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Abstract- 

 

Arsenic uptake in rice (Oryza sativa L.) is a global concern, particularly in 

regions where rice consumption constitutes a large portion of the daily diet. 

Our project involves an analysis of total arsenic accumulation in rice 

involving two soils of different textures and two irrigation regimes. Delayed 

flood irrigation is the most common irrigation method in the USA mid-south 

region; however, producer interest in adapting to furrow irrigated rice is 

gaining momentum. One perceived advantage of furrow irrigated rice 

(locally called row rice) is reduced arsenic accumulation in the developing 

seed. In our study, furrow irrigated rice reduced the accumulation of arsenic 

in paddy rice, brown rice and polished rice compared to delayed flood 

irrigated rice. Soils were shown to have arsenic concentrations typical for 

non-impacted fine-silty and clayey textures. Water extractable soil arsenic is 

greatest in the rice root zone; however, there was no significant relationship 

involving water extractable arsenic and rice grain arsenic accumulation. 
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Introduction 

Arsenic (As) has two stable valence states: (i) As(III) or arsenite having an electronic 

configuration [Ar] 3d
10

4s
2
and (ii) As(V) or arsenate having an electronic 

configuration [Ar] 3d
10

. The World Health Organization has established a provisional 

maximum tolerable daily intake of inorganic arsenic at 2 µg As/ kg body weight [17]. 

mailto:mtaide@semo.edu


72 Michael Aide et al 

Inorganic arsenic intake may lead to gastrointestinal, cardiovascular and central 

nervous symptoms, bone marrow depression, haemolysis, hepatomegaly, melanosis, 

polyneuropathy, and encephalopathy. Inorganic As is a non-threshold class 1 

carcinogen [17]. Dietary arsenic intake sources include drinking water and selected 

plant materials. The World Health Organization and the United States Environmental 

Protection Agency (USEPA) drinking water limits for arsenic are identical at 10 µg 

As/liter. Liang et al. [11] reported that the arsenic maximum contaminant level in 

China is 150 µg As / kg. Arsenite is considered to be 25 to 60 times more toxic than 

arsenate [15]. 

 

Arsenic in the Soil Environment 

Naturally occurring soil arsenic concentrations may be attributed to weathering of 

arsenic-bearing minerals and the subsequent migration of arsenic using geologic and 

pedogenic pathways. Argillaceous sediments generally have greater arsenic 

concentrations (trace to 13 mg As/kg) than other sediment types [10]. Kabata-Pendias 

[10] collected arsenic sediment and soil concentration data from the worldwide 

literature citing‟s and reported that arsenic surface soil horizon concentrations vary 

from 0.1 to 67 mg As / kg, with a geometric mean of 5.8 mg As/kg and with much of 

the arsenic variation attributed to either soil order or parent material inheritance 

(Kabata-Pendias, 2001). Aide et al. [2]in Missouri reported soil arsenic 

concentrationsrange from 0.3 mg As / kg to 24 mg As / kg.. Heitkemper et al [6] 

chronicled the total arsenic and the arsenic speciation in the USA rice crop. 

 

Rice Irrigation and Arsenic Availability 

Traditionally, United States rice production relies on either (i) drill-seeded, delayed 

flood irrigation or (ii) permanent flood irrigation. Permanent flood regimes use 

airplane seeding of pre-germinated seed into standing water. Recently, center-pivot 

irrigation systems and furrow irrigated systems are being evaluated for commercial 

rice production. Both delayed flood and permanent flood irrigation result having a 

suboxic soil layer, typically having a thickness of several centimeters, superimposed 

on a deeper anoxic soil layer. Thus the suboxic soil layer may have a less negative 

redox potential that may permit nitrification. With the onset of oxygen depletion and 

with an energy source, subsequent nitrate reduction could proceed via the 

denitrification process. 

In China Hu et al. [8] optimized water management to lower rice uptake of both 

cadmium and arsenic without appreciable yield loss. Using flooded, conventional, 

intermittent and aerobic irrigation strategies, these authors observed that both the 

conventional and flood irrigations increased arsenic and decreased cadmium uptake 

compared to the intermittent and aerobic irrigation strategies. These authors further 

suggested that maintaining flood until full tillering stage, then switching to 

intermittent irrigation was the best compromise for maintaining yield and reducing 

both arsenic and cadmium uptake. The mean arsenic concentrations were 0.20 to 0.28 

mg As / kg-dry weight for the aerobic and intermittent irrigation strategies, whereas 

the conventional irrigation (0.27 to 0.3 mg As / kg-dry weight) and flood irrigation 

(0.3 to 0.48 mg As / kg-dry weight) demonstrated greater arsenic uptake. Duxbury et 
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al. [5] in Bangladesh conclusively demonstrated that more aerobic rice bedding 

systems inhibited arsenic accumulation and reduced the arsenic soil accumulation 

because of the smaller water volumes involved in the irrigation. 

Lombi et al. [14] estimated total and speciated arsenic concentrations in husk, bran 

and endosperm from rice cultured incontaminated Chinese soil. Total arsenic was 

0.54 mg As/ kg (husk), 6.24 mg As / kg (bran) and 12.42 mg As / kg (endosperm). 

Inorganic arsenic constituted 74% of the arsenic in the husk, 75% of the arsenic in the 

bran and 54% of the arsenic in the endosperm. Liang et al. [11] also investigated total 

and speciated arsenic concentrations in Chinese rice. Using numerous rice samples the 

total arsenic concentrations ranges from 65.3 to 274.2 µg As / kg, with a mean of 

114.4 µg As / kg. 

In Taiwan, Syu et al. [16] investigated arsenic uptake among rice genotypes cultivated 

in arsenic contaminated soils. Iron plaque associated with the rice roots sequestered 

arsenic; however, no correlation between the quantity of arsenic associated with the 

iron plaque and rice tissue arsenic concentrations were observed. Liu et al. [13] using 

hydroponics observed that iron plaque showed an adsorption affinity for arsenate 

relative to arsenite. Using a microcosm approach, Chen et al. [4] observed that nitrate 

reduced the concentrations of ferrous iron, whereas ammonium enhanced ferric iron 

reduction. These authors concluded that nitrate decreased iron plaque formation, 

resulting in increased arsenic uptake by rice. Hossain et al. [7] observed that ferrous 

iron reduced arsenic concentrations in rice grain and increased rice yields. Addition of 

phosphate increased arsenic uptake. In China, Liu et al. [12] established iron plaque 

on rice seedling roots in a solution culture experiment, observing that 75 to 89 percent 

of the total arsenic was sequestered by the iron plaque. Arsenic root concentrations 

were equivalent among the rice genotypes; however, rice shoots showed significant 

arsenic concentration variation. Huang et el. [9] employed a microcosm experiment 

and documented the rate of iron plaque degradation post-harvest, noting at 76 percent 

of the arsenic sequestered by the iron plaque was released to the soil solution in 27 

days. 

The manuscript reports on a two year study involving arsenic uptake by rice (Oryza 

sativa L. „indica‟) involving two soils having different textures and different irrigation 

regimes to estimate the arsenic uptake risk and to assess if irrigation practices 

influence arsenic accumulation. 

 

 

Materials and Methods 

The Selected Soils of the Study Area 

The soils of the somewhat poorly-drained Crowley series (Fine, smectitic, thermic 

Typic Albaqualfs) consist of Ap – E – Btg – C horizon sequences developed in fine-

silty alluvium. The soils of the poorly-drainedSharkey series (Very-fine, smectitic, 

thermic Chromic Epiaquerts) consist of Ap – Bssg – Bssyg sequences developed in 

fine textured alluvium. Both soils are currently employed for irrigated row crop 

production. Summers are hot and humid with a mean July temperature of 26ºC and 

winter temperatures are mild with a mean January temperature of 2ºC. The mean 
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annual precipitation of 1.19 m is seasonally distributed, with somewhat greater 

rainfall amounts in March to May. 

 

Field and Laboratory Protocols 

Soils were classified and sampled with hydraulic probes. All samples were sieved to 

separate clastics greater than 0.002 meters. Routine laboratory analysis includes: 

mechanical analysis (sand, silt and clay contents), exchangeable cations by 

ammonium acetate extraction (pH = 7), pH in equal volumes soil-water, total acidity 

by titration, and organic matter by loss on ignition [3]. The soil characterization data 

was used primarily to verify that the pedons actually represented the soil series. 

An aqua regia digestion was employed to obtain a near total estimation of elemental 

abundance [1]. Homogenized samples (0.75g) were equilibrated with 0.01 liter of 

aqua-regia (3 mole nitric acid: 1 mole hydrochloric acid) in a 35ºC incubator for 24 

hours. Samples were shaken, centrifuged and filtered (0.45 µm), with a known aliquot 

volume analyzed using inductively coupled plasma – mass spectrometry (ICP-MS). 

The aqua regia digestion procedure was performed by Activation Laboratories 

(Toronto, Canada). In this procedure, selected samples were duplicated and known 

reference materials were employed to guarantee analytical accuracy. The detection 

limit for Fe was 0.01 percent and the detection limit for arsenic was 0.1 mg As/kg. 

A hot water soil extraction was performed to recover only the most labile or 

potentially labile fractions. A hot water soil extraction involved equilibrating 0.5 g 

samples in 0.02 L distilled-deionized water at 80ºC for one hour followed by 0.45µm 

filtering and elemental determination using ICP-MS. The hot water soil extraction 

procedure was performed by Activation Laboratories (Toronto, Canada).For the water 

soil extraction, selected samples were duplicated and reference materials were 

employed to guarantee analytical precession. The detection limit for arsenic was 1 µg 

As/kg. Statistical analysis included analysis of variance, standard deviation, paired t-

tests for mean separation. 

 

Arsenic Uptake by Rice Under Two Irrigation Regimes 

In 2013 and 2014 the rice „CL111‟ variety was cultured infield-sized plots. The two 

soil series (2013 and 2014) included the Crowley series (Fine, smectitic, thermic 

Typic Albaqualfs) and the Sharkey series (Very-fine, smectitic, thermic Chromic 

Epiaquerts). Two different locations for the Sharkey series were used in 2013 and 

2014.The two irrigation strategies included: (i) drill-seeded, delayed flood, and (ii) 

drill-seeded, furrow irrigation on 0.83 meter beds prepared using a field conditioner 

“hipper”. Irrigation water was supplied by wells having centrifugal pumps delivering 

0.19 m
3
/s (3,000 gallon / min).As a note: water analysis showed arsenic 

concentrations less than 30 µg As/ L. 

In 2013 total plant material two centimeters above the water mark was sampled from 

40 plants per replicate at (i) the fifth leaf stage, (ii) tillering, (iii) full tillering and (iv) 

just prior to anthesis for plant tissue analysis. At harvest the entire areal plant from 

multiple field locations were collected and subsequently separated into leaf, stem and 

seed components, dried at 70ºC, and analyzed for arsenic using acid dissolution 

coupled with atomic absorption spectroscopy – hydride generation (2012 with 
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detection limit of 0.05 mg As / kg-dry weight) or ICP-MS analysis (2013 and 2014 

with detection limit of 0.1 mg As / kg-dry weight). The plant tissue analysis was 

performed by Midwest Laboratories (Omaha, NE), using USEPA method 6020, 

known reference materials and duplicated samples for analytical quality control. Rice 

milling was accomplished using a Zaccaria PAZ 1 DTA milling machine. 

 

 

Results and Discussion 

Routine Soil Properties 

The silt loam Ap horizon of the Crowley series has a very strongly acid soil reaction 

(pH 4.8), a soil organic matter that is considered low (1.6 percent) and a low cation 

exchange capacity (11 cmolp(+)/kg). The 10 cm thick Ap horizon has a silt loam 

texture having an 11 percent clay content. Visual estimation of the soil profile after 

harvest suggests that more than 85 percent of the rice root mass is contained in the Ap 

horizon. 

The clayey textured Ap horizon of the 2013 Sharkey series site has a moderately 

alkaline soil reaction (pH 7.9), a moderate soil organic matter content (2.1 percent) 

and a high cation exchange capacity (24.0 cmolp(+)/kg). The 15 cm thick Ap horizon 

has a clay content of 48 percent and more than 85 percent of the rice root mass is 

contained in the Ap horizon. The clayey textured Ap horizon of the 2014 Sharkey 

series site has a strongly acid soil reaction (pH 5.5), a moderate to high soil organic 

matter content (3.2 percent) and a high cation exchange capacity (21.0 cmolp(+)/kg). 

The 15 cm thick Ap horizon has a clay content of 63 percent and more than 85 

percent of the rice root mass is contained in the Ap horizon. 

 

Aqua-regia Digestion and Water Extractable Arsenic 

The aqua-regia digestion of the Ap horizon of the Crowley pedon demonstrates a total 

arsenic concentration of 6.4 mg As/kg, whereas the underlying E horizon exhibits 4.9 

mg As/kg. The aqua-regia digestion of the Sharkey site 1 Ap horizon demonstratesa 

total arsenic concentration of 5.9 mg As/kg, whereas Sharkey site 2 Ap horizon 

(2014) has a decidedly greater total arsenic concentration of 39 mg As/kg. Subsurface 

total arsenic concentrations are generally smaller, ranging from 3 to 10 mg As/kg. 

Water extractable arsenic concentrations from the Crowley pedon show a relative 

maximum in the Ap horizon of 37 µg As / kg relative to 17 and 9 µg As / kg in the 

immediately underlying Eg and Btg1 horizons. Water extractable arsenic from the 

Sharkey pedons show 50 and 56 µg As / kg in the Ap and the immediately underlying 

Bg horizons for site 1 (2013) and 107 and 46 µg As / kg for the corresponding 

horizons for site 2 (2014). 

 

Arsenic Concentrations in Rice Tissues 

Atwo year study (2013 and 2014) focused on the variety „CL111‟ grown in two soils 

(Crowley silt loam and Sharkey clay) having two irrigation regimes (delayed flood 

irrigation and furrow irrigation). In 2013 the Sharkey clay – delayed flood treatments 

suffered from poor stand establishment; however the other treatments exhibited 

excellent stand establishment. In 2013 vegetative materials (stem-leaf tissues) 
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collected over time from the Crowley silt loam showed substantially greater arsenic 

concentrations from the delayed flood irrigation regime than the corresponding furrow 

irrigation regime (Figure 1). The arsenic vegetative concentrations associated with the 

Sharkey furrow irrigation were comparable to the arsenic concentrations from the 

Crowley furrow irrigation (Figure 2). Leaf-stem tissue concentrations in 2013 for the 

Sharkey furrow irrigation were not significantly different between the raised bed and 

furrow positions. 

 

6/15/13 7/15/13 7/25/13 8/15/13
0

0.25

0.5

0.75

1

1.25

1.5

m
g

 A
s

 /
 k

g
- 

d
ry

 w
e

ig
h

t Crowley Silt Loam - 2013

Delayed Flood

Furrow

 
 

Figure 1. Plant tissue (leaf-stem) arsenic concentrations during the 2013 growing 

season from the Crowley silt loam partitioned by delayed flood and furrow irrigation. 
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Figure 2. Plant tissue (leaf-stem) arsenic concentrations during the 2013 growing 

season from the Sharkey clay having furrow irrigation partitioned by rice plant 

position on the bed and in the furrow. 

 

 

At the 2013 harvests heath and blade(leaf) materials, stem (culm) materials and rough 

rice seed from 40 randomly selected rice plants from each experimental unit were 

manually separated. The leaf and stem arsenic concentrations were decidedly greater 
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than those of the corresponding paddy (rough) rice seed, reflecting reduced arsenic 

transference from vegetative materials to the grain (Figure 3). Leaf material showed 

greater arsenic concentrations than the corresponding stem material. The rough rice 

arsenic concentrations from the Crowley delayed flood irrigation regime showed 

greater arsenic accumulation than the corresponding furrow irrigation regime. The 

rough rice arsenic concentrations from the Sharkey furrow irrigation regime were 

smaller than the corresponding Crowley furrow irrigation regime. 
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Figure 3. Harvest rice tissue arsenic concentrations in 2013 partitioned into leaf, 

stem, and paddy (rough) rice for two soils and two irrigation regimes. 

 

 

Hull removed (brown rice) and milled (polished rice) 2013 samples from the Crowley 

and Sharkey soils having furrow irrigation showed arsenic concentrations below the 

detection limit of 0.1 mg As / kg-dry weight, whereas the Crowley soil having 

delayed flood irrigation exhibited arsenic concentrations for brown and polished rice 

samples of 0.35 and 0.34 mg As / kg-dry weight (Figure 4), respectively. Arsenic seed 

and vegetative concentrations did not show any significant relationships to either the 

aqua-regia digestion or water extractable soil arsenic concentrations. 
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Figure 4. Brown and polished rice tissue arsenic concentrations in 2013 for two 

irrigation regimes. 

 

 

In 2014, Vegetation (leaf and stem material not separated) and paddy rice arsenic 

concentrations generally showed greater arsenic accumulation in leaf-stem material 

than the corresponding paddy rice seed. One exception was the Sharkey delayed flood 

regime which showed elevated arsenic accumulation in the paddy rice seed (Figure 5). 

Hull removed (brown rice) and milled (polished rice) 2014 samples from the Crowley 

and Sharkey soils having furrow irrigation showed arsenic concentration at or below 

the detection limit of 0.1 mg As / kg-dry weight, whereas the Crowley and Sharkey 

soils having delayed flood irrigation exhibited arsenic concentrations of 0.22 and 0.28 

mg As / kg-dry weight. Brown rice samples from the Crowley delayed flood irrigation 

showed greater arsenic concentrations than the polished rice samples; whereas the 

brown and polished rice samples for the Sharkey delayed flood irrigation were not 

significantly different (Figure 6). 
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Figure 50. Harvest rice tissue arsenic concentrations in 2014 partitioned into paddy 

(rough) rice and leaf-stem (vegetation) for two soils and two irrigation regimes. 
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Figure 6. Brown and polished rice tissue arsenic concentrations in 2014 for two 

irrigation regimes. 

 

 

Furrow irrigated rice reduces water application rates because seasonal flood is not 

established; rather the producer desires only to maintain a saturated soil water status. 

Given that furrow irrigated rice requires raised bed configurations and that rice has a 

comparatively shallow root system, oxygen diffusion between irrigation events 

supports a less anaerobic oxidation-reduction regime than the more traditional delayed 
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flood irrigation practice. In the delayed flood irrigation system anaerobic soil 

conditions support the partial reduction of Fe-oxyhydroxides that then increase the 

availability of previously adsorbed or occluded arsenic. The oxidation-reduction 

status of furrow irrigated rice typically is suboxic and Fe-oxyhydroxides are more 

stable and a greater portion of the soil‟s intrinsic arsenic pool remains unavailable for 

rice uptake. 

 

 

Summary and Future Research Requirements 

●  Research consistently demonstrated that the furrow irrigation regime reduced 

rice grain arsenic accumulation relative to the delayed flood irrigation regime. 

However, this research should be expanded to include other soil orders and 

inclusive of more rice genotypes. 

●  A reliable arsenic soil test needs to be developed to predict the risk for arsenic 

accumulation in rice. 

●  An analysis of the rice tissue inorganic arsenic and methylated arsenic 

speciation under different irrigation regimes would be desirable given the 

current understanding that methylated arsenic is less toxic towards human 

health. 

 

 

References 

 

[1]  Aide, M., and M. Fasnacht.. “Estimating trace element availability in soils 

having a seasonal water table using commercially available protocols.” 

Comm. Soil Sci. and Plant Anal. 41:1159-1177. 2010. 

[2]  Aide, M. T., D. Deighley, and D. Dunn. “Soil profile arsenic concentration 

distributions in Missouri soils having cambic and argillic soil horizons.” Soil 

Sediment Contamination. 23:313-327.2013. 

[3]  Carter, M.R. “Soil sampling and methods of analysis.” Lewis Publ.,Boca 

Raton, Fl.1993. 

[4]  Chen, X.P., Y.G. Zhu, M.N. Hong, A. Kappler, and Y.Z Xu. “Effects of 

different forms of nitrogen fertilizers on arsenic uptake by rice plants.” 

Environ. Toxicol.Chem. 27:881-887.2008. 

[5]  Duxbury, J.M., G. Panaullah, and S. Kou-Oshima. “Remediation of arsenic for 

agriculture sustainability, food security, and health in Bangladesh.” FAO: 

Viale delle Terme di Caracalla, 00153 Rome, Italy. 2007. 

www.fao.org/nr/water/docs/FAOWATER_ARSENIC.pdf) (verified 26 Feb 

2016). 

[6]  Heitkemper, D.T., Kubachka, K.M., Halpin, P.R., Allen, M.N., and Shockey, 

N.V. “Survey of total arsenic and arsenic speciation in US-produced rice as a 

reference point for evaluating change and future trends.” Food Additives and 

Contam. Part B. 2:112-120. 2009. 

http://www.fao.org/nr/water/docs/FAOWATER_ARSENIC.pdf


Arsenic Uptake by Rice (Oryza sativa L.) Having Different Irrigation 81 

81 
 

[7]  Hossain, M.B., M. Jahiruddin, R.H. Loeppert, G.M. Panaullah, M.R. Islam, 

and J.M. Duxbury.“The effects of iron plaque and phosphorus on yield and 

arsenic accumulation in rice.” Plant Soil 317:167-176.2009. 

[8]  Hu, P., Z. Li, C. Yuan, Y. Ouyang, L. Zhou, J. Huang, Y. Huang, Y. Luo, P. 

Christe, and L. Wu. “Effect water management on cadmium and arsenic 

accumulation in rice (Oryza sativa L.) with different metal accumulation 

capacities.” J. Soils Sediment 13:966-924. 2013. 

[9]  Huang, H., Y. Zhu, Z. Chen, X. Yin, and G. Sun. “Arsenic mobilization and 

speciation during iron plaque decomposition in a paddy soils.” J. Soils 

Sediment 12:402-410. 2012. 

[10]  Kabata-Pendias, A. “Trace elements in soils and plants.” CRC Press, 

N.Y.2001. 

[11]  Liang, F., Y. Li, G. Zhang, M. Tan, J. Lin, W. Liu, Y. Li, amd W. Lu. “Total 

and speciated arsenic levels in rice from China.” Food Additives and Contam. 

27:810-816. 2010. 

[12]  Liu, W.J., Y.G. Zhu, F.A. Smith, and S.E. Smith. “Do iron plaque and 

genotypes affect arsenate uptake and translocation by rice seedlings (Oryza 

sativa L.) grown in solution culture.” J. Experimental Botany 55:1707-1713. 

2004. 

[13]  Liu, W.J., Y.G. Zhu, and F.A. Smith. “Effects of iron and manganese plaques 

on arsenic uptake by rice seedlings (Oryza sativa L.) grown in solution culture 

supplied with arsenite and arsenate.” Plant Soil 277:127-138.2005. 

[14]  Lombi., E., Scheckel, K.G., Pallon, J., Carey, A.M., Zhu, Y.G., and Meharg, 

A.A. “Speciation and distribution of arsenic and localization of nutrients in 

rice grains.” New Phytologist 184:193-201. 2009. 

[15]  Miretzky, P., and A.F. Cirelli. “Remediation of arsenic-contaminated soils by 

iron amendments: A review.” Critical Reviews Environ. Sci. and Tech. 40:93-

115. 2010. 

[16]  Syu, C.H., C.H. Lee. P.Y. Jiang, M.K. Chen, and D.Y. Lee. “Comparison of 

As sequestration in iron plaque and uptake by different genotypes of rice 

plants grown in As-contaminated paddy soils.” Plant Soil 374:411-422. 2014. 

[17]  Tuli, R., D. Chakrabarty, P.K. Trivedi, R.D. Tripathi. “Recent advances in 

arsenic accumulation and metabolism in rice.” Mol. Breeding 26:307-323. 

2010. 

 

 

 

 

 

 

 

 

 

 

 



82 Michael Aide et al 

 

 

 

 

 

 

 

 

 

 

 

 


