autocorrelation to see the patterns (cluster, random, disperse) of 
features with respect to value and location. For non-spatial 
analysis, one representative (5 samples of each gird) sample 
from each grid was prepared for analysis of groundwater arsenic 
content and all the arsenic data (893 samples) from all the grids 
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covering the entire study area after linking with GPS locations 
were fed as point features, following which all such attributes 
were exported to raster point features for spatial interpolation in 
GIS environment.

Bio-char preparation: Bio-char was prepared from two locally 
available materials viz., rice straw and toria stover in a specially 
designed structure for this purpose. A locally available low-cost oil 
drum was used. On the top, an opening (1 feet by 1 feet) and a lid 
(14 inch x 14 inch) with handle fully to cover up the opening was 

made to facilitate easy closing and opening. A small opening (10 
inch x 7 inch) to feed the drum with raw material was made at the 
bottom wall with suitable locking and unlocking accessories. A 
separating mesh made of iron rod was fitted inside the drum 10 
inch above the bottom end. Bio-chars were then prepared under 

  slow pyrolysis (250 ºC - 350 ºC).

Field experiment: A field experiment on irrigated rice with three 
varieties viz. Abhishek, Nabin and Sahbhagi was conducted with 
arsenic laden groundwater (identified from GIS-aided arsenic 
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map) in Sologuri village of Nagaon, Assam. The initial soil 
characteristics were; clay 32%, pH (1:2.5) 5.73, electrical 

-1 -1conductivity 0.034 dS m , organic carbon 6.2 g kg , available N 
-1 -1 -1 289.41 kg ha , P O 25.11 kg ha , K O 172.50 kg ha and total 2 5 2

-1arsenic 1.37 µg g , respectively. Total arsenic content in bio-
-1chars prepared from rice straw and toria stover were 1.08 µg g  

-1and 0.94 µg g , respectively. The groundwater arsenic 
-1concentration of the experimental site was 84.5 µg l . The study 

aimed to examine the effect of two graded doses of bio-chars (rice 
straw and toria stover) applied in 4 irrigation channels to reduce 
root, straw and grain arsenic content in rice plant. Six irrigation 
channels of 45 m long and 43 cm width with nine plots (5m × 5m) 
in northern side of each channel were laid-out in order to 
accommodate three specified rice varieties with three replications 
each (Fig. 1). Before transplanting at final land preparation, 
respective doses (1% and 2%) of bio-char prepared from rice 
straw were incorporated in channel number 2 and 6. Similarly, bio-
char (1% and 2%) made from toria stover was applied in 
corresponding channel numbers 3 and 5, while no bio-char was 
incorporated in the remaining channels 1 and 4. Irrigation was 
withhold during first two days of application of bio-chars in order to 
facilitate the already applied bio-chars to get stabilized in 

channels of muddy soil with the intention to increase the overall 
specific surface area of the conveyance irrigation channel. The 

2whole experimental plot (1466.1 m ) was provided with 15 
numbers of 5 mm depth of irrigation water (750mm) incorporating 
92.91 g (1466.1 × 0.750 × 1000 × 84.5 µg) of total arsenic in the 
field. Amount of bio-char to be applied in irrigation channel 
corresponding to its doses (1% and 2%) was fixed based on the 
soil weight calculated by multiplying the soil volume (soil depth 15 

-3cm) with bulk density (1.41 g cm ). Recommended fertilizer dose 
-1(N: P O  : K O @ 60 : 30: 30 kg ha ) and other package of 2 5 2

practices were followed throughout the growing season of the 
experiment. Soil chemical properties in bio-char treated channels 
after harvest of the crop was analyzed by following the standard 
methods (Jackson, 1973). Arsenic in plant samples were 
estimated by UV VIS double beam Spectrophotometric method 
after digesting the samples with nitric and perchloric acids. Data 
so obtained were analysed statistically following 3 factors 
Randomized Block Design. 

Results and Discussion

Arsenic is considered as the most serious health hazard 
(No. 1 Carcinogen) than any other pollutants and usually bears 

Table 1 : Soil chemical analysis in bio-char treated channels at harvest 

Channels pH EC Organic carbon        Available nutrients (kg ha ) Total arsenic 

-1 -1 -1(dS m ) (g kg ) N P O K O (µg g )

No Bio-char 5.68 0.030 5.9 286.42 23.27 173.41 1.39
1% rice straw Bio-char 6.51 0.033 6.7 337.85 36.43 183.22 3.48
2% rice straw Bio-char 7.04 0.030 7.3 398.75 37.77 190.75 5.09
1% toria stover Bio-char 6.38 0.035 6.8 297.68 24.76 176.48 3.51
2% toria stover Bio-char 6.87 0.034 7.1 328.87 38.88 179.47 5.01
CD (0.05) 1.21 NS 0.40 37.42 7.12 7.89 2.09

-1

2 5 2

-1Table 2 : Root arsenic content (mg kg ) as affected by rates and types of bio-char application

Treatments (T)/Varieties (V) Abhishek Nabin Shabhagi Mean

No Bio-char 2.960 3.320 3.355 3.212
1% Bio-char 1.565 1.760 1.685 1.670
2% Bio-char 1.115 1.268 1.272 1.218
Mean 1.880 2.116 2.104  
CD (0.05) V = 0.147T×V= 0.254                                                        T= 0.147 

Types of Bio-char (B)/ Varieties(V) Abhishek Nabin Shabhagi Mean

Rice straw 1.909 2.144 2.126 2.060
Toria stover 1.851 2.088 2.082 2.007
Mean 1.880 2.116 2.104  
CD (0.05) V = 0.147B×V= 0.207                                                                B=NS

Types of Bio-char (B)/Treatments(T) No Bio-char 1% Bio-char 2% Bio-char Mean

Rice straw 3.193 1.640 1.346 2.060
Toria stover 3.230 1.700 1.091 2.007
Mean 3.212 1.670 1.218  
CD (0.05) T = 0.147B×T= 0.207                                                                B=NS
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direct impact on water quality and evidently enters into food chain 
(Nurchi et al., 2020). Groundwater arsenic concentration below10 

-1µg l  is considered safe according to World Health Organization 
(WHO) Drinking Water Guidelines. As majority of the states like 
India, Bangladesh, Vietnam and Mexico are reported to be 
groundwater arsenic concentration above the provisional 
permissible limit of WHO, therefore, the desirable limit below 50 

-1µg l  is considered safe in such countries. GIS-aided 
groundwater arsenic map (Fig. 2) revealed variations of arsenic 

-1content from 2.4 to 127.58 µg l  having their mean value 47.08 µg 
-1l  and standard deviation 24.96. In 41.5% of area of the district, 
the arsenic content was found to be above the BIS recommended 

-1limit (50 µg l ) while, 99 per cent area was found to fall in the 
category above the level recommended by WHO. The maximum 
area of 2216.115 sq. km was categorized in the range of 10.07 to 

-150.07 µg l , while minimum of 79.86 sq. km was demarcated in 
-1the category of 90.10-127.58 µg l . Increased concentration of 

arsenic in groundwater might be attributed to the strong influence 
of water–rock (arsenic rich) interactions and favourable physical 
and geochemical conditions in aquifers for the mobilization and 
accumulation of arsenic. Guangqian et al. (2007) reported that 
sediments present in aquifers are coated with iron oxyhydroxide 
(FeOOH) phases which adsorb arsenate (pH<8) due to 
hydrological action and arsenic (as arsenite) is mobilized into 
pore water under reduced conditions. Similar observations were 

reported by several workers (Brammer and Ravenscroft, 2009; 
Dutta, 2013).

Spatial auto correlation which determines the feature 
similarity based on the positions and values was carried out and 
the distribution of feature i.e. ground water arsenic content of the 
district showed clustered pattern with calculated Moran’s Index 
and Z-score of 0.0121 and 7.06, respectively. The positive Z score 
clearly envisaged the strongest association of higher values 
tending to concentrate spatially with respect to location, 
envisaging a minimum of 1-percent likelihood of becoming 
clustered pattern to random one (Krishnaraj et al., 2015). Thus, 
such analysis gave an idea to focus on to higher values so that 
suitable management strategy (s) could be adopted to address 
this important vulnerable parameter.

Soil chemical properties : Soil chemical analysis (Table 1) in 
different channels at harvest of rice crops depicted significant and 
highest increase in pH, O.C, available N, P O and K O content in 2 5 2

the treatment receiving 2% rice straw bio-char as compared to 
channel with no bio-char application. Rice straw bio-char 
irrespective of its doses was, therefore, considered to be a better 
type as compared to bio-char prepared from toria stover. Increase 
in soil pH, O.C., available N, P and K due to application of 2% bio-
char prepared from peanut shell under slow pyrolysis (<400 ºC) in 
acid soils was earlier reported by Zhang et al. (2019) and Cheng 

-1Fig. 2 : GIS map, area coverage and spatial pattern of ground water Arsenic content (µg l ) of Nagaon district, Assam.
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et al. (2020) with regards to total arsenic content in soil; although 
with increasing bio-char doses irrespective of types, increased its 
content but the overall level was found to be within the threshold 

-1(< 40 µg g ) limit.

Root arsenic content : The results revealed that with the 
application of bio-char, irrespective of its types, arsenic content 

-1 was found to reduce significantly to the tune of 1.22 mg kg
accounting about 50 to 62 percent reduction at 1 and 2 percent 
bio-char doses (Table 2) compared to no bio-char application, 
respectively. Lian et al. (2020) reported that flooding conditions 
might increase the accumulation of arsenic in rice roots. Although 

root arsenic content in Nabin and Sahbhagi was at par over the 
bio-char doses but recorded significantly higher value over the 
variety Abhishek. Interestingly, bio-char developed from toria 
stover and rice straw did not show any significant effect in 
reducing root arsenic content when considered their mean 
content both over the varieties and bio-char doses, hence their 
efficiencies in reducing the root arsenic content in rice were found 
to be at par.

Straw arsenic content: Graded doses of bio-char, irrespective of 
its source, decreased arsenic content in rice straw significantly to 

-1 -1the tune of 61% (0.416 mg kg ) to 67% (0.347 mg kg ) at 1 and 2 

-1Table 3 : Straw arsenic content (mg kg ) as affected by rates and types of bio-char application

Treatments (T)/ Varieties (V) Abhishek Nabin Shabhagi Mean

No Bio-char 1.015 1.098 1.085 1.066
1% Bio-char 0.395 0.440 0.413 0.416
2% Bio-char 0.357 0.350 0.333 0.347
Mean 0.589 0.629 0.611  
CD (0.05) V = 0.106                       T×V= 0.184                                                              T= 0.106

Types of Bio-char (B)/ Varieties(V) Abhishek Nabin Shabhagi Mean

Rice straw 0.592 0.636 0.629 0.619
Toria stover 0.586 0.623 0.592 0.600
Mean 0.589 0.629 0.611  
CD (0.05) V = 0.106                         B×V= 0.150B=NS

Types of Bio-char (B)/ Treatments (T) No Bio-char 1% Bio-char 2% Bio-char Mean

Rice straw 1.072 0.426 0.359 0.619
Toria stover 1.060 0.407 0.334 0.600
Mean 1.066 0.416 0.347  
CD (0.05) T = 0.106                          B×T= 0.150                                                                B=NS

-1Table 4 : Grain arsenic content (mg kg ) as affected by rates and types of bio-char application

Treatments (T)/ Varieties (V) Abhishek Nabin Shabhagi Mean

No Bio-char 0.238 0.241 0.249 0.243
1% Bio-char 0.128 0.138 0.139 0.135
2% Bio-char 0.118 0.120 0.116 0.118
Mean 0.161 0.166 0.168  
CD (0.05) V = 0.019                       T×V= NS                                                                    T= 0.019

Types of Bio-char (B)/ Varieties(V) Abhishek Nabin Shabhagi Mean

Rice straw 0.161 0.164 0.166 0.164
Toria stover 0.161 0.168 0.170 0.166
Mean 0.161 0.166 0.168  
CD (0.05) V = 0.019                         B×V= NS B=NS

Types of Bio-char (B)/ Treatments (T) No Bio-char 1% Bio-char 2% Bio-char Mean

Rice straw 0.242 0.133 0.116 0.164
Toria stover 0.243 0.136 0.120 0.166
Mean 0.243 0.135 0.118  
CD (0.05) T = 0.019 B×T= NS B=NS
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-1Table 5: Grain yield (t ha ) as affected by rate and type of bio-char application

Treatments (T)/ Varieties (V) Abhishek Nabin Shabhagi Mean

No Bio-char 5.163 4.762 3.976 4.634
1% Bio-char 5.214 4.813 4.366 4.797
2% Bio-char 5.284 4.760 4.234 4.759
Mean 5.220 4.778 4.192  
CD (0.05) V = 0.199                         T×V= 0.344                                                            T= 0.199

Types of Bio-char (B)/ Varieties(V) Abhishek Nabin Shabhagi Mean

Rice straw 5.256 4.842 4.238 4.778
Toria stover 5.185 4.715 4.146 4.682
Mean 5.220 4.778 4.192  
CD (0.05) V = 0.199                          B×V= 0.281                                                            B=0.162

Types of Bio-char (B)/ Treatments (T) No Bio-char 1% Bio-char 2% Bio-char Mean

Rice straw 4.462 4.879 4.994 4.778
Toria stover 4.805 4.715 4.525 4.682
Mean 4.634 4.797 4.759  
CD (0.05) T = 0.199 B×T= 0.281                                                              B=0.162

B.K. Medhi et al.: Groundewater arsenic status and mitigation strategy in rice 

Table 6 : Cost-benefit analysis of using bio-char for rice production (per hectare)

Particulars Unit Quantity Rate (Rs.) Amount (Rs.)

A. Cost
a. Land preparation
1. Ploughing with tractor Hour 4 400.00 1600.00
2. Puddling with tractor Hour 5 400.00 2000.00
3. Diesel Liter 50 65.00 3250.00
4. Side cutting, channel preparation and irrigation Mandays 10 250.00 2500.00
Total 9350.00
b. Raising of nursery to harvest
1. Seed Kg 37.5 15.00 562.50
2. Fertilizers
(i) Urea Kg 130 10.00 1300.00
(ii) SSP Kg 188 10.00 1880.00
(iii) MOP Kg 50 15.00 750.00
3. Uprooting and transplanting of seedlings Mandays 12 200.00 2400.00
4. Intercultural operations Mandays 7 200.00 1400.00
5.Fertilizer carrying, topdressing etc. Mandays 4 200.00 800.00
6. Irrigation 3000.00
7. Harvesting, dryinng, threshing and cleaning Mandays 30 200.00 6000.00
8. Plant protection 1000.00
Total ( b ) 19092.50
c. Bio-char production and application
1. Cost of making the fabricated unit 2 500.00 1000.00
2. Rice straw for production of Bio-char Kg 1820 1.00 1820.00
3. Toria stover for production of Bio-char Kg 1820 0.50 910.00
4. Labourers for collection, chopping and production Mandays 15 200.00 3000.00
Total ( c ) 6730.00
Total cost (a+b+c) 35172.50
B. Return
a. Grain Yield Kg 4800 18.50 88800.00
b. Income from straw yield Kg 10000 1.00 10000.00
Gross return    98800.00
Net return 63627.50
Cost-Benefit ratio    1 :1.80
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% dose, respectively as compared to the treatment receiving no 
bio-chars (Table 3). All the three varieties did not differ 
significantly in their straw arsenic content over the levels of bio-
chars. It was observed that types of bio-char, whether prepared 
from rice straw or toria stover, did not have any influence on straw 
arsenic content when considered over varieties. However, 
application of increasing levels of bio-char reduced arsenic 
content significantly irrespective of the types of bio-char applied 
(Beesley et al.,2010) and (Cheng et al., 2020).

Grain arsenic content : Application of graded doses of bio-char 
significantly reduced the grain arsenic content to the tune of 0.135 

-1 -1mg kg  (44%) at 1% and 0.118 mg kg  (51%) at 2% with respect to 
no added bio-char (Table 4). However, arsenic content both at 1% 
and 2% levels did not differ significantly over the varieties in 
question. Similar to root and straw arsenic content, no significant 
effect on grain arsenic content was noticed due to varieties. Bio-
char prepared from rice straw and toria stover did not have 
significant influence on grain arsenic content over the varieties 
and levels of bio-char application (Beesley et. al., 2010; Lian et 
al., 2020).

-1Grain yield (t ha ) : The results (Table 5) revealed that increase 
in levels of bio-char along with their types did not show any 
significant influence on rice yield. However, varietal difference 

-1had significant effect on yield where Nabin outperformed (5.2 t ha ) 
-1 -1the performance of Abhishek (4.7 t ha ) and Sahbhagi (4.2 t ha ). 

The roots of rice plants, irrespective of varieties and bio-
char levels, accumulated the highest amount of arsenic followed 
by straw and rice (unhooked) grains. It was obvious (Table 4) from 
the study that treatment receiving no bio-char accumulated the 

-1highest concentration of arsenic (0.243 mg kg ) in rice grains 
which once enter into the food chain through different rice 
products become a potential threat to the communities preferring 
rice as their staple food. Management strategies of health risk 
prevention by way of reducing arsenic entry into food chain 
through rice, being the highest accumulator of arsenic among 
cereals, should focus on minimizing arsenic input into paddy soil 
irrigated with arsenic laden groundwater. Use of bio-chars to 
reduce arsenic entry into rice were made earlier by several 
workers viz. Meharg and Rahman (2003), Zhao et al. (2010) and 
Cheng et al. (2020). The highest accumulation of As in rice roots 
might be due to pivotal role played by Fe in the biogeochemical 
cycle of As, with Fe oxyhydroxides on soil particulate surfaces, or 
root surfaces of wetland plants, serving as a strong adsorbent for 
As (Upadhyay et al. 2020). Reductive dissolution of Fe 
oxyhydroxides under a reducing environment releases the 
adsorbed As, leading to enhanced As availability first to roots and 
thereafter to different plant parts (Bennett and Marvin, 2015). All 
three varieties did not differ significantly in their arsenic content in 
root, straw and grain over the levels of bio-chars. Comparative 
assessment of grain arsenic content in three rice varieties 
revealed that the lowest arsenic content was recorded in Abhisek 
irrespective of the doses and types of bio-char from where it was 
prepared. Bhattacharyya et al. (2010) reported that arsenic 

accumulation rate in different plant part varies from variety to 
variety. Application of bio-char at 1 to 2 percent levels, irrespective 
of sources, reduced the root, straw and grain arsenic content in 
different extent of distribution (Lian et. al., 2020). In none of the rice 
grain samples, the concentration of total arsenic exceeded the 
permissible limit as recommended by WHO. The significant 
reduction in the bioavailability of arsenic suggests that bio-char 
application may have the potential for remediating groundwater 
arsenic contamination (Beesley et al., 2010). Zhang et al. (2013) 
reported that bio-char is an excellent adsorbent for the removal of 
aqueous Arsenic (V). The results showed that metal ions are 
strongly adsorbed onto specific active sites containing phenolic 
and carboxyl functionalities on the surface of bio-char (Obemah 
and Zhao, 2013; Upadhyay et al., 2020).

Cost-benefit analysis in order to establish the value of 
using bio-char technology in areas of groundwater contaminated 
with arsenic for production of irrigated rice (Table 6) revealed that 
gross return of Rs. 98,800.00 could be achievable after incurring 
a total cost of Rs. 35,172.00 giving the farmers a net benefit of Rs. 
1.80 per rupee investment. The cost of bio-chars from initial 
collection of feedstocks, chopping and their production for field 

-1application at 4800 kg ha  production of rice grain was Rs. 
35,172.50, depicting the fact that a cost Rs. 7.33 was to be 
incurred by a rice farmer to produce 1 kg of rice grain. Dickinson et 
al. (2015) reported that cost incurred to produce Bio-char at 
12000 kg cereals per hectare was Rs. 132 USD per one tone 
which was only Rs. 8.40 per 1 kg of production of rice.

GIS-aided mapping with non-spatial arsenic data 
generated through laboratory analysis helped in preparing a 
useful format in visualizing the status and distribution of 
groundwater arsenic in comprehensive and presentable form for 
need based site-specific decision-making process. The study 
demonstrated that application of bio-char irrespective of the 
sources from where it was prepared, have the potential to mitigate 
arsenic load in irrigated groundwater and evidently reduce 
arsenic accumulation in rice roots, straw and grain without 
showing any significant influence on grain yield. The technology 
would be of immense help in reducing entry of arsenic into food 
chain through rice.
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