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Abstract- 

 
Eighteen soil series were selected to determine soil horizon aqua regia 
digestion and water extractable zinc and cadmium recoveries to assess their 
vertical soil profile variations. The majority of Alfisols, Ultisols, and 
Mollisols show that the iron concentrations positively correspond with 
increasing clay content in the illuvial horizons. Some soil profiles show 
positive aqua regia digestion zinc concentration correlations involving either 
clay or Fe-oxyhydroxides, whereas other soils demonstrate no zinc 
concentration relationship to these soil properties. Soil profiles classified as 
Entisols, Inceptisols and Vertisols show either no evidence for subsurface zinc 
maxima or they demonstrate zinc maxima in their near-surface horizons. 
Cadmium maxima for most of the soils occur in the surface horizons. Water 
extracts show greater cadmium recoveries from the Ap horizons, suggesting 
that soil organic matter is important to cadmium phyto-availability. Rice 
(Oryza sativa L. ‘indica’) cadmium uptake involving commercial rice 
production fields is generally greater for furrow irrigated regimes than delayed 
flood irrigated regimes. All cadmium rice grain concentrations are less than 
international standards, reflecting the non-impacted cadmium status of these 
soils. 
 
Key Words: Aqua-regia digestion, argillic horizon, cambic horizon, zinc, 
cadmium, rice. 

 
 
Introduction 
Inorganic Chemistry of Zinc and Cadmium 
Zinc (atomic number 30) and Cadmium (atomic number 48) are IIB transition metals 
in the Periodic Table, having electronic configurations of [Ar] 3d104s2 for zinc (Zn) 
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and [Kr] 4d105s2 for cadmium (Cd), respectively. Hydrated radii are 430 pm for zinc 
and 426 pm for cadmium, whereas their atomic radii are 153 pm for zinc and 171 pm 
for cadmium [20]. In the aqueous environment, both cations have extensive 
hydrolysis reactions and form ion-pairs with chloride, nitrate, bicarbonate-carbonate, 
sulfate, mercaptol radicals, and dissolved organic ligands [7,27]. 
 
Introduction to Soil Zinc and Cadmium 
Soil zinc and cadmium concentrations may be a consequence of either anthropogenic 
activities or mineral weathering of zinc and cadmium bearing minerals and the 
subsequent migration of zinc and cadmium using geologic and pedogenic pathways[2, 
25, 26]. Naturally occurring zinc-bearing minerals include: sphalerite (α ZnS), wurzite 
(β ZnS), zincite (ZnO), smithsonite (ZnCO3), willemite (Zn2SiO4) and hemimorphite 
(Zn4Si2O7(OH)2 ● H2O). Many other zinc-bearing minerals may have small zinc 
concentrations because of isomorphic substitution; e.g., pyrite (FeS)[19]. Naturally 
occurring cadmium-bearing minerals include: greenockite (CdS), octavite (CdSe), 
monteponite (CdO). Many other cadmium-bearing minerals may have small cadmium 
concentrations because of isomorphic substitution; e.g., Zn and Pb ore[19]. 
Kabata-Pendias [19] noted that argillaceous sediments generally have greater zinc 
concentrations (mean of 120 mg Zn/kg) than other sediment types. Zinc 
concentrations in the surface horizons across soil groups typically range from 60 to 89 
mg Zn / kg[19]. Typical global Cd concentrations average near 0.1 mg Cd/kg, with 
soils from the USA ranging from 0.01 to 2 mg Cd/kg, with a geometric mean of 0.18 
mg Cd/kg [19]. Cadmium typically exists in the soil environment, ranging from 0.01 
to 0.3 mg Cd/kg in coarse-textured soils and ranging from 0.2 to 0.8 mg Cd/kg in 
loamy soils [19]. Kabata-Pendias [19] noted that igneous and sedimentary derived 
parent materials generally have similar cadmium concentrations (mean of 0.1 mg 
Cd/kg). Recently, in the USA, the rice-producing states of Missouri, Arkansas, 
Mississippi, Louisiana and Texas are examining cadmium levels in soil and rice to 
determine if cadmium uptake in is a concern. 
 
Zinc and Cadmium Pathways in the Soil Environment 
Plant uptake of both Zn2+ and Cd2+ occurs through root apoplasmic and symplasmic 
pathways [21, 22].Harvest removal is the removal of zinc and cadmium bearing plant 
material fromland parcels, whereas residues (litter) are plant materials placed at the 
soil surface by mechanical harvesting or natural forest/grassland accumulation. 
Residue decomposition generally results in the return of inorganic cadmium and zinc 
to the soil’s A horizon. Soil organic matter possesses a negative pH-dependent charge 
density, which retain Zn2+ and Cd2+[23, 26, 29]. Organic complexes of zinc and 
cadmium are displaced readily by other cations, especially divalent and trivalent 
cations, thus buffering the soil solution against cadmium and zinc depletion by 
leaching, plant uptake or surface adsorption/precipitation reactions [10, 12, 17, 32]. 
Iron-oxyhydroxides and Mn-oxyhydroxides are variable charges surfaces that acquire 
a positive charge density when the pH is more acid than the mineral’s point of zero 
net charge density [1, 5, 13, 14, 17, 24, 25]. Thus zinc and cadmium may be 
preferentially associated with the amphoteric Fe-oxyhydroxide surfaces [28]. 
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Cadmium and Rice Uptake 
Consumption of cadmium-bearing rice may lead to severe human diseases, e.g. itai-
itai disease, kidney, bone and pulmonary damage. Cadmium soil concentrations in 
excess of 5 to 10 mg/kg are frequently phytotoxic [33].Plant tissue cadmium 
concentrations frequently are greater in the root system, less in the leaf-stem 
components and least in the grain [22]. Phosphate fertilizers are suspected of having 
residual cadmium concentrations[9]. Rice is particularly sensitive to the uptake of 
cadmium, especially where the soil has been cadmium impacted [15, 16, 34]. Recent 
research indicates that transitioning from flood irrigated rice systems to more aerobic 
rice irrigation systems supports greater rice cadmium uptake [6, 15, 16, 34]. 
Liu et al. [21] investigated hydroponic iron, zinc and phosphorus concentration 
differences in the uptake of cadmium by rice seedlings. Iron plaque associated with 
the rice roots acted as a surface for cadmium adsorption and limited the cadmium 
concentrations in rice root and shoot tissues. However, root tissue resistance to 
cadmium uptake was estimated to be more important than the adsorption of cadmium 
by the iron plaque on determining the ultimate root tissue cadmium concentrations. 
Increased zinc concentrations in the nutrient solutions promoted the transference of 
cadmium from the roots to the shoots. 
Water management has frequently been observed as influencing cadmium uptake in 
rice [15]. Hu et al. [15] investigated rice in Taiwan under four different water 
management regimes: aerobic, intermittent, conventional, and flooded. The aerobic 
and intermittent irrigation regimes exhibited higher HCl-extractable cadmium and 
lower HCl-extractable arsenic than the conventional and flooded irrigation regimes. 
Cadmium concentrations in two brown rice cultivars ranged from 0.02 to 0.05 mg Cd 
/ kg for the flooded irrigation regime to 1.15 to 1.6 mg Cd / kg for the aerobic 
irrigation regime. Straw cadmium concentrations increased on progression from early 
tillering to full-tillering to panicle initiation, then increased more dramatically at grain 
filling and maturity, inferring that rice stage of growth was an important variable in 
the uptake of cadmium. 
Huang et al. [16] noted that cadmium speciation is influenced by pH, oxidation 
reduction processes, cation exchange capacity, soil organic matter and soil 
mineralogy. These authors monitored cadmium concentrations in soil water in rice 
soils over time during submergence. They documented that within 400 hours of 
submergence : (i) pH transitioned from pH 5.5 to pH 6.5, (ii) Eh transitioned from 400 
mv at time zero to 50 to -200 mv, (iii) iron concentrations transitioned from trace at 
time zero to 20 to 75 mg Fe/ L, (iv) manganese concentrations transitioned from trace 
at time zero to 3 to 10 mg Mn / L, and (v) cadmium concentrations transitioned from 
trace to very small concentrations at time zero to 0.055 to 0.03 mg Cd / L at 300 and 
700 hours, respectively. Huang et al. [16] speculated that although the bulk soil Eh 
was not sufficiently anaerobic to reduce sulfate to sulfide, microsites within the soil 
may have been sufficiently reduced to promote sulfide formation and subsequent CdS 
precipitation. Fan et al. (2010) observed that excessive sulfur reduced cadmium 
incorporation into brown rice. 
Simmons et al. [30] investigated soil tests to estimate phyto-availability of cadmium. 
These authors concluded that aqua-regia digestion and DTPA extractable Cd were 
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frequently ineffective in estimating cadmium phyto-availability; however, soil 
samples collected during rice grain filling intervals and extracted with 0.01 M CaCl2, 
coupled with soil pH, could assess the potential risk for rice cadmium uptake. 
This manuscript examines the fine earth fraction (whole soil minus clastics greater 
than 0.002 m) of soil profiles for aqua-regia digestion and water extractable 
concentrations of iron, zinc and cadmium to test for soil profile (vertical) variations 
and to infer if these soil profile variations are attributed to human impact. The survey 
for lead and arsenic in the study area has already been completed [4, 5].This 
manuscript also examines zinc and cadmium uptake by rice (Oryza sativa L. 
‘indica’)involving two soils having different textures and different irrigation regimes 
to estimate the cadmium risk involving human consumption. 
 
 
Materials and Methods 
The Selected Soils of the Study Area 
Soil profiles were selected from soil series having wide areal extent across 
southeastern Missouri and to provide a broad array of soils having alluvial and loess 
parent materials. Table 1 displays the classification and drainage of soils in the study 
area, whereas Table 2 displays the parent materials, and soil horizon sequences. The 
pedons range from excessively well-drained to very poorly-drained. The soils 
representing the Alfisol, Ultisol and Mollisol soil orders have A (ochric, umbric or 
mollic) - E – Bt (argillic or natric) – C or R horizon sequences. The soils representing 
the Entisol and Inceptisol soil orders possess Ap (ochric) – Bw (cambic) – C horizon 
sequences. The soils representing the Vertisol order possesses Ap – Bssg horizon 
sequences. Soil textures range from loamy sand to clay. 
 

Table 1. Soil Taxonomy Classification and Drainage Class of Soils 
 
Soil Series Classification Drainage Class
Alred TypicPaleudalfs well drained
Amagon TypicEndoaqualfs poorly drained
Broseley ArenicHapludalfs somewhat excessively drained 
Calhoun TypicGlossaqualfs poorly drained
Clana Aquic Udipsamments moderately well drained 
Commerce FluvaquenticEndoaquepts somewhat poorly drained 
Crowley Typic Albaqualfs somewhat poorly drained 
Dubbs TypicHapludalfs well drained
Foley Albic GlossicNatraqualfs poorly drained
Lilbourn Aeric Fluvaquents somewhat poorly drained 
Malden TypicUdipsamments excessively drained
Menfro TypicHapludalfs well drained
Portageville VerticEndoaquolls poorly drained
Reelfoot Aquic Argiudolls somewhat poorly drained 
Reuter Vitritorrandic Haploxerolls well drained
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Sharkey Chromic Epiaquerts poorly drained
Tiptonville OxyaquicArgiudolls moderately well drained 
Wilbur FluvaquenticEutrudepts moderately well drain 
 

Table 2. Parent Materials and Vegetation Class 
 
Soil Series Parent Materials Horizon Sequence 
Alred loess over cherty limestone residuum A – Bt – 2Bt 
Amagon fine-silty alluvium A – Eg – Btg – BCg 
Broseley sandy alluvium Ap – Bt – C 
Calhoun fine-silty alluvium A – Eg – Btg – BCg 
Clana coarse-textured terrace (alluvium) Ap – Bw – C 
Commerce loamy alluvial sediments Ap – Bw – Bg - C 
Crowley fine-silty alluvium Ap – E – Btg – C 
Dubbs silt over loamy sand alluvium Ap – Bt – 2Bt - 2C 
Foley silty terrace material high in sodium Ap – E – Btng – C 
Lilbourn coarse-textured terrace (alluvium) Ap – C1 – C2 
Malden coarse-textured terrace (alluvium) Ap – Bw – C 
Menfro loess A – E – Bt – C 
Portageville fine-textured alluvium Ap – A – Bg – Cg 
Reelfoot silty alluvium Ap – A – Bt – B – C 
Reuter loess over cherty limestone residuum A – Bt – 2Bt 
Sharkey fine textured alluvium Ap – Bssg – Bssyg 
Tiptonville silty-textured alluvium Ap – A – Bg – Cg 
Wilbur silty-textured alluvium Ap – Bw – Cg 
 
 
Summers are hot and humid with a mean July temperature of 26°C and winter 
temperatures are mild with a mean January temperature of 2°C. The mean annual 
precipitation of 1.19 m is seasonally distributed, with greater rainfall in spring. 
Vegetation is either a mixed hardwood forest or land that has been cleared of 
vegetation, land-graded and employed in row-crop agriculture. 
 
Field and Laboratory Protocols 
Most soils were classified and sampled in excavated pits using USDA-NRCS 
protocols[31]; however, a few soils were sampled with hydraulic probes. All samples 
were sieved to separate clastics greater than 0.002 meters, with the resultant sample 
being the fine earth fraction. Routine laboratory analysis includes: mechanical 
analysis (sand, silt and clay contents), cation exchange capacity by summation, pH, 
exchangeable cations (Ca, Mg, K, Na), total acidity, and organic matter by loss on 
ignition using routine methods [8]. The soil characterization data was used primarily 
to verify that the pedons actually represented the soil series and to assess if these soil 
properties show relevant relationships with the zinc and cadmium soil profile 
distributions. 
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An aqua regia digestion was employed to obtain a near total estimation of elemental 
abundance associated with all but the most recalcitrant soil chemical environments 
[3]. Aqua-regia digestion does not appreciably degrade quartz, albite, orthoclase, 
anatase, barite, monazite, sphene, chromite, ilmenite, rutile and cassiterite; however, 
anorthite and phyllosilicates are partially digested. 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, the detection limit for Zn was 0.1 mg/kg and the Cd detection limit was 0.01 
mg/kg. 
A hot water extraction was performed to recover only the most labile or potentially 
labile fractions. A hot water 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. For the water extraction, selected samples 
were duplicated and reference materials were employed to guarantee analytical 
precession. The detection limit for zinc was 10 µg/kg-soil and cadmium was 0.2 
µg/kg-soil. 
Some soil pedons were grouped for statistical analysis because they represent the 
same soil series and were located in close proximity. Regression analysis, Pearson 
correlations and paired t-tests for mean separation were performed using Microsoft 
Excel. To test the null hypothesis that the linear regression slope (β1) is zero, the 
variance of the error about the slope was estimated to create confidence intervals (α = 
0.05) were developed [8]. 
 
Cadmium and Zinc Uptake by Rice Under Two Irrigation Regimes 
A two year field trial (2013 and 2014) involving rice (Oryza sativaL. ‘indica’) was 
performed to estimate cadmium and zinc uptake on two soil series and two irrigation 
strategies. The rice variety ‘CL111’ was planted and conventionally fertilized with 
urea at a rate of 120 lbs N/acre at the 4th to 5th leaf stage and immediately irrigated. 
Mid-season nitrogen fertilization included areal application of urea at 45 lbs-N/acre. 
The soil series included the Crowley series (Fine, smectitic, thermic Typic 
Albaqualfs) and the Sharkey series (Very-fine, smectitic, thermic Chromic 
Epiaquerts). 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”. The Sharkey clay field having delayed flood irrigation in 2013 
suffered from a poor stand establishment and was not subsequently sampled. At 
harvest 40 rice plants randomly selected from each replicate were collected and 
subsequently separated into leaf, stem and seed components, dried at 70ºC, and 
analyzed for Zn and Cd using acid dissolution coupled with ICP-MS analysis. The 
plant tissue analysis was performed by Midwest Laboratories (Omaha, NE), using 
USEPA method 6020, known reference materials and duplicated samples for 
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analytical quality control. The detection limit for Zn was 0.10 mg Zn/kg-dry matter 
and the detection limit for Cadmium was 0.05 mg Cd / kg-dry matter. 
 
 
Results and Discussion 
Distribution of Zinc in Selected Soils 
The zinc and cadmium soil profile distributions for eighteen soil series show a range 
in distribution trends. Table 3 displays the iron, zinc and cadmium mean and standard 
deviation among the soil series selected for this study. The Portageville (119.6 mg 
Zn/kg-soil) and Sharkey (99.3 mg Zn/kg) pedons have the greatest clay contents and 
the greatest mean zinc concentrations. In general, coarse-textured soils have smaller 
mean zinc concentrations; however, the deep silt loam Menfro series has smallest 
mean zinc concentration (24.5 mg Zn/kg-soil) and undetectable cadmium 
concentrations. 
 

Table 3. Whole soil Mean Fe, Zn and Cd concentrations (mg/kg-soil) 
 
 Iron Zinc Cadmium 
Soil Series Mean STD Mean STD Mean STD 
Alred 24,430 12,600 80.9 49.7 0.08 0.05 
Amagon 16,042 5,490 46.8 19.1 0.03 0.03 
Broseley 10,530 3,940 27.2 13.9 0.06 0.04 
Calhoun 17,380 7,660 39.0 12.5 0.01 0.01 
Clana 12,030 3,320 29.2 6.2 0.08 0.05 
Commerce 18,190 3,940 53.4 24.8 0.13 0.12 
Crowley 25,190 9,520 63.1 25.9 0.13 0.12 
Dubbs 15,690 4,420 41.9 8.8 0.10 0.05 
Foley 28,210 4,120 71.0 22.8 0.16 0.20 
Lilbourn 13,090 1,350 26.4 5.7 0.06 0.04 
Malden 10,590 1,190 24.5 5.6 0.06 0.03 
Menfro 18,270 6,850 60.1 18.3 nd nd 
Portageville 37,360 2,710 119.6 6.1 0.45 0.15 
Reelfoot 18,910 3,900 58.6 19.2 0.13 0.07 
Reuter 16,700 6,660 34.9 11.3 0.07 0.04 
Sharkey 30,330 6,940 99.3 25.0 0.21 0.12 
Tiptonville 15,450 6,230 51.6 10.8 0.26 0.26 
Wilbur 17,720 2,730 45.1 11.4 0.10 0.08 
STD is standard deviation All “pooled” pedons were adjacent, similar soil 
classification and having identical land use. nd = not detected at 0.05 mg Cd/kg-soil 
 
 
The Alred, Amagon, Calhoun, Clana, Crowley, Dubbs, Foley, Menfro, Reelfoot, and 
Rueter pedons show greater zinc concentrations in either their argillic or cambic 
horizons than their immediately superimposed A, Ap or E horizons (Menfro pedons in 
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Figure 1). The zinc concentrations of the Alred, Amagon, Calhoun, Crowley, Menfro 
and Reuter soils have a positive and significant relationship with their corresponding 
iron concentrations (Table 4), whereas the zinc concentrations of the Foley, Menfro 
and Rueter exhibit a positive and significant relationship to soil clay content (Table 
4). The Crowley series consists of somewhat poorly-drained soils having Ap – E – 
Btg - C horizon sequences developed in fine silty alluvium. Soil zinc concentrations 
of the silt and clay separates of the Crowley pedon are positively and significantly 
correlated with the corresponding soil iron concentrations (r = 0.98). 
 

0 10 20 30 40 50 60 70 80 90

mg Zn/kg-soil

0
20
40
60
80

100
120
140
160
180
200

So
il 

D
ep

th
 (c

m
)

Menfro #1
Menfro #2

 
 
Fig 1. The relationship involving the fine earth fraction zinc concentrations with 
respect to soil depth for the Menfro pedons. 
 

Table 4. Zinc Correlation coefficients 
 
Soil Series Fe-oxyhydroxide Clay Content 
Alred 0.96 0.98
Amagon 0.67 ns
Broseley ns ns
Calhoun 0.67 ns
Clana ns ns
Commerce ns ns
Crowley 0.98 ns
Dubbs ns ns
Foley ns 0.80
Lilbourn ns ns
Malden ns ns
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Menfro 0.85 0.80
Portageville ns ns
Reelfoot ns ns
Reuter 0.96 0.97
Sharkey ns ns
Tiptonville ns ns
Wilbur ns ns
All “pooled” pedons were adjacent, similar s oil classification, identical land use. ns 
is not significant 
 
 
The Broseley, Malden, Clana, Lilbourn Commerce, and Wilbur pedons have slightly 
greater soil zinc concentrations in their A or Ap horizons than their deeper soil 
horizons, suggesting A horizon absolute zinc enrichment because of biocycling by the 
ancestral forest vegetation. The Portageville, Tiptonville and Sharkey pedons exhibit 
little variation in their soil zinc content with respect to soil depth (Two Sharkey 
pedons in Figure 2). The fine-textured Portageville pedon has greater soil zinc 
contents than the fine-textured Sharkey clay, suggesting parent material zinc 
concentration differences. The clay separates of the fine-textured Portageville and 
Sharkey pedons are almost exclusively composed of phyllosilicate minerals 
associated with smectite, suggesting that shrink-swell activities support haploidization 
and inhibit distinctive soil horizon sequence development. 
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Fig 2. Soil profile zinc concentrations with respect to soil depth for the Sharkey 
pedons. 
 



38 Michael Aide et al 

Distribution of Cadmium in Selected Soils 
The mean soil profile cadmium concentrations ranged from less than 0.05 mg Cd/kg-
soil for the Menfro series to0.21 mg Cd/kg-soil for the Sharkey pedons and 0.45 mg 
Cd/kg-soil for the Portageville series (Table 3). The cadmium concentrations for the 
surveyed pedons are similar to the cadmium concentrations documented for non-
impacted soils[19]. 
The soil profile cadmium concentration distributions fall generally into two soil 
categories based on the presence of diagnostic soil horizons: argillic and cambic. The 
Alred, Rueter, Amagon, Crowley and Calhoun pedons show cadmium concentration 
maxima in the argillic horizons. The Alred and Rueter exhibit a lithologic 
discontinuity, wherein the deeper argillic (2Bt) horizons are derived from limestone 
residuum and exhibit substantially greater clay and cadmium contents, suggesting 
inherited cadmium differences (Figure 3). Conversely, the Broseley, Dubbs, Foley, 
Malden, Clana, Lilbourn, Tiptonville, Commerce, Reelfoot, and Wilbur pedons 
demonstrate eluvial (near-surface) horizon cadmium maxima (Sharkey pedons in 
Figure 4), suggesting cadmium biocycling by the ancestral forest vegetation is an 
important pedogenic process. The Portageville pedons show no substantial evidence 
of cadmium maxima within any portion of their soil profiles. The Menfro pedons lack 
detectable cadmium concentrations. 
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Fig.3. The soil profile cadmium concentrations with respect to soil depth for the 
Alred and Rueter pedons. 
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Fig.4. The soil profile distribution of the fine earth fraction cadmium 
concentrations for the Sharkey pedons. 
 
 
Water Extracts for estimating zinc and cadmium availability 
Water extracts were performed on the Crowley and Sharkey soil profiles to determine 
the relative cadmium and zinc water recoveries throughout their soil profiles. Zinc 
water recoveries in the Crowley pedon are approximately 60 µg Zn / kg-soil in the Ap 
horizon, then transition to near trace levels in the upper argillic horizon and again 
transition to approximately 250 to 270 µg Zn / kg-soil in the lower argillic horizon. A 
transition from strongly acidic to moderately alkaline occurs on transition from the 
upper to deeper portions of the argillic horizon, suggesting the importance of pH on 
the zinc water extract recovery. Zinc water recoveries from the Sharkey pedons are 
approximately 40 to 60 µg Zn / kg-soil in the Ap horizon and approximately 80 to 100 
µg Zn / kg-soil in the upper Bssg horizon. The deeper Bssgy horizons in pedon 1 have 
smaller zinc water recoveries than Pedon 2. 
Cadmium water recoveries for the Crowley and Sharkey series show greater 
recoveries in the Ap horizon than the immediately deeper soil layers (Figures 5 and 
6). 
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Fig.5. Cadmium water extraction for the Crowley pedon. 
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Fig.6. Cadmium water extraction for the Sharkey pedons. 
 

 
Zinc and cadmium rice uptake on two soil textures and two irrigation strategies 
Missouri rice production is transitioning from delayed flood irrigation (maintain flood 
conditions from the fifth leaf stage through grain fill) to furrow irrigation (rice 
cultured on raised bed designs with water furrow irrigated and no surface water 
ponding intended). Furrow irrigation is increasingly attractive because of existing 
high groundwater withdrawal rates and higher water pumping costs and other 
pragmatic production issues associated with delayed flood irrigation. 
Given that the majority of the rice root mass is in the Ap horizon, the routine soil 
characteristics for the Ap horizons of the Crowley and Sharkey pedons are provided 
in Table 5. Zinc uptake in rice for the Crowley series demonstrates that the non-grain 
vegetative component has significantly greater zinc concentrations than the grain 
(rough or paddy rice) component for both 2013 and 2014, regardless of the irrigation 
strategy (Table 5). The Sharkey series exhibits greater zinc concentrations in the non-
grain vegetative component for furrow irrigated rice in 2013 and 2014 and the grain 
component shows slightly greater zinc concentrations in delayed flood irrigation in 
2014. 
 

Table 5. Routine soil characterization for the Ap horizons. 
 
Soil Series pH SOM Acidity CEC Texture 
Crowley 4.8 1.6 5.0 11.1 silt loam 
Sharkey (2013) 6.8 2.1 0.5 24.2 clay 
Sharkey (2014) 5.5 3.2 4.5 21.3 clay 
Acidity is total acidity 
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Table 6. Zinc uptake (mg Zn/kg) in delayed flood and furrow irrigated rice and 
two soil series. 
 
  Crowley silt loam Sharkey clay
Year Plant Part Delayed Flood Furrow Delayed Flood Furrow 
2013 Leaf 23 28 not determined 36 
 Stem 37 77 not determined 16 
 Seed 22 25 not determined 11 
2014 Leaf/Stem 45 28 16 24 
 Seed 24 22 19 19 
 
Table 7. Cadmium uptake (mg Cd/kg) in delayed flood and furrow irrigated rice 
and two soil series. 
 
  Crowley silt loam Sharkey clay
Year Plant Part Delayed Flood Furrow Delayed Flood Furrow 
2013 Leaf 0.06 <0.05 not determined 0.09 
 Stem <0.05 <0.05 not determined 0.22 
 Seed <0.05 0.5 not determined 0.06 
2014 Leaf/Stem <0.05 0.11 <0.05 0.8 
 Seed <0.05 <0.05 <0.05 <0.05 
Seed is paddy (rough) rice 
 
 
Cadmium concentrations are less than 0.22 mg Cd / kg for all plant tissue samples, 
with the majority of the plant tissue samples at or below the 0.05 mg Cd / kg detection 
limit. For the Crowley series in 2013 there was a non-significantly greater cadmium 
concentration in furrow irrigated rice grain than the corresponding delayed flood 
irrigated rice grain, whereas rice grain cadmium concentrations in 2014 were less than 
0.05 mg Cd / kg, regardless of irrigation strategy. For the Sharkey series in 2013 the 
cadmium concentrations in the non-grain and grain components of the furrow 
irrigated rice were experimentally greater than the cadmium detection limit (0.05 mg 
Cd / kg), whereas rice non-grain cadmium concentrations in 2014 were greater than 
the cadmium detection limit and the grain components were less than the cadmium 
detection limit regardless of irrigation strategy. 
Rice cadmium longitudinal concentrations (mg Cd / kg-dry weight) obtained during 
progression from the fifth leaf stage to panicle exertion for the Crowley and Sharkey 
series (2013), with both soil series having furrow irrigated rice and the Crowley series 
also having delayed-flood irrigated rice are displayed in Figure 7. The Sharkey furrow 
irrigated rice showed cadmium levels greater than the detection limits at all growth 
stages. The Crowley furrow irrigated rice showed cadmium levels at or above the 
cadmium detection levels at internode elongation and panicle exertion. The Crowley 
delayed-flood irrigation strategy did not have any cadmium concentration response at 
or above the cadmium detection levels. At harvest, brown and polished rice samples 
for the Sharkey furrow irrigated rice had cadmium concentrations of 0.08 mg Cd/kg-
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dry weight, whereas the cadmium concentrations associated with brown and polished 
rice samples from the Crowley soil were below cadmium detection levels regardless 
of the irrigation strategy. In 2014 all brown and polished rice samples were less than 
0.05 mg Cd/kg-dry weight. 
The Codex Alimentarius Commission (a jointly run organization of the United 
Nations Food and Agriculture Organization and the World Health Organization) 
establishes international food safety and quality standards to promote safer and more 
nutritious food for consumers worldwide. The Codex Alimentarius Commission has 
set the threshold level for cadmium in polished rice at 0.4 mg Cd/kg-polished rice. 
Thus all rice samples in this investigation are well below those standards for 
international trade. 
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Fig.7. Cadmium tissue concentrations for rice from the fifth leaf stage to 
anthesis, having two irrigation strategies. The horizontal bar represents the 
detection level of 0.5 mg Cd / kg-dry weight. The absence of a column bar 
indicates below detection limit. 
 
 
Summary Statements 
Zinc and Cadmium Soil Profile Distributions and Soil Order Classification 
Some of the possible zinc and cadmium soil pedogenic and anthropic processes 
include: (i) metal-clay and metal-organic acid eluviation-illuviation processes, (ii) 
oxidation-reduction processes, (iii) dissolution and precipitation reactions, (iv) plant 
uptake and subsequent litter/residue placement at the soil surface (biocycling), (v) 
adsorption and cation exchange reactions, and (vi) contamination because of human 
activities. 
In the examined soil profiles zinc is associated preferentially with the clay separate; 
therefore, eluviation-illuviation processes support zinc maxima in the argillic 
horizons. Oxidation-reduction reactions, coupled with adsorption and precipitation 
reactions, in the somewhat poorly-drained to poorly-drained pedons support pH 
dependent zinc and cadmium placement in glabules/nodules or Fe-oxyhydroxides. 
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Pedons that have cambic horizons generally demonstrate zinc and cadmium maxima 
in the eluvial horizons, suggesting that zinc and cadmium biocycling over time by 
ancestral forest vegetation promoted Ap horizon enrichment. The Sharkey pedon is a 
Vertisol, with the presence of slickensides, suggesting that the zinc and cadmium soil 
profile distributions are influenced by shrink-swell haploidization processes. 
Cadmium Rice Accumulation 
The phyto-availability of zinc and cadmium for the Crowley and Sharkey pedons does 
not suggest any previous human disturbance and the zinc and cadmium rough, brown 
and polished rice concentrations are appropriate for international trade. The transition 
of rice production from a delayed-flood irrigation regime to a furrow irrigated rice 
irrigation regimes does slightly increase cadmium uptake; however cadmium 
observed concentrations are much smaller than those established by the Codex 
Alimentarius Commission. 
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