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July 6, 2007 
Abstract   

This report summarizes the outcomes of studies that assessed the appropriateness of 
the soil-solution partition coefficients, Kd, and the plant uptake factors, PUF that were 
used in the CDFA’s risk based study on the plant accumulation of As, Cd, and Pb by food 
plants grown in California cropland soils (CDFA, 1998) through examinations of existing 
data, laboratory experiments, and field testing.  

Under the field growing conditions, the Kd and PUF for any food crops did not appear to 
be constants with respects to the element, plant species, or soils of concern. Instead, the 
field obtained values for these two parameters followed the log-normal distributions and 
the range of the distributions appeared to be rather wide. The Kd and PUFtotal employed 
for the CDFA risk-based study of As, Cd, and Pb uptake by food plants were similar in 
magnitudes, covered roughly the same ranges, and followed the log-normal distributions 
as those data we obtained independently from the field samplings. Since this is the case, 
we expect that the outcomes of CDFA’s risk-based assessment on the maximum 
tolerable threshold for As, Cd, and Pb in the fertilizers to be comparable to the outcomes 
if the Kd and PUF were obtained based on the conditions of production fields in California. 
We conclude that the Kd and PUF used in the previous referenced study were appropriate.  

The conclusions of the individual studies we conducted are summarized as follows: 

1. The soil to solution partitioning coefficient, Kd, is an important parameter in 
assessing the environmental and health risks of potentially toxic metals in cropland 
soils. We examined the Kd, for As, Cd, and Pb in P fertilizers and cropland soils in 
the laboratory based on the conventional extraction of 1:10 soil to water ratio (w/v). 
In soils treated with P fertilizer and micronutrients, solution/solid phase partition of 
As, Cd, and Pb were comparable to those indigenous of the soils unless the 
amounts added became excessive. (Chapter 2) 

2. Ideally, Kd, the ratio of the total (Ctotal) and solution concentrations (Csolution) of trace 
element in soil, is determined under the field moisture conditions. In reality, the soil 
solution concentration is represented by the concentration in extracts of a given 
soil to water ratio. We used cadmium as an example demonstrated the 
uncertainties in determining the soil solution Cd concentrations, thus the Kd 
because the soil solution concentration varied with the soil to water ratio. Results 
of extraction experiments showed that extracting the soils at the soil to water ratio 
of 1: 1 (w/v) was most representative of the field moisture contents and provided 
the most consistent results.  Under this circumstance, the Cd concentration in soil 
solution tends to be probabilistic and follows a normal distribution. The probability 
density functions for Kd were established. If Kd is characterized in probabilistic 
terms, the risks of environmental and health harms of trace elements in the soils 
may be more appropriately assessed. (Chapter 3) 
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3. We assessed the Kd and PUF based on soil and plant tissue samples obtained 
from croplands in California several. Under the growing conditions of production 
fields, the Kd and PUF for any food crops did not appear to be constants with 
respects to the element, plant species, or soils confirming the laboratory findings 
summarized in Chapter 3. Instead, the field obtained values of these two 
parameters followed generally the log-normal distributions and the range of the 
distributions appeared to be rather wide. The Kd and PUF employed for the CDFA’s 
risk-based study of As, Cd, and Pb uptake by plants were similar in magnitudes, 
covered roughly the same ranges, and followed the log-normal distributions as 
those we obtained from the field samples. Since this is the case, we expect that 
the outcomes of the risk-based assessment on the maximum tolerable thresholds 
for As, Cd, and Pb in the fertilizers and micronutrients to be comparable to the 
outcomes if Kd and PUF were obtained from data representing the conditions of 
production fields in California. (Chapter 4) 

4. In soils, As, Cd, Pb in solution phase may be surface adsorbed or immobilized and 
precipitated into mineral phases and vise versa. These processes take place 
simultaneously and for Kd, they must be considered at the same time. We 
described the reaction kinetics by a two-site model combining linear instantaneous 
model for the surface adsorption and first order reaction kinetic model with forward 
and backward reaction constants for the immobilization and precipitation of the 
mineral phase. We developed the mathematical models and used the batch Cd 
adsorption experiments with two California to test the validity of the model. The 
method allowed us to distinguish the trace elements that are surface adsorbed and 
precipitated and determine the Kd and the precipitation and dissolution constants 
simultaneously. (Chapter 5) 

5. A more reasonable approach to assess the impacts of trace element inputs on 
cropland soils is through the mass balance of trace elements in the soil profile. 
Based on the information obtained in the previous studies, we updated the model 
parameters of the mass balance model developed in the previous study and used 
the Monte Carlo simulations to assess CDFA’s trace elements thresholds for 
fertilizers and micronutrients. Under the normal crop practice, applications of P 
fertilizers meeting California’s trace element standards for fertilizers will results in 
gradual reduction of As and increase of Cd in the receiving soils over 100 year of 
continuous cultivation. The amounts of changes were considerably smaller than 
applying P fertilizers meeting the trace element thresholds of the regulations in 
Oregon and Washington and those recommended by APPFRO. Removal by plant 
uptake has the greatest impact in the mass balance of trace elements in soils. 
(Chapter 6) 

6. Based on the outcomes of the model simulation, we designed a field experiment 
to examine the plant uptake of the trace elements under the growth conditions of 
field production. In this case Cd uptake by romaine lettuce was used as the 
example. The soil solution Cd concentrations the soils remain relatively constant 
throughout the plant growing season. At a given stage of growth, the rate of Cd 
uptake by Romaine lettuce plants is related to the soil solution Cd concentrations 
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according to the Michaelis-Menton kinetics model. However, the maximum influx 
rates Jmax obtained in this manner would decrease with the length of the growing 
period. A second order kinetic model by integrating the time factor was developed 
to simulate the cumulative plant uptake of Cd over the growing season: 

 

where CPlant and CSolution refer to the Cd content in plant tissue and soil solution, 
respectively, PUFmax represents the uptake potential at time zero and b is a kinetic 
constant related to plant growth. The plant uptake factor, PUF, which is defined as the 
ratio of Cd in plant tissue to that in soil solution, follows the similar trend to that of CPlant. 
The data from the field experiment showed that the Cd naturally occurring in the P 
fertilizers and Cd spiked P fertilizers were different. On a per unit total soil Cd basis, the 
absorption by Romaine lettuce were much higher for the indigenous Cd than the spiked 
Cd of the P fertilizers. This mathematical model is general and may universally be 
applicable to the assessment of uptake by other plant species or of other trace elements. 
(Chapter 7) 

We improved the trace element model by coupling the trace element mass balance with 
the water flow algorithms of HYDRUS-1D to account for trace element distributions in the 
soil profiles. In the modified model, the simulated soil profile is discretized into a number 
of uniform adjoining sections. In each section, the same scheme as defined in the 
previous model was adopted. The external inputs are sorted into three categories. Inputs 
from atmospheric deposition and with irrigation water are added to the top element of the 
soil profile. Discrete sources from fertilizes, micronutrient and waste disposal are added 
uniformly to the plow layer. The model allows simulating plant root growth and distribution 
along the soil profile and the solute transport is simulated with the convective-dispersive 
equation. The model not only allows studying the pools and fluxes of trace element in 
cropland soils, but also assessing the distribution of trace elements along the soil profile.  
(Chapter 8) 
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Chapter 1 

Introduction 

Trace elements, such as arsenic (As), cadmium (Cd), and lead (Pb) are ubiquitous in the 
natural environment. At the normal concentration ranges, the potentially hazardous trace 
elements referenced above do not pose significant threats to human and eco-system 
health. Their levels in cropland soils however may be affected by various cultivation 
activities such as fertilizer applications, irrigation, pesticide sprays, land application of 
organic wastes, re-incorporation of crop residues, and atmospheric fallouts (Chang and 
Page, 2000). Among them, the fertilizer and micronutrient applications are by far the most 
consistent inputs. While the amount of contaminant being added with each input may be 
small in comparison to the total volume of the receiving soil and their deposition and 
transformation in soils may not be readily detectable by the routine field soil sampling, 
long term continual inputs and a lack of removal mechanisms can lead to a gradual 
buildup of these trace elements in the agricultural soils especially if the soil amendments 
are inherently contaminated. 

Krage (2002) reported that the As, Cd and Pb contents of irrigated cropland soils in 
California exhibited the rising trends in contrast to the respective baseline levels. Mulla et 
al. (1980) reported results of a long-term P fertility experiment at the University of 
California, Riverside that the Cd contents remained elevated in the surface soils several 
decades after the experiment ended and were in proportion to amounts of P-fertilizer the 
soils received over time. In Europe, fertilizers produced from phosphate rock represent a 
major contribution of Cd to cropland soils. In 1985, the Cd from P fertilizers constituted 
an estimated 74% of the total Cd load to European arable soils (EUROSTAT, 1995). With 
the subsequent control measures, phosphate fertilizer borne Cd remained as the major 
contributor, accounting for more than 50% of the total input in areas that were not heavily 
polluted or were not heavily industrialized according to a 1995 estimate (Meeus et al., 
2002). Phosphate fertilizers have been the primary source of Cd in pasture soils in 
Australia and New Zealand (Andrewes et al. 1996). Mulla et. A. (1980) and Loganathan 
et al. (1995) showed a clear relationship between P-fertilizer use and Cd accumulation. 

The enrichments in the soils may lead to inadvertent transfer of trace elements through 
the food chain to affect unsuspected consumers. The possible risks derived from the 
increasing amount of trace elements in cropland soils have resulted in growing public 
health concerns on the consumers of the harvested crops (Krishnamurti, et al. 1999, 
Meeus, et al. 2002) and the indigenous populations (Hinwood et al., 2004). It is imperative 
to understand the behavior of trace elements in cropland soils. 

Soils often are repositories of fugitive trace element pollutants. In soil, most trace 
elements are not readily soluble. They are present in the soils indigenously and they may 
be introduced various mechanisms as solid phase minerals. In readily soluble forms, the 
trace elements are adsorbed by inorganic solid phases, organic matter and clays, 
associated with the primary minerals, or form insoluble precipitates (Gray et al. 2000). 
The behavior of trace elements in the soil-water-plant system is dependent on the 
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interactive and dynamic processes in the soils. Trace elements in the soil solution are of 
special interest as they are readily accessible to plants and other soil organisms and are 
mobile through the vadose zone to reach underground waters. Knowledge on the partition 
of trace elements between the solid and solution phases are imperative for assessing 
environmental and health risks associated with the anthropogenic sources of trace 
elements in soils 

Solid-Solution Partition 

Plants absorb water, nutrients, and potentially toxic substances from those present in the 
solution phase of the soil. Consequently, the plant uptake of trace elements is a function 
of their concentrations in soil solution. In soils, the introduced trace elements tend to 
remain in the solid phases and therefore must first enter the soil solution before uptaking 
by plants. Trace element concentrations of the soil solution, however, are not readily 
determined. In risk assessment and solute transport modeling, the trace element transfer 
between the solid (Csolid) and solution (Csolution) phases of the soil is assumed to be in a 
steady state. Therefore, the element’s solid-solution phase partition coefficient (Kd) would 
be a constant. The concentration in the solid phase may be represented by its total 
contents that (Sauve et al., 2000):  

 

where Kd (l kg-1) is the solid and solution phase partition coefficient and Ctotal (mg kg-1) 
and Csolution (mg l-1) are the total and solution concentrations of trace element of the soil, 
respectively. Unlike the total contents, the soil solution concentration of trace elements is 
frequently below the limit of detection of the commonly used analytical instruments and 
is seldom measured. The trace element contents of the soil solution are functions of soil 
properties. Equation 1 may be employed to quantitatively assess the mobility and 
biological availability (such as the uptake by plants) of trace elements in the soils if Kd is 
defined.  

Environmental risk assessment has become a commonly employed procedure for 
establishing numerical limits in the fertilizer regulatory processes (TFI, 2000; USEPA, 
2000; AAPFCO, 2002). In 1997, CDFA conducted a risk-based assessment on human 
health due to exposures to trace elements in fertilizers and/or micronutrients applications 
on cropland (CDFA, 1998). Through this process, CDFA established the safe limits for 
As, Cd, and Pb in fertilizer products that are used in food production. Subsequently, the 
numerical limits derived from this study were adopted as a part of the fertilizer regulations 
in California (California Code of Regulations, Title 3, Sections 2302 and 2303). The 
fertilizer regulatory agencies in California, Oregon, and Washington now track and, via 
Internet, publish the levels of non-nutritive substances in fertilizer and/or micronutrient 
products registered for sale in the states (http://www.cdfa.ca.gov/is/fert/, 
http://www.oda.state.or.us/dbs/heavy_metal/search.lasso,and 
http://www.wa.gov/agr/PestFert/Fertilizers/ProductDatabase.htm). 

http://www.cdfa.ca.gov/is/fert/
http://www.cdfa.ca.gov/is/fert/
http://www.oda.state.or.us/dbs/heavy_metal/search.lasso
http://www.oda.state.or.us/dbs/heavy_metal/search.lasso
http://www.wa.gov/agr/PestFert/Fertilizers/ProductDatabase.htm
http://www.wa.gov/agr/PestFert/Fertilizers/ProductDatabase.htm
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Plant Uptake 

The plant uptake of trace elements may be affected by the soil properties. The interactive 
and dynamic processes of the soils on trace elements are reflected in their solution phase 
concentrations through which the plant uptake of trace elements may by normalized 
across soils of various physical and chemical properties. The PUF (l kg-1) is defined as 
the element’s ratio of plant tissue concentration (mg kg-1) vs. soil solution concentration 
(mg l-1) that:  

PUF = Cplant /Csolution   [Eq. 1.2] 

where PUF denotes the plant uptake factor (l kg-1), Cplant is the trace element 
concentration of harvested plants (mg kg-1), and Csolution has been previously defined. In 
this manner, the plant uptake attribute of soils of different characteristics may be 
standardized through the Csolution.  

The Kd however was not readily available for cropland soils to establish the Csolution. In the 
risk-based assessment conducted by CDFA (1998), the plant uptake factors (PUF’) were 
estimated directly using soil and corresponding plant tissue concentrations data available 
from published technical literature that: 

PUF’ = Cplant /Ctotal     [Eq. 1.3] 

where Cplant and Ctotal were previously defined 

Would the trace element concentration of the soil solution be a more appropriate 
estimator of the plant uptake factor? The uncertainties of the plant uptake factors that 
were employed in this risk assessment could introduce significant errors in the final 
outcomes. The values of Kd and PUF are susceptible to measurement uncertainties, even 
obtained under the most realistic situation. In addition, they must be generalized across 
different soil and plant species and management alternatives to represent scenarios often 
encountered in realistic situations. Ideally, Kd and PUF should be characterized in the 
probabilistic terms. In this manner, the outcomes of risk assessment may account for 
uncertainties in parameterization of Kd and PUF. 

The trustworthiness of risk assessments is dependent on the reliability of the parameters 
used. Unless the partition coefficients (Kd) and the soil solution-based plant uptake factors 
(PUF) for the trace elements of cropland soils in California are systematically 
characterized, the accuracy of their outcomes on projecting the potential harm resulting 
from the application of fertilizers and micronutrient supplements cannot be validated and 
uncertainties associated with the projections can not be defined. Consequently, the 
numerical limits for non-nutritive elements of fertilizers adopted in the regulations can not 
be authenticated.  

Objectives 

This investigation characterizes of the As, Cd, and Pb partition coefficients, Kd, for 
cropland soils and the plant uptake factors, PUF, for crops in California.  
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During the course of the study, a series of laboratory experiments, computer-based 
modeling, and field investigations were conducted. The justifications for undertaking each 
study, methods used, results obtained, and implications derived will be deliberated in 
separately. At the end, the results will be integrated to evaluate the validity of Kd and PUF 
based on the overall outcomes. 
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Chapter 2 

Solid – Solution Partition: Kd, Reagent-based vs. Fertilizer-based 

In the scientific literature, the soil-solution partition coefficients of metals are defined 
according to the eq. 1. The batch metal adsorption experiments are often conducted to 
determine the resulting equilibrium solution concentrations with known amounts of metal 
inputs (Sauve et al., 2000, Jopony and Young, 1994; Butcher et al., 1989). The partition 
coefficients obtained in this manner provided a reasonable estimate of the values 
obtained for desorption of the metals by the dynamic continuous leaching systems (Allen 
et al., 1995). The behavior of Kd has been described for metal-contaminated soils of which 
the concentrations of trace metals in soils reached 10,000 mg kg-1 (Sauve et al., 2000).   

In the crop production systems, As, Cd, and Pb are introduced into the soil primarily as a 
part of the P fertilizer and micronutrient supplements. The amounts of As, Cd, and Pb 
accumulated in the soils are considerably less than soils contaminated by industrial 
emissions and/or accidental spills (Krage, 2002). As a result, the Kd found in the published 
literature may not be representative of the Kd of inorganic fertilizer-borne trace elements 
in the soils because: 

Trace element inputs used in developing the adsorption isotherms may be 
considerably higher than inputs customarily expected from fertilizer applications. 

The dissolved elements commonly used in adsorption experiments may not be 
representative of the chemical forms of trace elements in fertilizer ingredients. 

Under the circumstances, the trace element in the solution phase may not be a negligible 
portion of the total content. According to the definition of the partition coefficient, equation 
1.1 would be rewritten as: 

   Kd = Csolid/Csolution    [Eq. 2.1] 

where Csolid is the concentration in the solid phase (mg kg-1) and Csolution has been 
previously defined. The trace elements introduced in the forms of fertilizers do not 
necessary reach equilibrium with the solid constituents of the soil in the same manner as 
those entering the soil in dissolved forms.  

Experimental Procedures 

We determine the Kd of the soils according to the conventional procedures as described 
by Sauve et al. (2000) and compare them with Kd derived from introducing As, Cd, and 
Pb into the soils via phosphate fertilizer and micronutrients and the As,Cd, and Pb inputs 
that covered a broad range of concentrations. 
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1. Soils 

Soil samples from vegetable growing fields of production regions in Imperial Valley 
(VHL 3 and VHL 4), Oxnard/Ventura (B 5 and P 4), and Santa Maria (RB5 and RB 
6) were used for the studies. Prior to the experiments, the total As, Cd, and Pb of 
the soils were determined according to US EPA Method 3052 using the atomic 
absorption spectrophotometry. 

2. Sources of As, Cd, and Pb 

The Kd of the soils was determined when the trace elements were introduced in 
comparable amounts in the solution form and as contaminants in P fertilizers and  
micronutrient supplements. For the solution forms of trace elements, the 
concentrations of As, Cd, and Pb in the solution varied from 1 x 10-7 to 1 x 10-4 M 
that corresponded to 0.007 to 7.492 mg l-1, 0.011 to 11.24 mg l-1, and 0.021 to 
20.77 mg l-1, for As, Cd, and Pb, respectively.  

Commercially available super phosphate fertilizer, granulated Zn oxide 
micronutrient, and Ironite were used to provide the As, Cd, and Pb inputs from the 
amendments. They are hereafter designated as P fertilizer, Zn oxide, and Ironite, 
respectively. Prior to the experiments, the As, Cd, and Pb contents of these 
material were determined according to US EPA Method 3052 using the atomic 
absorption spectrophotometry. 

3. Kd of As, Cd, and Pb in Solution Forms. 

In the experiments, the Kd was determined by batch adsorption method described 

in Allen et al. (1995). Briefly, 1.00  0.01 g aliquots of soil samples is immersed in 
100 ml of 0.01 N NaNO3 containing 0 (experimental control), 1 x 10-7, 1 x 10-6, 5 x 
10-6, 1 x 10-5, 5 x 10-5, and 1 x 10-4 M of As, Cd, or Pb. They provide up to 0.75 to 
749, 1.12 to 1124, and 2.1 to 2070 mg kg-1 of As, Cd, and Pb inputs to the soils, 
respectively. At the lower concentration end, the inputs would be comparable to 
the amounts expected in the cropland soils, At the higher concentration ends, the 
inputs would resemble the polluted lands.  

The mixtures were shaken for 24 hours on a reciprocating shaker at constant 
speed and at room temperature. Afterwards, the contents were filtered through 

0.45 m polypropylene fiber membrane filters. The As, Cd, and Pb concentrations 
in the filtrate were analyzed, using atomic absorption spectrophotometry (AAS). 
The difference between the amount of element remaining in the solution and the 
amount initially present in the solution was taken as the amount of element 
adsorbed by the soil. The Kd was calculated according to equation 1.  

4. Kd of As, Cd, and Pb in P Fertilize or Micronutrient Forms 
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For trace elements that entered the soil in P fertilizer or micronutrient forms, 50 to 
100 g aliquots of soil samples were mixed with various amounts of P fertilizer, Zn 
oxide, and Ironite. The mixtures were subjected to 5 cycles of wetting and drying 
in which the fertilizer or micronutrient amended soils are wetted to field capacity 

with de-ionized water and air dried in a growth chamber. Afterwards, 1.00  0.01 g 
aliquots of soils were then equilibrated with 100 ml of 0.01 N NaNO3 and filtered in 
the same manners as previously described. The difference between the amount 
of element remaining in the solution and the amount initially present in the solution 
was taken as the amount of element adsorbed by the soil. The Kd was calculated 
according to equation 1.  

Results and Discussions 

1. As, Cd, and Pb in the Experimental Material 

The As, Cd, and Pb concentrations of the soils and soil amendments used in the 
experiments were determined. The reliability of the determinations was checked 
by including a NIST certified soil reference material (NIST SRM 2709) in the 
analysis. This soil reference was prepared from a San Joaquin Soil in California 
and the elemental contents of the standard reference material were determined by 
a neutron activation method. Table 2.1 compares the NIST certified values of As, 
Cd, and Pb in SRM 2709 with our measurements of the same material. 

Table 2.1. Means and Standard Deviations of As, Cd, and Pb Measurements of NIST 
Standard Reference Material 2709 (San Joaquin Soil) 

 

It illustrated the accuracy of our measurements of As, Cd, and Pb in soils using the 
EPA Method 3052 for soil digestion and atomic absorption spectroscopy for 
elemental analyses. Our measurements under estimated the contents of As, Cd, 
and Pb in the standard reference material by 5.1, 2.6, and 3.3%, respectively. The 
errors were well within the normally acceptable range that the measurement 
means were within ±10% of the true means. The comparisons of the standard 
deviations showed that the data dispersion measured in terms of the coefficients 
of variation for As, Cd, and Pb were 4.5, 2.6, and 2.6, respectively for the certified 
values and 5.3, 2.7, and 1.1, respectively for our determinations. The precision of 
the measurements was comparable to measurement errors of the certified values.  
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The As, Cd, and Pb concentrations of the soils used in the experiments are 
summarized in Table 2.2. The trace element concentrations in the soils used for 
the experiments were all at the baseline levels.  

Table 2.2. Arsenic, Cd, and Pb Concentrations of Soils Used in the Experiments 

 

The As Cd, and Pb contents of soil amendments, namely P fertilizer, Zn oxide, and 
Ironite were considerably higher than those of the soils (Table 2.3). The P fertilizer 
was high in Cd concentration (116 mg kg-1) and was relatively free of As and Pb 
contaminations. Zn oxide was contaminated with high concentration of Pb (over 
10,000 mg kg-1) and its Cd concentration was approximately 100 times higher than 
those of the soils. The As, Cd, and Pb concentrations in Ironite, 3,837, 37.8, and 
2,652 mg kg-1, respectively were two orders of magnitude higher that the typical 
soils. When these amendments are applied routinely, they will produce noticeable 
increases of As, Cd, and Pb in the receiving soils.  

Table 2.3.Arsenic, Cd, and Pb Contents of Three Commercially Available 
Amendments Used in the Experiments 
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Solution-based Kd for As, Cd and Pb   

Based on the experimental data of summarized in Appendix A, the Kd were 
calculated and tabulated in Tables 2.4 to 2.6. In the control soil and soils receiving 
low solution-based trace element inputs, the concentration of the trace element 
was below the detection limits of 0.002, 0.0005, and 0.002 mg kg-1 for As, Cd, and 
Pb, respectively and the Kd was then reported as greater than a value that 
corresponded to the Kd as if the equilibrium concentration equaled the limit of 
detection. 

In this experiment, the trace element concentration of the equilibrating solutions 
therefore the trace element inputs varied by 1,000 times from 10-7 to 10-4 M. The 
resulting Kd values were element-dependent and they ranged from 102 to 103, 102 
to 104, and 103 to 105 l kg-1 for As, Cd, and Pb, respectively. Overall, the Kd values 
of As are the lowest, indicating that larger amounts of the As remained in the 
solution phase than Cd and Pb when the soils received the same levels of trace 
element mass inputs. These values and their ranges were comparable to what 
have been reported in the literature (Sauve et al. 2000). 

For As, the Kd values decreased by one order of magnitude while the As inputs 
increased by three orders of magnitude over the input range covered. The Kd value 
of the control soil was considerably greater than the soils treated with soluble As. 
It indicated that proportionally greater fractions of the added As remained in the 
solution phase while the As indigenous to the soil was considerably less soluble 
and had greater affinity to the solid phases. When the soluble As introduced rose, 
the solid – solution partition of As gradually approach steady state equilibrium that 
the As concentration of the solution phase rose, yet proportional amounts of As 
were adsorbed by the soils. As a result, Kd was relatively constant when the inputs 
exceeded 3.7 mg As kg-1 soil.  

For Cd, the Kd value of the control soil was lower than those of the soils treated 
with soluble Cd, indicating that the added soluble Cd was tightly adsorbed by the 
soils. The Cd concentration of the solution phase however increased in proportion 
with the Cd inputs and the solution and solid phase partition of the Cd remained 
fairly constant over the entire Cd input range. 

For Pb, the Kd values were on the average 1 to 2 orders magnitude higher than 
those of the As and Cd, indicating Pb is extremely insoluble regardless of it 
sources. 



Table 2.4. Summary of Solution and Solid Partition Coefficient, Kd, of As in Three California Soils  

 

Table 2.5. Summary of Solution and Solid Partition Coefficient, Kd, of Cd in Three California Soils  
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Table 2.6. Summary of Solution and Solid Partition Coefficient of Pb in Three California Soils  
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2. Amendment-based Kd for As, Cd and Pb  

The Kd of As, Cd, and Pb in the untreated control soils and the amendments 
were determined (Tables 2.7 and 2.8). For the P fertilizer, the Kd values of 
As and Cd (10 and 46 l kg-1, respectively) were considerably lower than 
those of the soils (69 to 854 and 470 to >1,113 l kg-1, respectively). It means 
that, at the same total trace element concentrations, the As and Cd in the P 
fertilizers are more soluble than the As and Cd indigenous to the soils. Since 
the solution concentration of Pb were below the detection limits, a 
comparison of the soil’s and the amendments’ Kd was not possible. For Zn 
oxides and Ironite, the Kd values for Cd (29 and 28 l kg-1, respectively) were 
considerably lower than those of the soils while the Kd values for As and Pb 
were considerably greater than those of the soils. The amounts of 
amendments and trace elements added into the soils for the Kd experiments 
are summarized in Appendix B. The resulting Kd values were summarized 
in Tables 2.9 to 2.11. When the amendments are introduced into the soils, 
the interactions between the amendments and the soils will affect the 
resulting Kd. 

For P fertilizer treated soils, the As and Pb contents of the soils were not 
affected significantly by the amendments as the levels of contamination 
were low. The Kd values for As and Pb of the P fertilizer treated soils were 
essentially the same as that of the control soil. At the low P fertilizer 
treatment levels, the Cd concentrations of the solution phase were below 
the detection limit and Kd values of Cd were similar to that of the control 
soils. At the higher Cd inputs, the Kd values lied between those of the control 
soils and the P fertilizer. It indicated that the soil attenuated the solubility of 
Cd added with the P fertilizers.  

For Zn oxide treated soils, the As concentrations of the soil was not 
significantly affected by the amendment and the Kd of As was not affected 
by the Zn oxide amendments because Zn oxide was not contaminated by 
As. However, both the Cd and Pb concentrations of the Zn oxide treated 
soils increased significantly with incremental addition of the amendment. In 
both cases, the Kd values progressively decreased with the increases of 
amendment addition. This is an indication that the Cd and Zn added with 
the Zn oxide were rather soluble and considerable amounts remained in 
solution phase following the incorporation of the amendment.   

For the Ironite treated soils, the Pb concentrations of the soils were not 
significantly affected by the amendment additions and the Pb 
concentrations in the solution phase were consistently below the detection 
limit. As a result, the Kd of Pb in the Ironite treated soils were similar to those 
of the control soils. On the other hand, the As and Cd contents of the Ironite 
treated soils were significantly increased. For As, the concentrations in the 
solution phase increased progressively, with the addition of Irointe. The Kd 
values of As in the Ironite treated soils lied between those of the soils and 
the Ironite again indicating that the soils attenuated a part of the soluble As 
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that was added with the Ironite amendments. The Cd concentrations of the 
solution phase were below the detection limits when the Ironite inputs were 
low, indicating that most of the added Cd were immobilized by the soils. 
When the Ironite inputs were high, the Kd of Cd in the treated soils 
decreased rapidly indicating the accumulation of the soluble Cd.    
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 Table 2.7. Partition Coefficient (Kd) of As, Cd, and Pb in untreated soils. 

 

Table 2.8. Partition Coefficient (Kd) of As, Cd, and Pb of P Fertilizer, Zn Oxide, and Ironite Amendments. 

 



 27 

Table 2.9. Arsenic Partition Coefficient (Kd) of Soils Treated with Various Levels of P Fertilizer, Zn Oxide, and Ironite 
Amendments. 
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Table 2.10 Cadmium Partition Coefficient (Kd) of Soils Treated with Various Levels of P Fertilizer, Zn Oxide, and 
Ironite Amendments. 
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Table 2.11. Lead Partition Coefficient (Kd) of Soils Treated with Various Levels of P Fertilizer, Zn Oxide, and Ironite 
Amendments. 
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Implications 

The outcomes of this set of experiments demonstrated that: 

1. Kd derived for the outcomes of conventional batch adsorption experiments over 
estimated the concentration therefore the amounts of soil borne As, Cd, and Pb in 
the solution phase.  

The Kd representing the indigenous As, Cd, and Pb of the soils is considerably 
larger than those receiving spiked As, Cd, and Pb during the batch adsorption 
experiment. It indicated that greater percentages of the added trace elements 
would be in the solution phase. 

2.  Based on the Kd values obtained, greater percentage of the total Cd and Pb in P 
fertilizers and micronutrients (zinc oxide and Ironite) than in the soils remained in 
the solid phase. 
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Chapter 3 

Laboratory Evaluations of Kd 

The solid – solution partition coefficient, Kd, is the conventional approach to depict the 
trace elements in soluble and solid phases of the soils. Yet the theoretical basis and the 
chemical meaning of this parameter are not clear. The methods for determining the total 
and the dissolved contents of trace elements in the soils, however, have not been 
standardized. Depending on the methods employed, the resulting Kd may vary by several 
orders of magnitude (Peirjnenburg et al., 2001; Gooddy et al., 1995).  

The solution concentration of trace elements in soils is customarily determined as the 
concentration in the extract of soil obtained at a given soil to solution ratio such as l:10 
(w/v). There is growing recognition that Kd obtained in this manner may not be entirely 
representative as the conditions in which the soil solution is prepared are not realistic 
especially for the cropland soils. On the other hand, the solution concentration is 
dependent on the solid to solution ratio and the duration for which the soil suspensions 
are equilibrated. The plant roots where the food chain transfer processes initiates are 
hardly ever exposed to the trace element at the intensity levels mimicking the 
concentrations represented by the solid to solution ratio at 1: 10 (w/v). Under the normal 
circumstances, the solid to solution extraction ratio of 1:10 far exceeds the field moisture 
levels and yet is inadequate to bring all of the soluble fractions into the solution phase. 

The chemical constituents of the soil solution are ideally determined by extracting soils at 
the field moisture range as it is most reflective of the realistic situations. At the field 
moisture levels, the soils contain little free water. The outcomes will not always be 
consistent because the mass transfer likely is diffusion limited and the equilibrium is 
localized around discrete the metal containing particles and only a small portion of the 
water can be extracted. Conceptually, the concentration of Cd in field soils should 
therefore be probabilistic in nature. When the plants absorb trace elements in the solution 
phase, the depletions are replenished by those remaining in the solid phase. It is 
imperative that the dissolution kinetics is factored in.  

Customarily the soil solution is obtained at the water to soil ratios that the mixture forms 
a homogeneous soil paste that is conceptually defined as the largest amount of water to 
be added without significantly changing the concentration of dissolved constituents of soil 
solution, the soil saturation extract. The approach appeared to work well and provided 
consistent results if the constituents in question are readily soluble or the soils are heavy 
contaminated. The trace element concentrations obtained from the lower soil to water 
ratios are not representative of the realistic conditions in soils. If a limited quantity of a 
trace element is available for dissolution, a lower soil to water ratio (i.e. high-water volume 
with respect to amount of soil, such as 1:10) will results in the dilution of the chemical in 
solution. At higher soil to water ratios (i.e. low water volume with respect to amount of 
soil, such as 1:1 and higher), relatively large amounts of soil mass are needed to obtain 
small volumes of extract. Under the circumstances, the mass transfer of Cd from solid to 
solution phase will be short ranged and the equilibrium would be localized. The solution 
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concentrations through the mixture may not be entirely uniform. The Cd concentrations 
in the extracted solutions would be probabilistic as a relatively small fraction of the total 
water added may be withdrawn. A logical approach is needed to define the Kd. 

We used Cd as an example to characterize the nature of and develop the probabilistic 
model for Kd. The Cd concentrations in soil solutions were determined from the extracts 
that represent different solid to solution ratios. Relationships between Cd concentrations 
in solution and solid phases were fitted into a linear Langmuir isotherm equation. The 
most appropriate soil to water ratio for determining the Cd concentration in soil solution 
was select based on results from the batch extraction experiments. The probability 
partition of the solution concentrations hence the partitioning coefficient of Cd in two 
California cropland soils were investigated. 

Materials and Methods  

Materials 

Two soils, the Arlington sandy loam soil at the University of California, Riverside 
Agricultural Experiment Station and the Holtville clay loam soil from University of 
California Meloland Field Station in Imperial Valley, were used in the batch extraction 
experiments. Selected physical and chemical properties of the two soils, as reported in 
the Soil Survey (http://websoilsurvey.nrcs.usda.gov) are given in Table 3.1.  

Table 3.1. Selected physical and chemical properties of the two test soils. 

 

  

http://websoilsurvey.nrcs.usda.gov/
http://websoilsurvey.nrcs.usda.gov/
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Preparation of Spiked Soils 

Since the Cd concentration in natural soil solution is often too low to be routinely 
determined, especially at the higher soil to water ratios, we spiked the soil samples by 
adding approximately 0.4 g Cd per gram soil. The spiked soil was allowed to undergo 
weathering through several cycles of wetting and drying during a period of 3 weeks. In 
soils, increasing the contact time has been shown to decrease the metal’s subsequent 
ability to desorb from the soil (22-24). But the kinetics tends to be stable after two or three 
weeks thus have minor effect on studying the trend of Cd soil solution concentration at 
different extraction approach. 

Batch Extraction Experiments  

When the soil suspension changes from the dilute to concentrated forms, the trace 
element concentration in the soil solution will increase and approach the concentration in 
field moisture levels. The experiments are set up to test the hypothesis and determine the 
most appropriate soil to water ratio for determining the trace element concentration in soil 
solution. 

Two sets of extraction at different soil to water ratios were conducted. In one set, different 
amounts of water were mixed with the spiked soil to form soil to water ratios of 1:100, 
1:50, 1:20, 1:10, 1:5, 1:1 and 1:0.5. The second set of extraction experiments focused on 
the lower soil to water ratios and used the soils not spiked with Cd. Extractions at soil to 
water ratios of 1:0.3, 1:0.4, 1:0.5, 1:0.6 and 1:0.7 for the sandy loam soil and 1:0.4, 1:0.5, 
1:0.6, 1:0.7 and 1:0.8 for the clay soil, respectively, were conducted. The samples were 
allowed to equilibrate for 48 hours on a reciprocating shaker. This desorption period was 
selected as a result of a preliminary study that showed little change in the amount of Cd 
desorbed from the soil after a 48-h equilibration at high soil to water ratio (at low water to 
soil ratio, the period is less). Following equilibration, samples were centrifuged, and the 
supernatant was decanted and filtered (0.45 m Hydriohilic PVDF, Millipore Corporation, 
syringe driven filter). The sample solution is then determined by graphite furnace atomic 
absorption spectroscopy (AAS-GF). 

The results of the first set of batch experiments illustrated the relationship between soil to 
solution ratios and amounts of Cd extracted through the desorption isotherms. An 
appropriate soil to water ratio for determining the trace element concentration in the soil 
solution was further selected based on the results of the second set of batch experiments. 
Then the probability distribution function of the Cd concentration in soil solution was 
established by extracting 20 replicates at the selected soil to water ratio. Since the Cd 
concentration in soil solution is very low (less than 0.5% of the total), the partitioning 
coefficient were calculated based on the Cd soil solution concentrations and the total Cd 
soil contents. 

Quality Control 

The Cd solution concentrations are expected to be very low at natural soil environment. 
One-time sterile polypropylene centrifuge tubes and high quality deionized water were 
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used to avoid the contamination effects from the containers and extractant. The accuracy 
of the determinations was verified using a Trace Elements in Water standard (NIST 1640). 
The standard is certified to contain 22.79 g Cd l-1. Figure 3.1 shows the chronological 
recording of a 50-fold dilution of certified NIST 1640 standard. The mean value of 25 
determinations, 0.428 g Cd l-1, is a little lower than the expected value 0.445 g Cd l-1, 

with CV of 4.4%. All the determinations are within  10% of the mean value. This standard 
was analyzed after preparing each calibration curve for the GFAAS to check the accuracy 
of the analyses. To study the possible effect from the filter system, the diluted NIST 1640 
standard was past through the filter system. The mean value of 10 determinations is 0.438 
μg Cd l-1, no difference from the sample without passing through the filter system. The 
possible release from or sorption to the filter is negligible. 

 

Figure 3.1.  Chronological recording of Cd concentration of a certified NIST 1640 
standard (0.445 g l-1), mean=0.428 g l-1, Standard Deviation=0.0188 g l-1.  

Results and Discussion 

Desorption Isotherms 

For a given soil, the trace element concentration in the solution phase is expected to 
change with the soil to solution ratios employed for the extractions. The Cd concentrations 
in soil solution of the Cd spiked Holtville clay loam soil and Arlington sand sandy loam 
soil exhibited the same pattern and the solution concentrations increased while the total 
quantity of Cd extracted decreases as the soil to water ratio decreases from 1:100 to 1:0.5 
(Figure 3.2).  
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Figure 3.2.  Cd concentration at different water to soil extraction ratio of the Cd 
spiked Holtville clay loam and the Arlington sandy loam. 

Desorption of cations (i.e. Cd2+) as a function of solution volume can be described by the 
Langmuir isotherms model. The linear form of Langmuir desorption isotherm is given by: 

 

where C is the Cd concentration of the extracted solution ( g l-1) at the water to soil ratio 
of R (ml g-1); Smax is the maximum quantity that can be extracted per gram soil ( g g-1 
soil); a is a constant. Plotting 1/C against R, a straight line with a positive nonzero 
intercept may be obtained if the desorption isotherm is linear (Figure 3.3). The extraction 
of Cd in the range of soil to water ratios from 1:0.5 to 1:100 fitted well into the linear 
Langmuir desorption isotherm (R2 >0.99). Based on the slope of the linear regression, 
the maximum quantities that can be extracted for Cd in the Holtville clay loam and 
Arlington sandy loam are 0.0031 g g-1 and 0.022  g g-1, respectively. They are 
considerably smaller than the total Cd contents of the spiked soils, 0.88 and 0.61 g g-1, 
respectively. 
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Figure 3.3.  Influence of water to soil ratio (R) on Cd solution concentration (C) 
based on the equation 2, 1/C=R/Smax + a/Smax 

The soil solution pH for the Arlington sandy loam is lower than that of the Holtville clay 
loam. The percentages of clay and organic contents and the total cation exchange 
capacity in the Arlington sandy loam which contribute to the retention of Cd in soils are 
also lower than those in the Holtville clay loam (see Table 3.1). The chemical 
characteristics appeared to favor the Cd in Arlington sandy loam to have greater mobility 
and solubility. Based on the fitted Smax and the total Cd content of the spiked soils, 3.6% 
of the total soil Cd in the Arlington sandy loam may be desorbed, which is about 10 times 
greater than that of the Holtville clay loam, at 0.35%.  The experiment was conducted on 
spiked soils with 3 weeks aging. Had the contact time increased, the fraction of Cd that 
can be dissolved should be smaller. 

Soil to water ratio 

Figures 4 and 5 showed the Cd concentrations of four replicated determinations at the 
soil to water extraction ratios from 1:0.3 to 1:0.8. For the same soil to water ratio, the 
outcomes were variable which indicates the uncertainties might be experienced in 
determining the soil solution concentration of Cd at the field moisture levels. However, 
based on the mean value of the four replicates, the solution Cd concentration in un-spiked 
soil tends to stabilize to a relatively constant level as the soil and water ratio of the 
extractions are 1:1 or higher. Based on the statistic results of t-test, there is no significant 
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difference (at p =0.05) of the Cd concentration in soil solution extracted at all the selected 
soil to water ratios for the Holtville clay loam. For the Arlington sandy loam, there is no 
significant difference (at p =0.05) for using soil to water ratios of 1:0.3, 1:0.4 and 1:0.5 for 
the Arlington sandy loam. We chose to extract the soil solution at the soil to water ratio of 
1:0.5 (w/v) that is reasonably representative of the stable range and the soil solution 
concentrations at the field moisture levels. 

 

Figure 3.4.  Soil solution Cd concentrations of Holtville clay loam soil 
extracted at different water to soil ratios. 
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Figure 3.5.  Soil solution Cd concentrations of Arlington sandy loam soil 
extracted at different water to soil ratios. 

Probability Distribution of Soil Solution Concentrations and Kd 

The attributes exhibited by the Cd in soil solutions (Figures 3.4 and 3.5) are typical of the 
outcomes from field-based measurements that are not entirely deterministic. Instead, they 
are often stochastic and may be quantitatively described by a probability distribution 
function. The distribution of Cd concentrations in soil solution was represented by 20 
replicated measurements made at soil to water extraction ratio of 1:0.5 (w/v). Table 3.2 
summarized the descriptive statistics characterizing the probability distributions for these 
two soils. The average soil solution Cd concentration of the Holtville clay loam and 
Arlington sandy loam are 0.216 and 0.319  g l-1, respectively. The lower quartile and 
upper quartile for Holtville clay loam soil are 0.143 and 0.275 g l-1, respectively. For 
the Arlington sandy loam soil, they are 0.258 and 0.370  g l-1, respectively. 
  

0

0.1

0.2

0.3

0.4

0.5

0.2 0.3 0.4 0.5 0.6 0.7 0.8

Water to Soil Ratio

 S
o

il
 S

o
lu

ti
o

n
 C

d
 (


g

 l
-1

)

Arlington sandy loam



 41 

Table 3.2. Descriptive statistic of the distribution of Cd solution concentration in 
the two test soils. 

 

The Cd concentrations of the soil solution for the Holtville clay loam and the Arlington 
sandy loam follow a normal distribution (Figure 3.6 and 3.7). The normality of the 
distribution was first evaluated based on the statistic description of skewness, kurtosis 
and their corresponding standard error. The calculated  values (the skewness divided 
by its standard error and the kurtosis divided by its standard error) are less than 1.96. 
Therefore, the distribution of soil solution Cd concentrations in both soils follows a normal 
distribution with p < 0.05. The distribution is slightly skewed toward the lower values with 
relatively lower peak. The K-S (Kolmogorov-Smirnov) test indicated that the two tailed p 
values for Holtville clay loam and Arlington sandy loams are 0.936 and 0.961, respectively 
indicating the normality of the distributions is significant. 

 

Figure 3.6.  The probability distribution of soil solution Cd concentrations in the 
Holtville clay loam at a soil to water ratio of 1:0.5. 
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Figure 3.7.  The probability distribution of solution concentrations of Cd in the 
Arlington sandy loam at a soil to water ratio of 1:0.5. 

The histogram was fitted with a Gaussian distribution (Figure 3.6 and 3.7) in which the 
probability distribution function is described as: 

 

where f(x) is the probability correspondence of x, x0 and b are mean and standard 
deviation of the observed values. The fit is good for both soils (r >0.9). The fitted x0 values 
are in close agreement to the mean values of the 20 replicated measurements and the b 
values are in close agreement to the standard deviations of the measurements. The 
probability distribution functions of Cd concentration in these two soil solutions are given,  

For Holtville clay loam soil, 
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The Kd values for these two soils can not be simply calculated according to the 
conventional approach, dividing the total Cd content of the soils, Ctotal, by the soil solution, 
Csolution, Cd concentrations. The probability distribution of Kd of Cd for the Holtville clay 
loam and the Arlington sandy loam soil were plotted in Figures 3.8 and 3.9. The average 
Kd are 3,006 and 730  l kg-1 for the Holtville clay loam and the Arlington sandy loam, 
respectively. The lower quartile and upper quartile for Holtville clay loam soil are 1,723 
and 3,337 l kg-1, respectively. For the Arlington sandy loam soil, they are 573 and 825 l 
kg-1, respectively. There is one extreme value in each soil, resulting in greater skewness 
and kurtosis. The distributions of Kd are considerably skewed than those of soil solution 
Cd concentrations. The p values of the K-S tests are 0.225 and 0.294 for the Holtville clay 
loam and the Arlington sandy loam, respectively. Hence, the distribution of Kd in these 
two California cropland soils, while are visibly skewed, can still be described by a normal 
distribution. The probability distribution function of Kd in these two cropland soils is given, 
for Holtville clay loam soil: 

 

In this manner, the solid and solution phase distribution coefficients of Cd in cropland 
soils may be expressed in probabilistic terms and be used to characterize the 
uncertainties related to the fate and transport of trace elements in soils.  
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Figure 3.8.  Probability distribution of partitioning coefficient (Kd) of Cd in the 
Holtville clay loam. 

 

 

Figure 3.9.  Probability distribution of partitioning coefficient (Kd) of Cd in the 
Arlington sandy loam.  
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Chapter 4 

Assessing the Field Obtained Kd and PUF 

Based on the information obtained from the analyses of laboratory derived Kd 
summarized in Chapter 3, we embarked on a study to determine the Kd and PUF based 
on soil and plant tissue samples obtained from the realistic crop production situations. All 
of the samples were obtained from production fields in California. 

The samples were collected under different time framework and by separate individuals.  

1. 45 sets of archived plant tissue and their corresponding soil samples, involving 
varieties of vegetable plants were used. These sampled were collected during 
the course of a previous CDFA supported study (Chang, A. C., A. L. Page, and 
N. J. Krage 2004. Role of Fertilizer and Micronutrient Applications on Arsenic, 
Cadmium, and Lead Accumulation in California Cropland Soils, 
http://www.cdfa.ca.gov/is/acrs/docs/CDFAFinalReport.pdf). 

2. 25 sets of lettuce and the paired soil samples provided to us by Richard Smith of 
the University of California Cooperative Extension and Husein Ajwa of University 
of California, Davis. (We gratefully acknowledge the assistances provided by 
our colleagues Husein Ajwa and Richard Smith) 

3. The California’s portion of the Holmgren Dataset that was generated from the 
1970’s to 1980’s U.S. Soil Survey national survey of trace elements in crops and 
crop production soils (Holmgren et al., 1993). The original data was provided by 
Dr. Rufus Chaney, USDA ARS, Beltsville, Maryland. This data set involved 
multiple sampling locations and multiple crops. However, only the total elemental 
concentrations of the plant tissue and the paired soil were available. (We 
gratefully acknowledge our appreciation for the contributions of G. G. S. 
Holmgren and M. W. Meyer of U.S. Soil Survey and R. L. Chaney of USDA – 
ARS) 

Methods 

Soil Analysis 

As majority of the soil samples used were a subset of the samples collected in the 
previously study CDFA supported. We used the data of total As, Cd, and Pb contents of 
soils (Ctotal) that were determined for that study. In addition, the As, Cd, and Pb 
concentrations in the 1:1 (w/v) water extracts of the soils (Csolution) were determined 
using a ThermoFinnigan Element II Sector ICP-MS instrument at the research 
laboratory of Professor Cin-Ty Lee of Department of Earth Sciences, Rice University, 
Houston, Texas. The QA/QC protocols described in the previously reference CDFA 
report were followed.  The remaining soil samples were processed, and the elemental 
contents were determined in the same manners.  

  

http://www.cdfa.ca.gov/is/acrs/docs/CDFAFinalReport.pdf
http://www.cdfa.ca.gov/is/acrs/docs/CDFAFinalReport.pdf
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Plant Tissue Analysis 

The plant tissues were digested and brought into solution by the microwave digestion 
procedure described in the previously referenced CDFA report. The As, Cd, and Pb 
contents of the solution were determined and converted to the plant tissue concentration 
on dry weight basis (Cplant).   The QA/QC protocols described in the previously reference 
CDFA report were followed. 

Solid –Solution Partition Coefficient. Kd 

In the Development of Risk-based Concentrations for Arsenic, Cadmium and Lead in 
Inorganic Commercial Fertilizers (CDFA, 2002), the Kd summarized by Sauve et al. (2000) 
were used (Table 4.1).  

Table 4.1 Descriptive statistics of partitioning coefficients, Kd (l kg-1) of As, Cd, 
and Pb obtained by Sauve et al. (2000) 

 

In the study (CDFA, 2002), the data was not used to estimate the plant uptake of As, 
Cd, and Pb. Instead, the solution concentrations estimated in this manner were 
employed to approximate the elemental concentrations in the solution phase and thus 
the losses through leaching and surface runoff.  

In our analysis of the Kd for cropland soils in California, the results are as follows (Table 
4.2):  

Table 4.2 Descriptive statistics of partitioning coefficients, Kd (l kg-1) of As, Cd, 
and Pb of cropland soils in California.  

 

The Kd of As obtained from the cropland soils in California (Table 4.2) were two orders of 
magnitude less than those reported by Sauve et al. (2000) that means were 606 l kg-1 
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and 13,119 l kg-1, respectively and the ranges were 125 to 1,781 l kg-1 and 1.6 to 530,000 
l kg-1, respectively. The mean Kd of Cd obtained from the cropland soils in California 
(Table 4.2), 3,007 l kg-1, was comparable to that reported by Sauve et al. (2000), 2,869 l 
kg-1, yet the range for the cropland soils were considerably narrower than that reported 
by Sauve et al. (2000), 0.44 to 192,000 l kg-1. The mean Kd of Pb obtained from the 
cropland soils in California (Table 4.2), 207,137 l kg-1, was comparable to that reported 
by Sauuve et al. (2000), 171,214 l kg-1, yet the ranges for both were wide although the 
later was considerably wider, 63 to 2,304,762 l kg-1 than the former, 24,525 to 672, 432 l 
kg-1. 

The data summarized in Sauve et al. (2000) represented a compendium of data in the 
published literature.  Overwhelming majority of the data however represented soils 
contaminated by trace elements and required remediations. The chemistry in these soils 
tends to be dominated by the matrices of the contamination and the range of Kd values, 
varied by as much as five orders of magnitude, reflected the extent of the contaminations. 
Based on the Kd, the As, Cd, and Pb in the soils ranged from readily soluble (i.e. the low 
Kd) to extremely insoluble (i.e. the high Kd). For a contaminated soil, even a high Kd is 
not a guarantee that the solution concentration of the trace elements will be low and the 
reservoir of available elements may be exhausted quickly. 

The amounts of As, Cd, and Pb in the cropland soils are relatively insignificant in contrast 
to those in the contaminated soils. For most cropland soils in California, the 
concentrations of As, Cd, and Pb were within the baseline range or slightly exceeded the 
upper range of the baseline. The concentration in soil solutions and their corresponding 
total concentrations in the soil did not appear to have a definitive correlation (Figure 4.1).  
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Figure 4.1.  Distribution of As, Cd and Pb between solid and soil solution phase in 
70 vegetable fields in California   

The resulting Kd of the soils as summarized in Table 4.2 varied greatly. The Kd of As, Cd, 
and Pb for the cropland soils in California followed the log-normal distribution (Figure 4.2). 
The Kd of each element nevertheless remained in a much narrower ranges comparing to 
what was reported by Sauve et al. (2000). Instead of the Kd spanning across 5 orders of 
magnitude as reported by Sauve et al. (2000), the Kd for the cropland soils in California 
varied no greater than two orders of magnitudes. In this regard, the data summarized by 
Sauve et al. (2000) cast an extremely wide net and the Kd for the cropland soils 
represented a narrow subset within the ranges defined by Sauve et al. (2000). Based on 
the means, the CDFA study by considered a wider range overestimated risks in terms of 
dissolving the elements.  
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Figure 4.2 Probability distribution of Kd of As, Cd and Pb for the 70 vegetable 
fields in California 

In direct comparisons of the Kd values summarized in Tables 4.1 and 4.2, the As in the 
cropland soils appeared to be significantly more readily soluble in the cropland soils and 
the Cd and Pb in the cropland soils were comparable to those reported.  If the mean Kd 
were used to estimate the As, Cd, and Pb losses due to leaching and surface runoff, it 
would provide reasonable estimates of Cd and Pb losses due to leaching and surface 
runoff and would underestimate the As losses due to leaching and surface runoff. As the 
plant uptake would be estimated by the trace elements present in the soils, there would 
be a tendency for more As than expected to accumulate in the soil and thus an over 
estimation of As uptake by plants. The plant uptake of Cd and Pb will not be affected as 
the Kd used in the risk-based study (Table 4.1) were comparable to those obtained from 
cropland soils in California (Table 4.2) 

Plant Uptake Factor, PUF 

The soil solution and the corresponding plant tissue concentrations of As, Cd, and Pb in 
turn were used to define the plant uptake factor, PUF. Again, the plant tissue 
concentrations of As, Cd, and Pb did not appear to have a definitive correlation with their 
corresponding soil solution concentrations (Figure 4.3) 
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Figure 4.3 Relationships between soil solution concentration and plant tissue 
content of As, Cd and Pb for 70 CA vegetable fields 

The resulting PUF calculated are summarized as follows (Table 4.3): 

Table 4.3 PUF (l kg-1) of crops grown on cropland soils in California  

 

While the descriptive statistics appeared to show wide range of variations, the PUF 
between plants did not appear to vary a great deal (Table 4.3) rather the PUF of the same 
element could varied by several orders of magnitude (Figure 4.4).  
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Table 4.4 PUF (l kg-1) of selected vegetable plants in California 

 

In the CDFA risk-based study (CDFA, 2002), the plant uptake of As, Cd, and Pb were 
estimated by the plant uptake factor, PUF, in which PUFtotal = Cplant (mg kg-1)/ Ctotal (mg 
kg-1) where PUFtotal referred to the plant uptake factor that was based on the total 
elemental content of the soils. As the total elemental content of the soil would be 
approximately 3 orders of magnitude larger than the soil solution concentrations, the 
PUFtotal would be proportionally reduced. The data would not be comparable with those 
used for the study. In the following, the descriptive statistics of the PUFtotal used in the 
study is summarized (Table 4.2). The data was compared with the PUFtotal calculated by 
the data derived from the 1976 U. S. Soil Survey (only Cd and Pb data were available). 

Table 4.5. Plant uptake factor, PUF (l kg-1), used in the CDFA risk-based study 
(CDFA, 2002)  
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Table 4.3. Plant uptake factor (PUFtotal) of Cd and Pb for root, vegetable, and grain 
crops grown in California (based on data provided by Dr. Rufus L. Chaney) 

 

Comparing the data in Tables 4.2 and 4.3, it appeared that the PUFtotal used in the risk-
based study were similar in magnitudes and covered the similar range as those observed 
in the fields. However, based on the mean values, the risk-based PUFtotal would 
underestimate the plant uptake of Cd and provided comparable PUFtotal for plant uptake 
of Pb. The PUFtotal observed in the field situations for each category of food crops followed 
the log-normal distributions and covered a range spanning approximately 3 orders of 
magnitude (Figure 4.4). 
Conclusions 

Under the field growing conditions, the Kd and PUF for any food crops did not appear to 
be constants with respects to the element, plant species, or soils as commonly assumed. 
Instead, the field obtained values of these two parameters followed generally the log-
normal distributions and the range of the distributions appeared to be rather wide.  

The Kd and PUFtotal employed for the CDFA risk-based study of As, Cd, and Pb uptake 
by plants were similar in magnitudes, covered roughly the same ranges, and all followed 
the log-normal distributions as those we obtained from the field. If this is the case, we 
expect that the outcomes of the risk-based assessment on the maximum tolerable 
threshold for As, Cd, and Pb in the fertilizers to be comparable in values if the Kd and PUF 
based on Kd and PUF observed in the field production conditions.  
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Figure 4.4 Probability distributions of PUFtotal for Cd and Pb in root, vegetable, and grain 
crops.  
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Chapter 5 

Dynamic Sorption-desorption of Cadmium in Cropland Soils 

Conceptual Development 

The sorption of Cd from solution by soil components usually consists of two steps: an 
initial rapid adsorption followed by a slow removal process. The initial rapid adsorption is 
generally ascribed to reversible adsorption at the interface. The characteristic time scale 
of trace element adsorption on soil surface is typically on order of seconds to minutes, 
and therefore is commonly quantified by thermodynamic equilibrium distribution models. 
The slow removal process may be due to surface precipitation, co-precipitation, or further 
diffuse into inert sites of soil particles, which is on time scale of hours to days and may 
describe by a first order kinetic reaction. Upon entering soil, the Cd undergoes these two 
types of reactions simultaneously. The distributions of Cd between the solution, surface 
adsorbed, and immobilized mineral phases are dependent on the Cd concentration of the 
solution phase at the start, C0 and the time to equilibrium, t. In the two-site model, the 
different sorption reactions are ascribed either as surface adsorbed which is 
instantaneously in equilibrium with the Cd in solution phase or as occluded or co-
precipitation with soil minerals which follows a first-order kinetic equilibrium with the 
solution phase or adsorbed phase. Consequentially, the Cd held on those solid soil 
components was defined as Cd in the adsorbed phase and mineral phase, respectively. 

The mass balance in a Cd sorption experiment when these two processes occurred 
simultaneously can be described as follows: 

 

where R is the water to soil ratio (ml g-1); ka is the linear adsorption coefficient for Cd 
partition between the solution and adsorbed phase (ml g-1); C0 is the initial Cd 
concentration of the solution phase ( g ml-1); Ct and MPt is the Cd concentration in the 
solution phase and immobilized mineral phase at specific equilibration time, respectively. 
The slower reaction kinetics of the immobilized mineral phase can be described by the 
following first-order reaction equation that: 

 

where kf and kb are the forward and backward reaction rate constants corresponding to 
immobilization and dissolution processes, respectively. Coupling the equations 4 and 5, 
the time dependent change of the Cd in solution phase and mineral phase is given by: 
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If the equilibration time, t, is fixed, the right-hand side of equations 5.3 and 5.4 may be 
reduced to linear forms in terms of C0. The Cd concentrations in the solution phase (Ct) 
and mineral phase (MPt) at specific equilibration time (t) may be obtained for various initial 
solution concentrations (C0) and Ct vs. t would be a straight line. When the initial solution 
concentration C0 is fixed, the right-hand side of equations 5.3 and 5.4 may be reduced to 
an exponential form. The Cd concentration in solution phase, Ct will decrease 
exponentially with respect of equilibration time to the minimum and the Cd in mineral 
phase, MPt will increase exponentially with respect to time to the maximum.  

Typical batch Cd adsorption experiments may be conducted, and the data may be fitted 
into the equations 5.6 and 5.7 to evaluate the sorption kinetics, namely Kd, kf and kb.   

Methods 

The experimental methods based on the above outlined model are summarized as 
follows: 

Soils 

Two soils, the Arlington sandy loam soil obtained at the University of California, Riverside 
Agricultural Experiment Station and the Holtville clay loam soil obtained at University of 
California Meloland Field Station in Imperial Valley, were used in the batch Cd adsorption 
experiments. Some physical and chemical properties of the two test soils are given based 
on the soil survey of USDA (http://websoilsurvey.nrcs.usda.gov) and the total Cd contents 
were analyzed by AAS-GF after dissolved based on the standard EPA 3052 micro-digest 
method (www.epa.gov/epaoswer/hazwaste/test/pdfs /3052.pdf). 

  

http://websoilsurvey.nrcs.usda.gov/
http://websoilsurvey.nrcs.usda.gov/
http://www.epa.gov/epaoswer/hazwaste/test/pdfs%20/3052.pdf
http://www.epa.gov/epaoswer/hazwaste/test/pdfs%20/3052.pdf
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Table 5.1. Selected characteristics of the soils used in study 

 

Determine Cd in solid phases 

The distribution of Cd in these solid phases can be examined with a sequential extraction 
procedure. Although the sequential extraction procedures are plagued with procedural 
shortcomings, they are practical tools to probe the behavior of trace element such as Cd 
that is present in soils mostly in solid phases. Many sequential extraction procedures have 
been developed to evaluate the distributions and chemical forms of Cd in different 
background matrices (Soon and Bates, 1982; Kuo et al. 1983; Miller and Mcfee, 1983; 
Xian, 1987 &1989; Ramos et al., 1994; Chlopecka, 1996; Sanchez et al., 1999; Ahnstrom 
and Parker, 1999). 

Except the adsorbed and mineral phase defined in the previous section, Cd may form 
higher stability chelate complexes with soil organic matter which consist of a mixture of 
plant and animal products in various stages of decomposition. The decomposition of 
organic matter may release Cd into the solution phase. However, the kinetics is generally 
in scale of months and years and the organic matter content only accounts for a small 
portion of soils, thus the contribution from the mineralization may be negligible in a short 
time duration. 

Based on outcomes reported in the published literature and results of preliminary 
experiments on material of known compositions, a sequential extraction procedure is 
devised to separate Cd in the soils into the adsorbed and mineral phases. In the 
sequential extraction procedure, the soil sample was first reacted with 20 ml of 1 M CaCl2 
at pH = 7.0 in a reciprocating shaker for 2 hr at room temperature (Young, 2000). The 
solution and solids were separated by centrifugation. The solution was saved and the 
recovered solid was treated two times with 10 ml deionized water, equilibrated for 30 
minutes by shaking, and separated by centrifugation. The adsorbed phase Cd was 
obtained by determining the Cd concentration in the combined solutions. The residual 
solid was further treated by 20 ml of 1M HNO3 (Soon and Bates, 1982) and equilibrated 
by shaking for 6 hr at room temperature. After centrifugation, the Cd in the solution was 
determined as the mineral phase Cd. The recovery rate based on this procedure may not 
be 100%, especially at higher loading of Cd. The fraction that is not dissolved in 1M HNO3 
generally is small and has a very low mobility thus has minor effects on the kinetics study. 
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Batch Cd Adsorption Experiments  

The first set of batch adsorption experiments was conducted at initial Cd solution 
concentration of 50, 100, 200, 400, 600, 800, 1,000,1,500 and 2,000 g l-1 with the 
equilibrium time equaled 48 hr. The second set of batch adsorption experiments was 
conducted at the initial Cd solution concentration of 100 g l-1 and the equilibration time 
were 2 hr, 4 hr, 8 hr, 1 d, 2 d, 4 d, 6 d, 8 d, 10 d and 15 d. The different levels of Cd 
solution were obtained by diluting the Puro-Graphictm Calibration standard for atomic 
absorption (Buck Scientific, 1002 g/ml Cd in 2% HNO3) with 0.01 N NaNO3. The soil to 
solution ratio of 1:20 (w/v) was used. The mixtures were allowed to equilibrate on a 
reciprocating shaker at room temperature. Following equilibration, samples were 
centrifuged, and the supernatant was decanted and filtered 0.45 m Hydrophilic PVDF 
membrane filters. The sample solution is then determined by graphite furnace atomic 
absorption spectroscopy (AAS-GF). The solid phase was recovered and underwent 
the sequential extraction to recover those in the adsorbed phase and mineral phase. 

Results and Discussion  

Sorption at fixed equilibrium time: 

Once introduced into the soil, Cd in solution phase will approach a dynamic equilibrium 
with those held on solid soil component. The adsorption isotherms of Cd for two California 
cropland soils, along with the contribution of the surface adsorbed and mineral phase, 
were plotted in Figure 5.1 and 5.2. The Cd adsorption isotherms are linear for the initial 
solution concentration ranging from 50 to 2,000 g Cd l-1. The slope for the Holtville clay 
loam soil and the Arlington sandy loam soil, namely the partitioning coefficient (Kd), is 
7,760 and 5,554 l kg-1, respectively. The Kd approach is the common way to describe the 
partition of trace elements between the solution and solid phase. However, not all of the 
Cd in the solid phases is available immediately. As shown in Figure 5.1 and 5.2, for both 
soils, most of the added Cd was present in the mineral phase, which means the release 
of this portion of Cd follows a kinetic reaction. The Cd in the adsorbed phase only account 
for a small portion. Based on the slope there, the linear partition coefficient (ka in the 
equations) is 71- and 112-ml g-1 for the Holtville clay loam soil and the Arlington sandy 
loam soil, respectively, which is much less than the commonly used partitioning coefficient 
(Kd). 
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Figure 5.1. Adsorption isotherms of Cd for the Holtville clay loam soil equilibrated 
at 1:20 (w/v) for 48 hr at initial solution concentration ranging from 50 to 2,000 g 

Cd l-1. 
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Figure 5.2. Adsorption isotherms of Cd for the Arlington sandy loam equilibrated 
at 1:20 (w/v) for 48 hr at initial solution concentration ranging from 50 
to 2,000 g Cd l-1. 

The kinetics parameters, kf and kb, can not be obtained since the equilibration time is 
fixed. As shown in equations 5.8 and 5.9, when t is fixed, equations 5.3 and 5.4 reduce 
to simply linear forms with zero intercept, which is given by: 

 

where a1 and a2 are functions of the water to soil ratio employed in the sorption experiment 
(R) and the kinetics parameters ka, kf and kb. The equilibrium solution Cd concentration 
(Ct=48) and the amount of Cd retained in the mineral phase (MPt=48) increase linearly in 
proportion to the initial solution concentration (C0). The experimental results agreed with 
the theoretical prediction (Figure 5.3 and 5.4). The reaction kinetics in the Holtville clay 
loam was slightly faster than in the Arlington sandy loam, in which the equilibrium 
concentration is lower and much more Cd was retained in the mineral phase.  

 
Figure 5.3. Cadmium adsorption: Retention in mineral phase (MP) against initial 

solution concentration (C0), equilibrated at 1:20 (w/v) for 48 hr. 
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Figure 5.4.   Cadmium adsorption: Equilibrium concentration against initial 
solution concentration, equilibrated of 1: 20 (w/v) for 48 hr. 

Sorption at fixed initial solution concentration 

To obtain the kinetic parameters, the batch adsorption experiments were conducted at 
initial Cd concentration in solution of 100 g l-1 and equilibrated for periods from 2 hours 
to 15 days. Under the circumstances, the Cd solution concentration decreased 
exponentially to approach the equilibrium concentration and the amount of Cd in the 
mineral phase increased exponentially to approach the maximum with the time of 
equilibrating (Figures 5.5 and 5.6). The dynamic sorption can be described by Equations 
5.3 and 5.4. When the initial solution concentration is fixed (C0 = 0.1 g ml-1), equation 
5.6 and 5.7 reduce to exponential forms, which are given by: 

 

where a3, a4 and a5 are functions of the water to soil ratio employed in the sorption 
experiment (R) and the kinetics parameters ka, kf and kb, b are the sum of kf and kb. 
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Figure 5.5. Cd solution concentration at different equilibration time of the Arlington 
sandy loam and Holtville clay loam, equilibrated at 1:20 (w/v) with initial 
concentration of 100 g l-1. 

 
Figure 5.6. Cd in mineral phase of Arlington sandy loam and Holtville clay loam at 

different equilibration time, equilibrated at 1:20 (w/v) with 100 g l-1. 
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The experimental results agree with the conceptual framework defined by above 
equations. When the data is fitted into equation 5.5 or 5.6, the kinetic parameters of the 
forward and backward and reaction rates may be obtained if the linear Cd partition 
constant (ka in the equation 5.6) was defined. The ka values are the slope of linear 
regression of the Cd in the adsorbed phase vs. the equilibrium concentration (Figure 5.7), 
around 100 and 70 l kg-1 for the Holtville clay loam and the Arlington sandy loam, 
respectively. Table 5.2 summarizes the results for the forward and backward reaction rate 
constants (kf and kb) based on the solution concentration of Cd and Cd contents in the 
mineral phase.  

Table 5.2. Fitting results of kinetic adsorption of Cd on the Holtville clay loam soil 
and the Arlington sandy loam soil  

 

 

Figure 5.7. Cd in the adsorbed phase vs. equilibrium concentration of Arlington 
sandy loam and Holtville clay loam, equilibrated 1:20 (w/v) at 100 mg 
l-1. 
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The kf and kb based on the solution concentration data and on the data of the mineral 
phase Cd contents are similar. The Cd adsorption experiments that varied the initial Cd 
solution concentration (fixed equilibration time) and experiments varied the equilibration 
time (fixed initial Cd solution concentration) produced the same outcomes. The 
precipitation dissolution kinetics of the Cd mineral phase in Holtville clay loam is 
approximately two times faster than that of the Arlington sandy loam. The ratios of kf vs. 
kb for Cd mineral phases are almost the same. For both, the forward reaction (dissolution) 
rate constant is about 5 times larger than the backward (precipitation) rate constant. Both 
sets of data are fitted well with the theoretical equations. The solution concentration data 
are easier to obtain and may be more reliable than the mineral phase Cd content data, 
since the latter may be affected by the extraction process of adsorbed phase. However, 
the fitted kf and kb are dependent on the value of ka, which in turn dependent on extraction 
data of adsorbed phase. For example, if the ka is 120 l kg-1 instead of 100 l kg-1, the fitted 
kf and kb will be 0.06 hr-1 and 0.00024 hr-1, respectively. For the mineral phase Cd content 
data, it is independent of ka and the kf and kb can be obtained directly from the regression 
model. 

The experiments were conducted at the 1:20 soil to water ratio and the mixtures were 
equilibrated with a reciprocating shaker. Unlike the field conditions, the contents were well 
mixed, and the reactions would be more complete. The reaction rate constants, kf and kb, 
are expected to be less in field conditions.  

Conclusions 

The developed two site model by combining a linear equilibrium reaction model and a 
first-order reaction kinetics model can describe the dynamic sorption of Cd in two 
California soils very well. The model can be further used to predict the fate and transport 
of trace elements in soils and assessed the hazard associated with the introduction of 
trace element containing compounds to the soil system. The characterized kinetic 
parameters can be obtained by conducting the batch adsorption experiments at fixed 
initial Cd solution concentration and fitting into the theoretical equations, based on either 
the solution concentration data or on the data of the Cd retained in mineral phase. Both 
approaches fitted well with the theoretical equations and give similar results. The solution 
concentration data are easier to obtain but the fitted kf and kb are dependent on the fitted 
Kd. Although the data of mineral phase content are harder to obtain and may affected by 
the extraction process, the fitted kf and kb are independent on the value of Kd. 
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Chapter 6 

Risks Associated with Trace Element in Phosphate Fertilizers 

The possible risks derived from the increasing amount of toxic trace elements such as 

arsenic (As) and cadmium (Cd) in cropland soils through application of fertilizers, irrigation 

water, and other amendments have resulted in growing public health concerns. The fate 

and transport of these trace elements in agricultural environments is greatly affected by 

the soil and plant characteristics. In this study, we used a generalized mass balance 

model previously developed to evaluate the long-term fate and transport of trace element 

in cropland soils. Based on the results of model simulation, the normal cropping practices 

do not have significant effect on the total soil As content, but the application of Cd-

contaminated P-fertilizers could have a significant long term effect on soil Cd 

accumulation therefore risks of transfer through the food chain. The model simulation 

indicates that the existing regulations are not strict enough to avoid the accumulation of 

Cd in cropland soils. Sensitive analyses show the solid-solution partitioning coefficient 

(Kd) and the plant uptake factor are two key factors that affect the fate and transport of 

As and Cd in soil. Monte Carlo simulations show that a great deal of uncertainty is 

associated with the fate of trace elements in soils due to high variability of model 

parameters. 

The details of the simulations and the findings are presented in the following sections. 

Approach 

For a trace element in soils, the one-dimension conservation equation of the transport 

may be written as: 

 

where Ct is the total trace element content of soil, Js is the flux of trace element in the 

direction of z and rs is a production term representing sources and sinks of the species.  

In soil, most trace elements are not readily soluble and remain mostly in solid phase. They 

are adsorbed by solid phases including clays and organic matter, associated with the 

primary minerals, or formed insoluble precipitates. Trace elements in the soil solution are 

of special interest as they are readily accessible to plants and mobile through the vadose 
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zone to reach underground waters. The dynamic and interactive processes between 

solution and solid phases govern their concentrations. The formation of trace element 

solid phases may be represented by a two-site model to be articulated later (Eqs.6.3 and 

6.4), in which the rapid reversible surface adsorption and desorption reaction is quantified 

by a thermodynamic equilibrium distribution model and the slower process of 

immobilization characterized by precipitation, co-precipitation with other minerals on 

surface and intra particle sites of soil solids and the dissolution is simulated by a first-

order kinetic equilibrium (Chen, et al, 2006).  In addition, a part of trace element uptaken 

by plants will return to soil as crop residues. Mineralization of the crop residues in the soil 

may release the trace elements back into the solution and surface adsorbed phases 

according to a first-order kinetic.  

Correspondingly, the above-described trace element components in soils may be 

distributed into four phases and the total trace element content of the soil, Ct in equation 

1 may be defined as:  

 

where θ is the volumetric water content (l water l soil-1); C is soil solution concentration 

(μM); Ad, MP and Org refer to the element in the surface adsorbed phase, immobilized 

mineral phase and organic matter phase (μmol l soil-1), respectively and Ct is in mol l 

soil-1. The kinetics between these phases is described by the following equations that: 

 

where Kd is the linear adsorption constant (l soil solution l soil-1); kf and kb is the forward 

and backward first order reaction rate constants for immobilization and dissolution (hr-1), 

respectively; kim is the first order mineralization rate (hr-1). 
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The solute transport through soils (Js term in Eq. 6.1) was modeled by using the 

convective-dispersive transport equation. For trace elements such as Cd and As, the 

transport due to dispersion is not significant as the solution concentrations are quite low. 

The solute transport through the homogeneous soil layer may be reduced to: 

 

where Kh is the percolation rate (cm hr-1); d is the depth of soil layer (cm).  

In cropland soils, the source and sink terms (rs) may include the external input term (I), 

uptake of trace element by plant roots (U), surface runoff, weathering of bedrock, and 

possible volatilization as organic form. Compared to the annual inputs from irrigation, 

fertilizers, atmospheric deposition, the contribution from the weathering processes is 

very small and can be neglected. Relative to the loss term from plant uptake, the 

surface runoff in irrigated croplands may also be neglected (Chang and Page, 2000). 

Likewise, for most trace elements, the volatilization loss is negligible. 

Applied above outlined mathematical terms (i.e. Eqs. 6.2 through 6.6) to the conservation 

equation and rearranged Eq. 5.1, the governing equation for the mass balance is as 

follows: 

 

The plant uptake of elements from soil (U) depends on the plant demand (absorption) 

and the soil supply. In the model, the Michaelis-Menton type relation was used to simulate 

the absorption of elements at the root surface. The plant uptake rate (μmol cm-3soil hr-1) 

was described as: 
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where R is root density (cm root cm-2soil) in the soil layer of depth d (cm), J (μmol cm-1 

root hr-1) is the flux of trace element uptake by roots which is described by the Michaelis-

Menten kinetics equation; Jmax is the maximum J, Km is the root permeability coefficient 

(μM) corresponding to the C at J = 50% Jmax. R, Jmax, and Km are characteristics of the 

crop species. In addition, a biomass return factor was used to account for the biomass 

re-incorporation, in which part of trace element uptake by crops returns back into soil 

every 6 months. The fraction of biomass returned would be a function of the crops. 

 

Figure 6.1. Input screen of the generalized mass balance model showing input 

parameters required for the calculations. 
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Model Parameters 

The mass balance model is mathematically generic in nature as the distribution of any 

trace element in soils may be divided into the pools as outlined in the previously presented 

equations and the transformations between pools may be characterized by the same set 

of reactions. The model, therefore, may represent the mass balance of any trace element 

when the initial conditions of its distribution in soils and the reaction rate constants are 

defined accordingly. To demonstrate its efficacy, the model was used to evaluate the 

mass balance of As and Cd in cropland soils as affected by various soil properties and 

plant trace element uptake factors. Information extracted from the published literature and 

data from specially designed experiments were employed to define the initial conditions 

and the reaction rate constants needed for the computations. 

1. Distribution and Kinetic Constants for As and Cd  

The As and Cd concentrations of cropland soils vary considerably. The initial As and Cd 

in cropland soils is set to 7.6 and 0.22 mg kg-1, respectively, based on the mean levels 

found in the benchmark soils of California. (Bradford et al, 1996; Krage, 2002). They 

represent the baseline concentrations in uncultivated soils 

The kinetic parameter, ka, kf and kb, may be obtained by fitting the batch adsorption 

experimental data to a two-site adsorption kinetics model (Eqs. 6.3 and 6.4). Based on 

results of separate experiments with cropland soils in California, the linear adsorption 

constant (ka) is set to150 l kg-1 for As and 100 l kg-1 for Cd, the forward and backward 

precipitation/dissolution rate is set to 0.01 hr-1 and 0.001 hr-1 for As, and 0.01 hr-1 and 

0.002 hr-1 for Cd respectively (Chen, 2006). In the model simulation, the organic to 

inorganic mineralization rate, kim, is set to 10-6 hr-1 which was based on the equation 

provided by Ruhlmann (1999) with 1.5% of soil organic carbon content and 25% (by 

weight) of soil mineral particles that are less than 20 m. Assuming that 5% of the total 

trace element is in the organic phase and the trace element in mineral phase and 

adsorbed phase are in kinetic equilibrium with the respective soil solution concentrations 

at the beginning of the simulation, the initial distribution of As and Cd in soils may be 

defined. 

The distribution of As and Cd among the pools may be defined by outcomes of the 

sequential extractions (Chen, 2005). A general fractionation scheme separates the trace 

element in soil into water soluble, exchangeable, sorbed, carbonate, Fe/Mn oxides, 

organic and residual. Based on the premise of a sequential extraction, the fractions may 



 69 

be combined that the water soluble and exchangeable fractions represent the adsorbed 

phase (Ad), the sorbed, carbonate, and Fe/Mn oxides fractions represent the inorganic 

mineral phase (MP), and organic fraction corresponds to the organic phase (Org) in the 

simulation model.  

2. Input Sources 

The As and Cd inputs to cropland soils come primarily from three sources, namely the 

atmospheric fallouts, irrigation and P fertilizers. Chang and Page (2000) estimated the 

atmosphere deposition of trace elements on the cropland soils in California based on the 

air quality monitoring data of the San Joaquin Valley and the settling velocity of airborne 

particulates. They reported the atmospheric fallout rates of 5 g As ha-1 yr-1 and 5 g Cd ha-

1 yr-1. The input from irrigation is dependent on the amount of water applied and trace 

element concentration of the irrigation water. The maximum contaminant levels (MCL) for 

As and Cd in drinking water are 10 and 5 g l-1, respectively (USEPA standard). The 

concentrations in the irrigation water are expected to be considerably lower. Chang and 

Page (2002) estimated that the As and Cd inputs from irrigation water are 25 and 2 g ha-

1 yr-1, respectively, assuming an application rate of 1.2 m yr-1 water and 2.08 g l-1 As 

and 0.17 g l-1 Cd, derived from the contents of the San Joaquin River.  The values in 

Chang and Page (2002) were used for the concentrations in irrigation water. 

The trace element contents of selective commercial fertilizers in California were reported 

by California Department of Food and Agriculture (CDFA, 1997). The As and Cd contents 

in the sampled phosphorus fertilizers are summarized in Table 6.1.  Based on the 

collected data from U.S. EPA (1999), the P-fertilizer use on vegetable crops for the 1994 

crop year in California may vary from less 70 kg P2O5  ha-1 for cucumber to as much as 

454 kg P2O5  ha-1 for pepper (bell). The median application is around 110 kg P2O5  ha-1 yr-

1. The commonly used P fertilizers contain 45 – 55% of  P2O5. Assuming an average of 

50% P2O5 in P fertilizers, the mean input is around 2.5g As ha-1 yr-1 and 20 g Cd ha-1 yr-1   

The default As and Cd inputs for cropland soils are the sum of inputs from the three 

above-referenced sources and they amount to 32.5 g As ha-1 yr-1 and 27 g Cd ha-1 yr-1. 

In the simulations, the atmospheric deposition is treated as a continuous input while the 

P fertilizers is a discrete input at the starting of each growing season and the irrigation is 

divided evenly into 5 discrete inputs over the growing season. 
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Table 6.1.  As and Cd contents of selected commercial fertilizers of California 

(CDFA, 1997). 

 

3. Soil Property Parameters 

The amount of water loss by deep percolation is dependent on factors such as soil type 

and irrigation.  For the default simulation, the percolation rate, Kh, is set to 0.02 cm hr-1 

and the field moisture content, , is set to 0.25 cm3 cm-3. In this case, the leaching fraction 

is 36.5%, assuming the annual irrigation application is 1.2 m. 

4. Plant Uptake Parameters 

In the model, the plant uptake rates are calculated in terms of the As and Cd 

concentrations in the soil solution (C), root density (R) and plant uptake flux (J), which is 

expressed in terms of the Michaelis-Menton kinetics maximum influx, Jmax and root 

permeability factor, Km. Studies on plant absorption of As (Meharg and Macnair, 

1992;Abedin et al., 2002;Wang et al, 2002) and Cd (Cataldo et al.,1983; Mullins, 1986; 

Zhao et al., 2002) customarily employed hydroponics techniques and the As5+ and Cd2+ 

concentrations of the nutrient solutions were considerably higher than the concentrations 

in the soil solution of agricultural soils. In addition, absorption rates were often 

overestimated because corrections for metal binding by cell-wall materials in the root cell 

apoplasm were inadequate (Rauser, 1987). Moreover, most kinetic experiments were 

done with young roots. Nevertheless, the data illustrated the dynamic nature of the plant 

absorptive processes and the ranges where the kinetics parameters for plant absorption 

might lie. For the default simulation, we set the maximum influx rate, Jmax to be 
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0.00001 mol cm root-1 hr-1 for As and 0.0000005 mol cm root-1 hr-1 for Cd, 

approximately one order of magnitude less than the report values in the technical 

literature. The root permeability coefficient, Km, is set to be 30 M for As and 0.1 M for 

Cd. In addition, the root density is set to 5 cm root cm-2 of root zone, which is 

corresponding to the typical root density of matured crop plants. Each year is divided into 

two 6-month growing seasons. Fifty percent of the biomass harvest along with the 

proportional amounts of the plant-absorbed As and Cd is reincorporated as a discrete 

organic matter input at the starting of each growing season. 

The default model parameter values based on the above discussions are summarized in 

Table 6.2. 
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Table 6.2.  Parameter values for the default simulation of As and Cd mass balance of 

irrigated cropland soils. 

 

Results and Discussion 

Default Simulations 

The temporal changes of soil As and Cd in 100 years of continuous cultivation under 

conditions defined by the default parameters (Table 6.2) are summarized as Figure 6.2. 
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It appears that the cropping practices do not have a significant long-term effect on the 

total As content of the cropland soils, but have an impact on total Cd content of the soils 

which will be significantly increased. Over the 100-year simulation period, the total soil 

arsenic content shows a decreasing trend despite of annual input of 32.5 g ha-1 yr-1. The 

actual decrease from the initial level of 7.70 mg kg-1 to the final level of 7.66 mg kg-1 is 

mathematically distinguishable but realistically not measurable. This level of changes in 

total concentration would well be within the range of spatial variations expected in soil 

samplings. On the other hand, the soil Cd level almost increases three times over 100-

year simulation period, from 0.22 to 0.62 mg kg-1. The time needed to double the baseline 

concentration level of Cd is less than 50 years. The application of Cd-contaminated P-

fertilizers could have a significant long-term effect on the Cd concentration of the soils 

therefore heightens the risks of transfer through the food chain. Krage (2002) showed 

through measurements made in field collected samples, the As contents of cropland soils 

in California were slightly less than that of the benchmark soils and the Cd contents of the 

cropland soils in California were significantly above that of the benchmark soils. The 

benchmark soils were typical soils in California that have not been previously cultivated. 

The agricultural activities tend to increase the soluble fraction of As and Cd (Figure 6.2).   

The As concentration of the soil solution increases slightly from 6.64 to 6.74 g l-1 while 

the total As content of the soil decreases. There is a significant increase of cadmium in 

soil solution. Over the 100-year simulation period, the Cd concentration of the soil 

solution increases from 0.35 to 0.87 g l-1. The higher solution concentration invariably 

indicates greater potential for the element to be absorbed by plants and to be leached 

below the root zone. 
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Figure 6.2. Temporal changes of soil As content (a), soil Cd content (b), As concentration 

of the soil solution, (c), and Cd concentration of the soil solution (d) in 100 years of 

continuous cultivation at the default parameters. 

Data on the annual mass balance show over time the annual As and Cd uptake by 

plants and the leaching loss in proportion to the rise of their concentration in soil 

solution (Table 6.3). The rates appear to follow the first order reaction models. The fate 

of As and Cd in cropland soils is dominated by the leaching process and plant uptake 

process, respectively. In crop production systems, potentially there are higher risks for 

As being transported to the groundwater or surface water and for Cd being transferred 

through food chain.  
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Table 6.3.  Annual As and Cd mass balances after selected years of cultivation.  

 

The simulated outcomes on leaching and plant uptake are in general agreements with 

the reported data of the cropland soils. Chang and Page (2000) estimated rate of removal 

for selected trace elements in soils of the San Joaquin Valley through subsurface 

drainage showing the leaching rate of As may range from 6 to 270 g ha-1 year-1 depending 

on the geological settings. For Cd, an estimated 3 g ha-1 year-1 was lost through 

subsurface drainage.  Kabata-Pendias and Pendias (2001) showed that Cd leaching 

ranged from 0.3 g ha-1 year-1 for agricultural land in Denmark to 7 g ha-1 year-1 for a 

deciduous forest in Tennessee.  

Chang and Page (2000) estimated that the alfalfa crop grown in San Joaquin Valley 

remove approximately 6 g ha-1 year-1 of both As and Cd. Beneš (1994) reported 9.4g As 

ha-1 yr-1 and 2.6 g Cd ha-1 yr-1 were removed by crops grown on uncontaminated soils.  

Jackson (1990) showed that lettuce and cabbage absorbed 0.25 to 21.67 g ha-1 yr-1 and 

0.09 to 42.95 g ha-1 yr-1 of Cd respectively from the sludge-treated soils. Boo (1990) 

summarized data in technical literature and showed that the uptake of As and Cd selected 

crops were 1.20 and 1.40 g ha-1 year-1 for potatoes, 0.79 and 3.2 g ha-1 year-1 for winter 

oats and 0.79 and 4.50 g ha-1 year-1 for spring barley, respectively. Kabata-Pendias and 

Brümmer (1991) calculated the Cd budgets of agricultural soils in Poland and Germany. 

In Poland, the total Cd input from fertilizers, slurry, sludges, harvest residues and 

atmospheric depositions was around 10.5 to 13.5 g ha-1 year-1, the outputs of crop 

removal and loss through seepage water were respectively 3 g ha-1 year-1 for each 

pathway.  In Germany, the Cd inputs were 4.3 to 47 g ha-1 year-1 and the outputs were 1 

to 5 g ha-1 year-1 for crop removal and 1to 2 (g ha-1 year-1) for loss through seepage water. 
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In both cases, there were net inputs indicating over time Cd accumulation in the cropland 

soils. 

While direct comparisons are uncalled for, leaching losses and plant uptake of As and Cd 

simulated by the model are in general agreements with data reported in the technical 

literatures. It appears to indicate results of the simulations were in the reasonable range.  

Factors Affecting Trace Element Accumulation in the Cropland Soils 

Loading rate.  The input rates from different types of fertilizers to individual fields depend 

on the fertilizer type and application rate. The concentrations of trace elements in 

commonly used soil amendments vary considerably as shown by data summarized in 

Table 6.1. At extreme cases (based on the data from CDFA, 1997) that a type of blend 

N-P-K fertilizer (14.2-13-30.2) containing 155 mg As kg-1 is applied at rate of 2153 kg-1 

ha-1 for root crops, the input for As may be as high as 330 g ha-1 yr-1 . For Cd, the input 

may be as high as 360 g ha-1 yr-1 when a type of phosphate rock containing 130 mg Cd 

kg-1 is applied at rate of 2800 kg ha-1 for root crops. 

Guidelines and standards have been promulgated for maximum permissible trace 

element levels in phosphate fertilizers. The corresponding annual As and Cd inputs were 

calculated assuming an average of 50% P2O5 in phosphate fertilizers and annual 

application rate of 200 kg ha-1 yr-1. The potentials for As and Cd to accumulate in cropland 

soils when P fertilizers containing the threshold levels of As and Cd are applied while 

inputs from irrigation water and atmospheric deposition remain unchanged may be 

simulated (Figures 6.3 and 6.4).  At the extreme case, the total As content of the soil  is 

almost doubled over 100 year period of time, from 7.70 to 15.04 mg kg–1 and the total Cd 

content of the soil increased to 0.22 to 7.34 mg kg-1. The accumulation of As in the 

affected soils is not significant when the mass balances are evaluated based on the 

thresholds established by various entities. The cadmium enrichment over time, however, 

is substantial even under the most restrictive thresholds (i.e. California). the European 

Union (EU) has adopted the stepwise limit on the Cd content of P fertilizers that below 60 

mg Cd kg-1 P2O5 by 2006, 40 mg Cd kg-1 P2O5 by 2010 and 20 mg Cd kg-1 P2O5 by 2015. 

At the conventional annual application rate of 250 kg P2O5 per hectare, they are 

equivalent to inputs of 16.8, 11.2 and 5.6 g Cd ha-1 yr-1, respectively.  The final target at 

2015 is similar to Cd input rate used in the default simulation (i.e. 6 g Cd ha-1yr-1).  
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Figure 6.3. Temporal changes of arsenic at different loading rate cases.  

 

Figure 6.4. Temporal changes of cadmium at different loading rate cases 

Correlation analyses show that the total As and Cd contents of the receiving soils after 

100 years of continuing P fertilizer applications is in direct proportion to the annual inputs. 
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Current guidelines and standards were established based on the risk assessments and 

tolerated slow rise of the trace element contents in the receiving soils.  To avoid the 

accumulation in receiving soils, the input rate of As and Cd should not exceed 33 and 3 

g ha-1 yr-1, respectively. 

Soil and plant characteristics.  The leaching potential of the soils may vary more than 

100 folds from those in sand to those in clay. Absorption of As and Cd by plants is highly 

dependent on plant species. The concentration of Cd in plant tissues may vary from trace 

amounts in barley and oat to as high as 0.5 mg kg-1 fresh weight in spinach and lettuce. 

Three parameters: the solid and solution phases partitioning coefficient Kd, percolation 

rate Kh, and maximum influx rate Jmax are representative of the spectra of soils and plant 

species. In simulations, different types of soils may be represented, by specifying different 

values for the parameters denoting the soil properties. By the same token, the parameters 

characterizing the plant uptake of trace elements are representatives for different plant 

species. 

The linear solid-solution distribution coefficient, Kd, characterizes the soil’s ability to retain 

the As or Cd in the solid form. It has direct impact on the amount of As and Cd 

accumulated in the soils, especially when the Kd is less than 1000 (Figure 6.5). As the Kd 

rises (i.e. soil retains incrementally more trace elements), the amounts held in the sinks 

of the mass balance of the soil, leaching and plant uptake, diminish and the amounts 

accumulate in the soils proportionally increase.  When Kd exceeds 1000, the total As and 

Cd contents of the receiving soils rapidly approach a plateau indicating a steady state in 

the mass balance. 

 

Figure 6.5. Effect of partitioning coefficient (Kd) on accumulation of (a) As and (b) 

Cd in cropland soils 
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The sensitivity analysis of the parameters showed that the accumulation in the soil, plant 

uptake and leaching loss are inter-related (Figures 6.6 and 6.7). The extent of leaching 

losses decreases as the percolation rate decreases, in turn, results in a higher 

concentration in the soil solution and greater level of plant uptake. Consequently, the 

percolation rate, Kh, has minor effects on the total As and Cd contents of the receiving 

soils when plant uptake rate, Jmax, is high (i.e. plants accumulate trace elements). 

Leaching loss will have pronounced effect on the accumulation of As and Cd in the 

receiving soils when the plant uptake rate, Jmax, is low (i.e. plants not accumulating trace 

elements). In food chain, the transfer of potentially toxic elements is customarily evaluated 

by the steady state transfer factor between the soil solution and plant tissue that the plant 

uptake factor, PUF = [Concentration in plant tissue (mg kg-1)]/[Concentration in soil 

solution (mg l-1)] (CDFA, 1997).  The plant uptake is dynamic process and inter-related to 

other attributes in the soils. Judging from the outcomes of the parameter analyses, it may 

not be an appropriate approach.  

 

Figure 6.6. Effect of percolation rate and maximum influx rate on accumulation of 

As (pJmax:: negative log of the maximum influx rate). 
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Figure 6.7. Effect of percolation rate and maximum influx rate on accumulation of 

Cd (pJmax:: negative log of the maximum influx rate). 

Uncertainty Analysis 

The mass balance of As and Cd in the receiving soils are sensitive to the chemical 

property of the soils, Kd and plant uptake factor, Jmax, which exhibited a high degree of 

variability and would be different for different plant species and soil types. Monte Carlo 

simulation was employed to evaluate the uncertainty associated with the model 

predictions for 100 years of fertilizer application (Figures 6.8 and 6.9). The statistical 

attributes of each parameter included in the Monte Carlo simulation are summarized in 

Table 6.4. The means total As and Cd contents of soil estimated by 10,000 Monte Carlo 

simulations is similar with the outcomes of the default simulation. The coefficient of 

variation (CV) for the estimated total soil arsenic and cadmium contents is 15%, the range 

of normal variations for soils that are sampled spatially over the landscape. The 95% 

confidence interval for As and Cd are from 0.53 to 0.99 mg/kg and from 5.3 to 9.5 mg/kg, 

respectively.  Based on the outcomes, there is 60% probability that the As content of the 

soils receiving P fertilizer applications for 100 years will remain equal to or below the initial 

As concentration of the soil and there is 10% probability that the Cd of the soils receiving 
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100 years of P fertilizer application will remain equal to or below the initial As 

concentration of the soil.  The estimated total As and Cd contents of the soils followed 

log-normal distributions and is skewed toward the high concentration end. 

Table 6.4. Statistical attributes of parameters included in the Monte Carlo 

simulation 

 

 

 

Figure 6.8. Mean and 95% confidence interval of estimated total As and Cd 

content of soil for 100 years as calculated by 1000 Monte Carlo simulations. 
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Figure 6.9.  Cumulative probability distribution of total As and Cd content at the 

end of 100-year simulation  
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Chapter 7 

Modeling the Uptake Kinetics of Cadmium by Field-grown Lettuce 

The potentially toxic trace elements such as cadmium may accumulate in cropland soils 

through fertilizer applications and other cultivation practices (Krishnamurti et al., 1999, 

Chang and Page, 2000; Krage, 2002; Meeus, et al. 2002). Enhanced plant tissue Cd 

concentrations have been found in crops receiving P-Fertilizers containing high Cd levels 

(He and Singh, 1994; Grant and Bailey, 1998; Guttormsen et al., 1995; Huang et al., 

2004). 

The food chain transfer of trace elements, such as Cd, is customarily characterized by 

first estimating the soil solution concentration via the linear solid-solution partition 

coefficient, Kd (l kg-1) and then the plant tissue concentrations through the plant uptake 

factor, PUF (l kg-1) (CDFA, 1998; Renaud et al, 1999 and references therein). The Kd 

denotes the ratio of total elemental content of the soil, CTotal, (mg kg-1) to that in soil 

solution, CSolution, (mg l-1). The PUF denotes the ratio of the concentration of a chemical 

in plant tissue, CPlant, (mg kg-1) to that in soil solution, CSolution, (mg l-1). The empirical 

approach assumes the steady state transfer of the element across the solid-solution-plant 

continuum. No dynamic factors are incorporated in the relationship. However, the element 

dissolution and dispersion as well as plant uptake of trace elements from soils are 

unsteady processes and their rates may vary over the growing period. To accurately 

characterize the plant uptake process, it is imperative to develop kinetic models 

integrating the interactive soil-plant processes. 

Models have been developed to simulate solute uptake by plant roots (Barber and 

Cushman, 1981; Mullins and Sommers, 1986; Wu et al., 1994; Rao and Mathur, 1994; 

Gardiner and Christensen, 1997, Darrah and Staunton, 2000; Seuntijens et al., 2004). 

The Michaelis-Menten kinetics and its derivations are often used to predict solute uptake 

by plants, J (g cm-1 root day-1), that: 
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where Jmax is the maximum solute uptake influx (g cm-1 root day-1), CSolution is the trace 

element concentration in soil solution (μg L-1), and Km is the root permeability coefficient 

(μg L-1) denoting the CSolution when J = 50% of Jmax.  

Describing the plant uptake in terms of the Michaelis-Menten kinetics presents several 

issues. Firstly, it is difficult to obtain the kinetic parameters that represent the uptake at 

field conditions. Although the kinetics of Cd uptake by plants has been studied (Cataldo 

et al., 1983; Mullins et al., 1986; Hart et al., Costa and Morel, 1993; 1998; Zhao et al., 

2002; Lombi et al., 2002), most of the data were obtained from limited exposure time in 

the hydroponics solutions. In the field cultivation, the Cd supply to the plant root may be 

limited by the solute diffusion and mass flow; while the Cd transport to plant roots in a 

hydroponics solution is virtually unrestricted. Secondly, it assumes that Jmax and Km are 

constants for a plant species and the actual uptake is simply a function of the solute 

concentration in the solution phase. The root uptake activities, however, may vary greatly 

over the growing period therefore the uptake kinetics as the plant growth and nutrient 

uptake are dynamic and unsteady processes. As most of the above referenced 

experiments were conducted for a short duration, the data generally fitted the Michaelis-

Menten kinetics model well. If the kinetic parameters are evaluated based on 

observations through the entire growing season, they, especially Jmax, may become time 

dependent. As a result, the Michaelis-Menten kinetics may not be suitable to evaluate the 

solute uptake by plants grown under field conditions. 

The objective of this study was to develop and test a field-based kinetic model for plant 

uptake of trace elements. The Cd uptake by Romaine lettuce (Lactuca savita var. 

longifolia) grown under field conditions over the entire growing season are used in the 

model development.  

Materials and Methods  

Field Experiment  

The field is located in the University of California’s Meloland Field Station in the Imperial 

Valley, California. The soil is Holtville clay loam (Fine, smectitic, calcareous, hyperthermic 

Vertic Torrifluvent). The experimental field was 60 m long and 32 m (beds) wide. There 

were 20 sampling plots (made in the middle 20 beds) randomly assigned to receive one 

of the 5 P fertilizer treatments that each was replicated 4 times. Each sampling plot 

consists of 4 m 15 m field-scale beds for lettuce growing. Each plot received 4.2 kg of 

ammoniated phosphate (11-52-0) fertilizers that contain various amounts of Cd. For the 
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control group, un-spiked P-fertilizer was applied. For treatment level I through IV, the Cd 

spiked P-fertilizers were applied. The spiking was done, by spraying solutions containing 

160, 320, 640 and 1280g CdCl2 (in 1.5L water) to into 23 kg (50 lbs) of the P-fertilizers in 

a rotary mixer, respectively. After spiking, the fertilizers were allowed to undergo several 

cycles of wetting and drying during a period of several weeks. The background soil Cd 

content was 0.85 mg kg-1; while for the treatment levels I through IV, they were 2.89 mg 

kg-1, 5.00 mg kg-1, 9.91 mg kg-1 and 19.38 mg kg-1, respectively.   Romaine lettuce was 

planted following the standard cultivation practices described in the Guidelines to 

production costs and practices for Imperial County 2004-2005 vegetable crops (Meister, 

et al. 2004). 

Plant Sampling and Analysis 

The plant tissue of the center 2 m (two beds)  10 m area in each sampling plot was taken 

on 34, 49, 62, 70, 78, 88, 95 day after planting. After sampling, the plant tissues were 

dried in an oven at 65C for 48 hr. The plant tissues were grounded for use in determining 

the Cd concentration, based on microwave digestion procedure in which4.0 ml HNO3, 4.0 

ml H2O2 and 2.0 ml of de-ionized water were added to about 0.5 g of grounded plant 

tissue sample in a Teflon vessel. Then the vessel was put in a microwave even (1200 

watts) to digest for 15 minutes. After dilution, the Cd content was analyzed by graphite 

furnace atomic absorption spectroscopy (AAS-GF, Perkin Elmer AAnalyst 600). To verify 

the accuracy of the sample digestion, a standard reference material (NIST 1547) was 

analyzed in every batch of digestion. The accuracy of the Cd determinations was verified 

using the Trace Elements in Water standard (NIST 1640). The standard was analyzed 

after preparing each calibration curve for the AAS-GF to check the accuracy of the 

analyses. 

Model Approach  

The flux of Cd uptake by roots (g cm-1 root day-1) are often expressed in terms of the 

Michaelis-Menton kinetics (see equation 7.1). To obtain the unit area uptake rate (g ha-1 

day-1), the root density must be known. However, the root growth and distribution is 

difficult to measure and/or simulate. The root density may be treated as a function of 

above-ground biomass (Casper et al., 1998). Thus, the plant uptake kinetics can be given 

by: 



 86 

 

where Ut represents the amount of uptake (g ha-1) at time t, BMt refers to the biomass (kg 

ha-1) at time t, and Jmax is expressed in terms of the biomass (g kg-1 biomass day-1). The 

amount of uptake (U) at certain time is calculated based on the Cd content in the plant 

tissues, CPlant (mg kg-1), and the corresponding biomass (BMt).  

The soil solution concentration of Cd is generally very low compared to the root 

permeability coefficient Km. Thus, the Michaelis-Menton kinetics equation may be reduced 

to a linear relationship with a plant uptake coefficient α (= Jmax/KM). The plant uptake 

coefficient, α (L solution kg-1 biomass day-1), generally decreases with time. We can 

hypothesize that it follows an exponential pattern, given by: 

 

where αmax represents the maximum uptake potential at the planting when t = 0, b is a 

rate constant (day-1) related to plant growth.  

The soil solution Cd concentration, based on water to soil ratio of 0.5 (w/v) (Chen et al., 

2007) were not significantly different (at p < 0.05) throughout the growing season and 

might be assumed as. Separate evaluations based on model simulations (Chen, 2006) 

indicated that the changes of soil solution Cd concentration over one growing season 

(half year) were less than 1%. By assuming CSolution is constant during the growing period 

and the plant growth (BMt) follows an exponential growth model, we can integrate 

equation 7.2 and the change of Cd content in plant tissues (CPlant) with time is obtained 

as:  
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where PUF(t) (L solution kg biomass-1) is the plant uptake factor of time t, defined as the 

ratio of the Cd content in plant tissues (Cplant ) to that in the soil solution (CSolution) and 

PUFmax represent the PUF at t = 0. 

Results and Discussion 

Michaelis-Menton Kinetics. The uptake of Cd may involve both active and passive 

transport mechanism(s) (Arduini et al., 1996). The Cd2+ in soil solution may cross the 

plasma membrane of root cells via a cation channel for divalent cations such as Ca2+ or 

Mg2+. It may also be transported by a Cd-specific membrane transport protein 

(McLaughlin and Singh, 1999). As with most cations, the kinetics of Cd2+ adsorption by 

roots would approach saturation as the Cd2+ activity in the soil increases. Therefore, the 

uptake of Cd by plants is customarily simulated by the Michaelis-Menton kinetics (Eq. 7.1) 

in which the Cd uptake, J, increases as the soil solution Cd concentration, CSolution, 

increases and it approaches a saturation level, Jmax, when CSolution rises. 

The experimental data on plant uptake and soil solution Cd concentrations obtained at 

various stage of plant growth all fitted the Michaelis-Menton kinetics model (Figure 7.1). 

The model parameters, Km and Jmax,, changed with the stage of plant growth (Table 7.1). 

The root permeability coefficients, Km, varied from 9.3 to 31.1 nM, are in general 

agreement with those reported in the literature, varied from 20-40 nM for bread and durum 

wheat (Hart et al., 1998), 88 nM for soybean, (Cataldo eal., 1983), and 30 to 100 nM for 

maize (Mullins and Sommers, 1986). The maximum uptake flux rate, Jmax, on the other 

hand, decreases exponentially by approximately 15 times from the early stage of plant 

growth to maturity (Figure 6.2). The results indicate that the Michaelis-Menton kinetics, 

depicting a steady state equilibrium, is not appropriate in modeling the plant uptake 

process over the entire growing season, although it may produce good fitness for any 

single point of time in the growing period. The decrease of Jmax fitted the exponential 

decay model (R2 > 0.99). It is reasonable that the plant uptake coefficient, , follow the 

first order reaction kinetics as described as equation 6.3. 
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Figure 7.1. Michaelis-Menton Kinetics (Eq. 6.1) depiction of cadmium uptake by 

Romaine lettuce grown for four time periods.  

Table 7.1. Cadmium uptake kinetics of Romaine lettuce grown for 34 to 95 days, 

according to Michaelis-Menton model (Eq. 7.1)  
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Figure 7.2. Michaelis-Menton maximum Cd uptake, Jmax, for Romaine lettuce grown for 

various time period. 

Plant Uptake Factors.  

The plant uptake factors (PUFs) corresponding to plants at different growing periods 

(Table 6.2) fitted well with the equation 6.5 in which the PUF of plants follow the first order 

reaction kinetics (Figure 6.3 and 6.4). Under a given soil Cd level, the PUF decreases 

exponentially over the growing season, indicating a mass dilution that the biomass 

accumulated is more rapid than the absorbed of Cd by roots. This behavior may be 

contributed to the changes of the root morphology. The above-ground biomass increases 

proportionally to the root density, Lv, in the soil, while as described in Barber-Cushman 

(1981) described that the half-distance between root, r1, is rekated to  Lv that  r1=1/(πLv)1/2. 

When the root density rises, the distance between root axes would drop below a critical 

level and, the competition between root uptake begins (Barber, 1984). Consequentially, 

the plant uptake is limited by the soil supply (diffusion) and the solute uptake rate 

decreases as the r1 decreases (i.e. plant grows). Little is known about Cd translocation 

from plant root cells to aerial parts. As plant grows, the translocation rate may decrease 

due to decreasing activities of Cd transporter or stronger binding with mature roots. 
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Table 7.2. Means and standard deviations of Cd plant uptake factor, PUF (L solution 

kg-1 biomass), for Romaine lettuce grown for 34 to 95 days. 
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Figure 7.3.  Cd plant uptake factor for Romaine lettuce over the growing season 
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For Cd concentrations of soil received Cd spiked P fertilizers, the resulting kinetic 

parameters (Table 7.3) are not significantly different regardless of the actual Cd inputs 

and data were pooled (Figure 7.3). The PUFmax for the soils receiving P fertilizers with the 

baseline level Cd level is about two times greater than that of plants grown in soils 

received spiked P fertilizers, indicating that indigenous Cd of the P fertilizers and soils in 

a unit concentration basis is twice likely be absorbed by plants.  The bioavailability of Cd 

in soils is source dependent.  The average Kd of the soils increases from 1,738, to 1,973, 

2,435, and 2,894 l kg-1 as the Cd inputs incrementally increases. It is an indication that 

the solution phase Cd per unit amount of soil Cd significantly decreased.  

Table 7.3. Cadmium uptake kinetic of Romaine lettuce grown for 95 days based on PUFt 

=PUFmax.exp[-bt], Eq. 6.5. 

 

Conclusions 

The soil solution Cd concentrations the soils remain relatively constant throughout the 

plant growing season. At a given stage of growth, the rate of Cd uptake by Romaine 

lettuce plants is related to the soil solution Cd concentrations according to the Michaelis-

Menton kinetics model. However, the maximum influx rates Jmax obtained in this manner 

would decrease with the length of the growing period. A second order kinetic model by 

integrating the time factor was developed to simulate the cumulative plant uptake of Cd 

over the growing season: 

 

where CPlant and CSolution refer to the Cd content in plant tissue and soil solution, 

respectively, PUFmax represents the uptake potential at time zero and b is a kinetic 
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constant related to plant growth. The plant uptake factor, PUF, which is defined as the 

ratio of Cd in plant tissue to that in soil solution, follows the similar trend to that of CPlant. 

The data from the field experiment showed that the Cd naturally occurring in the P 

fertilizers and Cd spiked P fertilizers were different. On a per unit total soil Cd basis, the 

absorption by Romaine lettuce were much higher for the indigenous Cd than the spiked 

Cd of the P fertilizers. The mathematical model is general and may universally be 

applicable to the assessment of uptake by other plant species or of other trace  
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Chapter 8 
 

Soil Profile Distribution of Trace Elements - Modeling 

Model Structure 

The simulated soil profile is discretized into a number of uniform adjoining elements 
(sections). In each element, the same trace element mass balance scheme as we defined 
in the previous chapter was adopted. Namely, there are four interactive phases, solution, 
adsorbed, mineral and organic phases, which are subjected to three fluxes including 
inputs from external sources and/or other sections, leaching out the section and plant 
uptake removal. The schematic diagram of the model is depicted in Figure 8.1. 

 

Figure 8.1.   Schematic depiction of the profile distribution model.  

The governing equation is given as:  

 

where Kd is the linear partition coefficient (l kg-1); is the soil water moisture content ( 
cm 3 solution cm3 soil-1); C is the concentration in soil solution ( M); q is water flux (cm 
hr-1); D is the hydrodynamic dispersion coefficient (cm2 hr-1); U is the plant uptake term; I 
is the external input term; kim is the mineralization rate (hr-1) of organic phase (Org); kf and 
kb are the forward and backward rates (hr-1) of precipitation/dissolution of mineral phase 
(MP).     
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The governing equation may be solved numerically at temporal and spatial scale.  

HYDRUS – 1D 

The temporal changes of soil water content (θ) and water flux (q) for each element must 
be obtained. This is accomplished by coupling the water flow subroutine from HYDRUS -
1D. In addition, the effective dispersion coefficient and the time dependant plant uptake 
and input term must be defined.  

HYDRUS-1D is a one-dimensional finite element model simulating the movement of 
water, heat, and multiple solutes in variably saturated heterogeneous or layered soils 
subject to a variety of atmospheric and other boundary conditions (Simunek et al., 1998). 
The water flow simulation part of HYDRUS-1D was integrated into the profile distribution 
model. In HYDRUS-1D, the water flow is modeled by a modified form of the Richards’ 
equation:  

 

where h is the water pressure head; θ is the volumetric water content; t is time; x is the 
spatial coordinate; α is the angle between the flow direction and the vertical axis (cosα is 
set to 1, which is for the vertical flow case); K(h) is the unsaturated hydraulic conductivity 
function; S is the root water uptake term. 

The Richards’ equation can be solved only when soil hydraulic properties and root water 
uptake model are defined, and the boundary conditions are set. Multiple choices are 
included in HYDRUS-1D. To simply the model, some choices are selected: 

Soil Hydraulic Properties 

Soil hydraulic properties, including the soil water retention curve and hydraulic 
conductivity function (K (h)), are the main attributes for determining the water retention 
and movement in soils.  Three types of soil hydraulic models are available in the HYDRUS 
modeling package (i.e. van Genuchten, Brooks and Corey and modified van Genuchten 
type equations). The van Genuchten soil hydraulic functions have been implemented 
correctly for estimating hydraulic properties of unsaturated soils in many cases and are 
selected as the default model for defining the soil hydraulic properties. The equations are 
given by: 
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where the above equations contain five independent parameters: θr is the residual water 
content; θs is saturated water content; α is the inverse of the air-entry value or bubbling 
pressure; n is a pore-size distribution index; Ks is the saturated hydraulic conductivity. 
These parameters can be obtained based on the database from Carsel and Parrish 
(1988), which are soil texture specified and summarized as Table 8.1. They can also be 
obtained based on the neural network prediction from Rosetta Lite (Schapp et al., 2001).  

Table 8.1. Average values of selected soil water retention parameters (Carsel and 
Parrish, 1988). 

 

Root Water Uptake   

In HYDRUS software package, the root water uptake (the S term in Eq. 7.4) is calculated 
based on a root-water uptake stress response function (α(h)) and the potential water 
uptake rate (Sp), which defined as:  
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There are two options for the water stress response function: Feddes root water uptake 
model (Feddes et al., 1978) and an S-shaped function (van Genuchten, 1980). The root 
water uptake stress response function by Feddes (1978) is selected since there is a 
database for many plants, without considering the salinity stress (Figure 8.2). This 
function may be schematically described as in Figure 12. Four parameters are necessary 
to define the water stress response function. Pressure head h1 (corresponding to P0 in 
the model interface of HYDRUS) represents the pressure head below which roots start to 
extract water from the soil. Pressure head h2 (corresponding to Popt in the model interface 
of HYDRUS) represents the pressure head below which roots start to extract water at the 
maximum possible rate. Pressure head h3 represents the pressure head below which the 
roots cannot extract water at the maximum rate. Pressure head h4 (corresponding to P3 
in the model interface) represents the pressure head below which root water uptake 
ceases. Instead of giving h3 directly, the model makes h3 as a function of the potential 
transpiration rate (Tp). The linear interpolation scheme is given by: 

 

where r2H and r2L are the high (0.5 cm day-1 as default) and low potential transpiration 
rate (0.1 cm day-1 as default); P2H and P2L are the corresponding pressure head for r2H 
and r2L. In summary, seven parameters are necessary for simulating root water uptake. 
A database for different plant type is available in HYDRUS. 

 
Figure 8.2 Schematic of the plant water stress response function used by Feddes 

et al. (1978)  
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Furthermore, the potential water rate (Sp) is related to the potential transpiration rate (Tp) 
with a normalized water uptake distribution function (b(x)), which describes the spatial 
variation of the potential extraction term, Sp, over the root zone. 

 

The distribution function can be constant with depth, linear, or an exponential function 
with a maximum at the soil surface. In HYDRUS, a linear distribution function was used. 

Boundary Conditions  

There are six types of upper boundary conditions and seven types of lower boundary 
conditions are possible in HYDRUS. To simplify the model, only one option of upper and 
lower boundary conditions is selected. The option, atmospheric boundary condition with 
surface layer, is selected as the upper boundary condition and the lower boundary 
condition is set as free drainage. 

After setting the initial conditions (initial distribution of the pressure head within the flow 
domain) and necessary parameters, the water content and water flux distribution within 
the flow domain can be obtained.  

Effective Dispersion Coefficient 

The effective dispersion coefficient (θ D in Eq. 8.4) is consisted of the mechanical 
dispersion and the molecular diffusion. Molecular diffusion is a process whereby 
constituents move from areas of high concentration to areas of low concentration. 
Diffusion is independent of advection that the constituents of interest are carried by the 
flow of water and will occur as long as a concentration gradient exists. The coefficient of 
molecular diffusion is often negligible compared to the dispersivity term in the calculation 
of the effective dispersion coefficient and is commonly ignored. However, diffusion can 
be an important contributor to the overall dispersive process when flow rates are low. 
According to Tucker and Nelken (1982), molecular diffusion can probably be ignored in 
determining hydrodynamic dispersion when pore water velocities exceed 0.002 cm sec-

1. The longitudinal dispersivity is the characteristic length that defines spatial extent of 
dispersion of solutes, measured in the longitudinal direction, that is, along the flow path. 
Longitudinal dispersivity is dependent upon grain size distribution but independent of 
grain shape. When a constituent moves in the water, not every molecule is traveling at 
the same velocity, due to differences in pore size and flow path length and friction along 
pore walls, resulting in a probabilistic distribution along the flow path. In the model 
implement, the longitudinal dispersivity is commonly assumed to be uniform. 

In the model, the equation suggested by Bear (1972) is used to calculate the effective 
dispersion coefficient: 
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where Dw is the molecular diffusion coefficient in free water (cm2 hr-1); τw is a tortuosity 
factor in the liquid phase; |q| is the absolute value of the Darcian fluid flux density (cm hr-

1) and DL is the longitudinal dispersivity (cm). Furthermore, the tortuosity factors are 
evaluated as the function of water content using the relationship of Millington and Quirk 
[1961]: 

 

For most chemicals at normal temperatures, the molecular diffusion coefficient is about 
10-5 cm2 sec-1 in water and the values increase with higher temperatures and with smaller 
molecules. A calculation equation suggested by the WATER9 model (U.S. EPA, 2001) is 
given by: 

 

where Dw is diffusion coefficient in water (cm2 sec-1); T is temperature (°C); MW is 
molecular weight (g mol-1) and ρ is density of the chemical (g cm-3). When the chemical’s 
density is not available, the equation from Process Coefficients and Models for Simulating 
Toxic Organics and Heavy Metals in Surface Waters (Process Coefficients) (U.S. EPA, 
1987) can be used, which only requires knowledge on the molecular weight: 

 

Based on the above equation, the molecular diffusion coefficient for As and Cd are 1.24 
x 10-5 cm2 sec-1 (0.045 cm2 h-1) and 9.45 x 10-6 cm2 sec-1 (0.034 cm2 h-1), respectively. 

According to Lyman et al (1992), dispersivity values that are measured in the field are 
usually greater than those measured in the laboratory, and typically they range from 0.01 
to 2 cm. Table 8.2 summarized some of field and laboratory dispersivity values. 
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Table 8.2. Longitudinal dispersivity values at field and laboratory conditions (based 
on Gelhar, et al. 1985) 

 

Root Growth and Plant Uptake 

Simulation of root growth and distribution is an important element of the model. 
Several root growth models are available in the literature (see Acock and 
Pachepsky, 1996, and the references therein). However, these ‘developmental’ (Rose, 
1983) or ‘architectural’ (Pages et al., 1989) models that explicitly simulate proliferation 
and spatial distribution of root segments belonging to different root classes are too 
complicated to be coupled into the trace element model.  Empirical equations that 
described the root state variables (root depth or root length density) as function of time 
or depth are preferred. The increase in rooting depth with time typically follows a sigmoid 
pattern. Empirical models have been developed (Rasmussen, 1978; Hanks and Hill, 1986; 
Brog and Grimes, 1987; Schouwenaars, 1988; Subbaiah and Rao, 1993). Most of these 
empirical models require the maximum rooting depth and time at which the crop attains 
its maximum rooting depth as input data. In HYDRUS, the classical Verhulst-Pearl logistic 
growth function, which is frequently utilized in modeling of population growth, was used 
to simulate the root growth. The same equation was selected in the profile distribution for 
the root depth and root mass development. The root mass was represented by the root 
length per unit of soil volume, namely, root length density. These equations are given by: 
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where RD0  is the initial value of the rooting depth (cm); RDm is the maximum rooting depth 
(cm); R0 is root length density (cm root cm-3 soil) at the beginning of the growing season; 
Rm is the maximum root length density (cm root cm-3 soil); r is the growth rate (hr-1) which 
is calculated based on the assumption that 50% of the rooting depth or density will be 
reached after 50% of the growing season has elapsed. The root mass is distributed 
according to an exponential distribution function with a maximum at the soil surface 
(Raats, 1974): 

 

where a is an empirical constant; x(R) is the root depth. 

The amount of plant root uptake in each soil element ( mol l soil-1 hr-1) is calculated based 
on root density in current soil element and the trace element flux describing by the 
Michaelis-Menton equation, which is given by the equation: 

 

where B (z, t) is the normalized root distribution coefficient; R (t) is the root density (cm 
root cm-3 soil); RD(t) is the root depth; C is the trace element concentration in soil solution 
( M); Jmax is the maximum influx rate ( M cm root-1 hr-1) and Km are the root permeability 
coefficient ( M). 

Source Inputs  

The external trace element inputs are sorted into three categories: 1) Continuous source 
from atmospheric deposition, which is added to the top element of the studied soil profile 
as the mineral phase or mobile phase (solution phase plus adsorbed phase); 2) Discrete 
sources from fertilizers, micronutrient, and waste disposal and so on, which are added 
uniformly as the combinations of mobile, mineral and/or organic phases to the plow layer; 
and 3) Inputs from irrigation, calculated by the flux and trace element concentration in 
irrigation water, go into the solution phase of top section. Moreover, depending on the 
direction, the trace element transport with water fluxes and diffusion are considered as 
input or leaching for the specified section. 

Spatial and Temporal Discretization 

The space and time scheme must be defined before the implementation of numerical 
solution. Basically, the space discretization is defined by two variables. One is the profile 
depth, which specifies the depth of the soil profile simulated in the model. The other is the 
number of element (section). Since the model structure is based on number of uniform 
adjoining element, the quotient of soil profile depth and number of section will decide the 
thickness of each element. In addition, a plow layer is specified. At the beginning of each 
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crop season, trace element in the plow layer will be mixed and redistributed uniformly. 
The biomass return and inputs from discrete source will be distributed uniformly in this 
layer, too. Furthermore, more than one soil texture type is allowed in the model. If there 
are more than one soil texture types in the soil profile, the corresponding parameters are 
necessary for each soil texture, including the depth, initial trace element pools, and soil 
hydraulic properties.  

The temporal discretization is decided by four variables: simulation duration, initial time 
step, minimum time step and maximum time step. The model will adjust the time step 
internally according to the pressure head gradient. Since we choose atmospheric 
boundary condition with surface layer as the upper water flow boundary condition, smaller 
initial and minimum time step is necessary to reduce the errors. The water balance is 
correlated tightly with trace element balance. Therefore, if the water balance is not good, 
the resulting trace element balance may be incorrect.  Generally, the relative errors of 
water balance should not greater than 0. 1%. If it does, it means the time step setting for 
computation is not appropriate and needs to be adjusted. 

Coupling the water flow simulation, plant growth and uptake, different external sources, 
and effective dispersion coefficient into the governing equation for each element (Eq. 8.4) 
and solved by the 4th order Runge-Kutta at the spatial and temporal scale, the distribution 
of trace element in the soil profile may be realized. A Window-based computation 
algorithm was programmed and the interface is as shown below (Figure 8.3): 
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Figure 8.3 Windows interface of the trace element mass balance model with profile 
description.   

Model Parameters 

The model parameters and initial values were sorted into seven tabs in the Windows 
interface (Figure 8.3), namely, basic information, soil properties, initial conditions, input, 
boundary fluxes, plant growth and uptake, and root water uptake. 

Basic Information 

The soil geometry and time information must be specified firstly to define the Spatial and 
Temporal Discretization. These parameters are user-specified. The others are trace 
element specific, including the reaction rate constants and parameters for defining the 
dispersion coefficient, which have already been discussed in the previous sections. 

Soil Properties  

Five Parameters of the van Genuchten soil hydraulic model need to be specified in the 
soil properties tab. Alternatively, the parameters for 12 major soil textural groups are 
available in a database. For the default simulation, data for the loamy soil is selected. In 
addition, the soil bulk density must be specified for unit conversion inside the model. The 
same value as used in the previous model, 1.41 kg l-1, is set as the default soil bulk 
density. 

Initial Conditions 

To make sure the results from the two models are comparable, the same initial trace 
element pools are used. In addition, the initial pressure head for each section must be 
known to couple the water flow simulation part of HYDRUS. The model will linearly 
interpolate the initial pressure head for each section within the soil profile based on the 
initial top and bottom soil pressure heads. For the default simulation, the initial pressure 
head is set to -100 cm for both the top and bottom soil pressure head.  

Inputs  

As discussed, and summarized in previous chapters, there are regional differences in the 
sources of trace element in agriculture ecosystem. The profile distribution version of the 
model sorts the different external input sources into three catalogs: continuous sources, 
discrete sources, and addition with irrigation water. Continuous source from atmospheric 
deposition can be a significant input source to cropland soils, particularly when the 
background soil As and Cd levels are low. We will take the default value defined in 
Chapter 3 (5 g ha-1 yr -1) for atmospheric deposition of As and Cd. Discrete sources from 
fertilizers, micronutrient, and waste disposal vary considerable depending by fertilizers 
type and the application rates. For the default simulation, the input from fertilizers is set 
to 0.5 g ha-1 and 2.5 g ha-1 per application for As and Cd, respectively. The application 
takes place at the beginning of each crop season and goes into the mobile phase. The 
input from irrigation is calculated based on the amount and trace element concentration 
of the irrigation water. Irrigation is not only an important source of trace element input 
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(especially for As), but also one of the most important fluxes that control water balance in 
the soil profile, therefore the solute transport. The input with irrigation water is set in the 
boundary fluxes tab. 

Boundary Fluxes  

The time-dependent boundary water fluxes, including precipitation (irrigation or rainfall), 
evaporation and transpiration, must be specified for the model simulation. The 
evaporation and transpiration can be obtained based on the reference evapotranspiration 
(ET0) and the crop coefficients for specific crop growth periods. The reference ET in 
different region of California can be obtained from CIMIS. Table 8.3 shows an example 
of the monthly reference ET and precipitation in Imperial County based on the CIMIS. 

Table 8.3. Monthly reference evapotranspiration (ET0) and precipitation in Imperial 
County Region (Data from CIMIS). 

 

For the default model simulations, there are two 120-day crop seasons. The summer crop 
is from May to August with a constant monthly ET0 of 216 mm and the winter crop growing 
season is from November to February (the following year) with a constant monthly ET0 of 
72 mm. The percentage of the initial, rapid and midseason growth period is 25%, 25% 
and 50%, respectively. The crop coefficients are set based on the generalized crop 
coefficient curve for field vegetable crops from Snyder and Schulbach (1992). The actual 
crop evapotranspiration (ETc) is calculated based on the ET0 and the crop coefficients. 
The soil evaporation is assumed to account for 90% of the ETc at the beginning month of 
the growing season and then decrease to 70%, 40% and 20% for the continuous months. 
Irrigation occurs at every 15 days and continues for 24 hours. The irrigation efficiency is 
set to 75%. The actual amount of water applied can be obtained by dividing the ETc for 
the previous period by the irrigation efficiency. The annual irrigation is around 1.2 m. To 
make the total annual input from different sources equal the total annual input used in the 
previous model (13 g ha-1 yr-1 for Cd, 30 g ha-1 yr-1 for As), the trace element concentration 
in the irrigation water for As and Cd is set to 2.016 and 0.252 g l-1, respectively. The 
designed default boundary fluxes were summarized in Table 8.4. 
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Table 8.4.  Default boundary fluxes for a typical crop year. 
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Plant Growth and Uptake  

In the model, the root development is simulated by the classical Verhulst-Pearl logistic 
growth function with the assumption that the rooting depth will be reached half of the 
maximum root depth at the middle of the growing season. In the model simulations, the 
initial root depth is generally set to a small number and the crop season is 120 day. Thus 
the root growth in the profile with time can be obtained only if the maximum rooting depth 
is known. Similarly, the maximum root length density in the specified soil profile is needed 
to simulate the root mass development. In addition, a root partition coefficient is needed 
for distributing the root length density exponentially with soil depth. The root partition 
coefficient is set to 0.2. Figure 8.4 shows an example of the root mass distribution along 
a 30 cm root depth. The parameters related to plant uptake kinetics were already 
summarized in the previous chapters. We will use the same plant uptake kinetic 
parameters as used in the previous model in the default simulation. The default root 
growth and uptake parameters were summarized in Table 8.5. 

 

Figure 8.4. Distribution of the root mass along a 30 cm root depth when root 
distribution coefficient equals 0.2 

Root Water Uptake 

In the model, water uptake is simulated by Feddes et al. (1978) root water uptake model. 
Seven crop specific parameters are necessary for simulating the root water uptake model. 
There is a database available in the model for the parameters of different crops. The 
parameters for tomatoes and lettuce in this database are employed for the default 
simulation. The default parameter values for As and Cd are summarized as Table 8.5.  
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Table 8.5. Parameter values for the default simulation of As and Cd. 
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Results and Discussion Outcomes of the model simulations based on the 
modified parameters are summarized as follows: 

Default Simulation 

The default model parameters for As and Cd are set based on values in Table 8.9 The 
default simulation depicts the mass balance of trace elements in a typical loamy soil 
growing two crops each year with a four- month growing season that receives 30 g As ha-

1 yr-1 and 13 g Cd ha-1 yr-1 from various sources of atmospheric deposition, fertilizer 
application and irrigation. All the inputs are added to mobile phase and fifty percent of the 
previous crop uptake will be reincorporated as a discrete input in the organic form at the 
beginning of next crop season.  After setting the basic information, soil properties, initial 
conditions, input, boundary fluxes, plant growth and uptake, and root water uptake, the 
mass balance was simulated for 100 years. The outputs of the model simulations 
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illustrated the change and distribution of the trace elements pools in the soil profile, the 
pattern of plant uptake, and leaching below soil profile.  

Total As Concentration of Soils 

Under the normal crop growing conditions with a typical annual input of 30 g ha-1 of As 
from atmospheric deposition, fertilizers and irrigation, the total As content increases 
slowly from the initial value of 7.70 mg kg-1 to approximately 7.77 mg kg-1 in the 50 cm 
soil profile and to approximately 7.82 mg kg-1 in the 30 cm root zone over the 100-years 
simulation period (Figure 8.5). The similar trend as from the previous version of the model 
is obtained, in which the total Soil As content is slightly increase over 100 year. However, 
the total As concentration of the soil is again magnified when plotted as the left Y-axis of 
Figure 12. If the graph is re-plotted on a full 0 to 8 mg kg-1 scale (the dash line, right Y-
axis of Figure 8.5), the same conclusion can be drawn that the change of total Soil As 
content over the 100-year simulation is not noticeable and the change is well within the 
range of variations expected in the soils and not measurable by routine soil sampling. 

 

Figure 8.5.   Simulated total As concentration of cropland soil at default parameter 
values for 100 years (expended and full scale). 

Arsenic Concentration in Soil Solution 

The trace element concentration in the solution phase is a deciding factor in controlling 
plant uptake and leaching and thus the total soil trace element content. Similarly, to the 
results from the previous version of the model, the change of As concentration in soil 
solution over the 100-year simulation period is unnoticeable (Figure 7.6). Again, the graph 
is somewhat misleading. The entire Y-axis scale represents only a 0.2 g l-1 
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concentration range. In the entire soil profile, it slowly increases from 4.43 g l-1 to 4.59 
g l-1. The solution As concentration in the plow layer is a little greater than that of the 

entire soil profile. The change is quite small. 

 

Figure 8.6.   Simulated As concentration in soil solution of cropland soil at default 
parameters values for 100 years. 

Arsenic Concentrations in Different Phases 

The lack of significant changes in the total and solution concentrations of As in soil is 
indicative that the major As solid phase pools of the soil remained relatively constant for 
much of the 100-year simulation period, despite of the continuous external inputs of As. 
Figure 8.7 shows that change of the As phases over the 100 years. The results are similar 
to those from the previous version of the model. The As in mineral phase and adsorbed 
phase slightly builds up over the 100 years. The increase of the mineral phase and 
adsorbed phase As content is, however, less than 4%. At the same time, the organic 
phase As continuously declines even with a 50% of the plant uptake being reincorporated 
into soils as organic form. In the 100-year simulation, around 50% of organic phase As is 
depleted. 
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Figure 8.7.   Concentrations of major As pools in the cropland soils at default 
parameters values for 100 years. 

Profile Distribution of As Phases 

The new version of the model allows studying the distribution of trace element along the 
soil profile at any specific time. Figure 8.8 shows the profile distribution of As phases at 
the end of 100-year simulation. At the beginning of simulation, the trace element pools 
are distributed uniformly along the 50 cm soil profile. Before the beginning of each crop 
season, the trace element pools in the plow layer (top 30 cm) are mixed and redistributed. 
Compared to the initial uniform distribution (dash line in Figure 8.6), there is a small 
accumulation of the total soil As content in the plow layer at the end of 100-year simulation 
due to inputs and the continuous mineralization of organic phase of As, which is 
consequentially leached out the soil profile or removed with plant uptake. The changes of 
adsorbed phase along the soil profile are unnoticeable. In the model, the biomass 
reincorporation only occurs in the plow layer. Thus As content of the organic phase below 
the plow layer is lower. The change of total As content below the top 35 cm is negligible 
and the accumulation of mineral phase As content below the top 35 cm is mainly attributed 
to the mineralization of the organic phase As. 
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Figure 8.8.   Profile distribution of As pools at the end of 100-year default 
simulation compared to the initial distribution (dash lines). 

Mass Balance of As  

The model allows studying the two type of mass balance at any specific time, namely the 
trace element fluxes and pools distribution. For a given input, the total trace element 
content with the change of pools in the studied soil profile is determined by two primary 
sink terms: the plant uptake and the leaching below soil profile. Table 8.6 illustrated the 
annual mass balance table at the 5th, 25th, 50th and 100th year. At the fifth year of receiving 
30 g ha-1, 3.71 g ha-1 of As is uptake by plants and 20.91 g ha-1 of As is leached, 5.37 g 
ha-1 of As is accumulated, which results in the increase of As in the adsorbed phase and 
mineral phase. The increase of As content in the adsorbed phase and mineral phase is 
not only due to the external inputs but also due to the mineralization of organic phase. 
Over time, the leaching loss and plant uptake of As increase in proportion to the rise of 
the As concentration in soil solution (as shown in Figure 7.8). Consequentially, the annual 
depletion of As over time increases slightly from 5.37 g ha-1 at fifth year to 4.63 g ha-1 at 
the 100th year. The annual deposit of As into the adsorbed and mineral phase decreases 
with decline of the annual mineralization rate of the organic phase As. By the 100th year, 
the annual plant uptake is 3.86 g ha-1 and the annual leaching loss is 21.51 g ha-1, 
resulting in an annual accumulation of 4.63 g ha-1. At this time, the annual deposition in 
adsorbed phase and mineral phase is 1.17 g ha-1 and 11.75 g ha-1, respectively, with an 
annual depletion of 8.29 g ha-1 of organic phase As content. The As fate in cropland soils 
is dominated by the leaching process. The accumulation of As is mainly contributed to 
the buildup of mineral phase As. 
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Table 8.6. Simulated annual As mass balance of cropland soil in 50 cm soil profile 
for the 5th, 25th, 50th and 100th years. 

 

Total Soil Cd Concentration 

The changes of total soil Cd concentration in the plow layer and entire soil profile over 
100 year of simulated crop growing conditions with a typical annual input of 13 g ha-1 are 
summarized in Figure 8.9. Unlike the total As concentration of the simulated cropland 
soils, the total Cd of the receiving soil increase from 0.22 mg kg-1 to approximately 0.31 
mg kg-1 over the 50 cm profile. The increase represents a more than 140% increase of 
the Cd concentration in the soil. The inputs from the atmospheric deposition and irrigation 
are added to top layer of the soil profile and the inputs from fertilizers are added uniformly 
to plow layer. Thus the accumulation of total Cd in the plow layer is more pronounced. 
Over the 100-year simulation, the total soil Cd concentration increases from the baseline 
of 0.22 mg kg-1 to 0.36 mg kg-1 in the 30 cm plow layer. The rising trend is steady over 
the 100-year simulation period, although the rate of rise decreases slightly with time. The 
normal cropping practice of the irrigated agriculture could have a significant long term 
effect on the Cd concentration of the soils.   
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Figure 8.9. Simulated total As concentration of cropland soil at default parameter 
values for 100 years. 

Cadmium Concentration in Soil Solution  

Trace element in the soil solution phase is the core of the dynamic interactions of the 
element between different phases and a deciding factor that determines the amount of 
trace element removal from the soil profile by leaching and by plant uptake thus the total 
soil trace element content at specific external input level. Figure 8.10 shows the change 
of Cd concentration in soil solutions in the 30 cm plow layer and entire 50 cm soil profile 
over the 100-year simulation period. Due to the inputs only occurring in the plow layer, 
the increase of Cd concentration in soil solution in the plow layer is more significant. It 
increases from 0.35 g l-1 to 0.47 g l-1 over the 100-year simulation period. For the entire 
50 cm profile layer, the Cd concentration in soil solution increases from 0.35 g l-1 to 0.43 

g l-1. Consequentially, there is a greater potential for the element to be uptaken by plants 
and to be leached below the soil profile due to the higher solution concentrations. 
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Figure 8.10.  Simulated Cd concentration in soil solution of cropland soil at default 
parameter values for 100 years. 

Cadmium Concentrations in Different Phases 

The dynamic changes of the Cd pools in the soil are illustrated in Figure 8.11. The 
accumulation of Cd in the soil profile is mainly attributed to the build up in the mineral 
phase and organic phase. Over the 100 years, the Cd content in mineral phase increases 
from 0.17 mg kg-1 to 0.22 mg kg-1. The Cd content in organic phase increases from 0.011 
mg kg-1 to 0.052 mg kg-1, which represent around 5 times increase. At the same time, the 
adsorbed Cd built up slightly. Over the 100-year simulation, the adsorbed Cd increases 
from 0.035 to 0.043 mg kg-1. The absolute change of the adsorbed phase Cd is negligible 
when compared to the change of mineral phase and organic phase. It however represents 
a 23% increase.    
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Figure 8.11. Concentrations of major Cd pools of cropland soil at default parameter 
values for 100 years. 

Profile Distribution of Cd Phases 

The profile distribution of Cd phases at the end of 100-year simulation is summarized in 
Figure 8.10. The significant increase of the total soil Cd content is indicative that there is 
an important shift of distribution of Cd pools along the soil profile. Compared to the initial 
uniform distribution (dash line in Figure 8.12), there is a significant accumulation of total 
soil Cd content in the plow layer at the end of the 100 year, with the continuous inputs 
from atmospheric deposition, fertilizers and irrigation and relative small loss with plant 
uptake removal and leaching. Consequently, there is a significant increase of organic 
phase and mineral phase content in the plow layer. The adsorbed phase Cd in the plow 
layer also increases, but the increase is not pronounced. In the mean time, the organic 
phase Cd below the plow layer declines due to the continuous mineralization without 
biomass reincorporation. The adsorbed phase Cd content below the plow layer increases 
somehow due to the diffusive and dispersive transport, resulting in an increase of Cd in 
mineral phase, which is in equilibrium with the Cd in adsorb phase, and consequently the 
total Cd soil content. The change of total Cd content becomes unnoticeable below the top 
45 cm. 
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Figure 8.12.  Profile distribution of Cd pools at the end of 100-year simulation 
compared to the initial distribution (dash lines). 

Mass Balance of Cd 

Table 8.7 illustrates the annual mass balance of Cd in the studied soil profile at 5th, 25th, 
50th and 100th years. At the fifth year of receiving 13 g Cd ha-1, 4.33 g ha-1 of Cd is uptaken 
by plants and 1.64 g ha-1 of Cd is leached out of the soil profile. The resulting net 
accumulation of 9.95 g Cd ha-1 is distributed among the adsorbed phase, mineral phase 
and organic phase. Over time, the annual Cd uptake by plants increases from 4.33 g ha-

1 at the fifth year to 5.60 at the 100th year, which is in proportion to the rise of the Cd 
concentration soil solution in the plow layer (as shown in Figure 8.7). The annual leaching 
loss of Cd remains, however, unchanged through out the simulation period, and is 
correlated with the relative steady soil solution Cd concentration in the bottom section of 
the model.  Consequentially, the annual deposit of Cd decreases slightly from 7.03 g ha-

1 at fifth year to 5.71 g ha-1 at the 100th year with the annual deposits into the adsorbed 
phase and mineral phase decreasing. At the mean time, the annual deposits into the 
organic phase increases over time due to the increase of annual plant uptake and 
correspondingly greater inputs through biomass reincorporation.  In the 100th year, the 
plant uptake accounts for 5.60 g ha-1 and leaching accounts for 1.69 g ha-1 of Cd removal, 
with an annual buildup of 0.56 g ha-1, 2.38 g ha-1 and 2.78 g ha-1 of adsorbed phase, 
mineral phase and organic phase, respectively. The plant uptake is the predominant 
process controlling Cd fate in cropland soil. The accumulation of Cd in cropland soils is 
mainly caused by the buildup of the organic phase and mineral phase Cd content.  
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Table 8.7. Simulated annual Cd mass balance of cropland soil for 5, 25, 50 and 100 
years in the entire 50 cm soil profile. 

 

Factors Affecting Trace Elements Accumulation in the cropland Soils  

Accumulation of trace element in the cropland soils is determined by the amount of 
external inputs and its removal with plant uptake and leaching. In the previous version of 
model, the leaching loss is determined by two parameters, the field hydraulic conductivity 
(Kh) and the field volumetric moisture water content ( ), both were set as constants for 
the simulation period. The trace element concentration in soil solution of the soil profile, 
however, is dependent the dynamic transformation between different trace element 
phases. In the modified version of the model, the amount of leaching is characterized by 
the time dependent water flux and the dynamic trace element concentration in solution at 
the bottom section. Therefore, the boundaries fluxes and the soil hydraulic properties, 
which are deciding factors of the bottom water flux, may have significant impacts on the 
amount of trace element leaching out of the soil profile, consequentially on the mass 
balance of trace element in the cropland soils. Although the same kinetic equation is 
employed for calculating the plant uptake in both version of the model, the new profile 
distribution model allows simulating of the plant growth and root distribution in the soil 
profile. The root density is not a constant any more. It is a function of growing time and 
the characteristics of plant species. Therefore except for the parameters of the Michaelis-
Menton kinetics model, the mass balance of trace element in the cropland soils may be 
affected by plant growth and the root distribution parameters.  

Most of the factors that govern the trace element transformations between phases in the 
soils, leaching and plant uptake of trace elements were already studied in the previous 
chapter. Since the similar model structure is adopted, the resulting accumulation should 
have the same trends. Therefore, we will not repeat the parameter sensitivity study. We 
will focus the effect of boundary fluxes including irrigation, evaporation and transpiration, 
plant growth, soil hydraulic properties and input forms on trace element accumulation in 
the cropland soils. 

Irrigation Practice 

In mass balance, the water balance and trace element balance go hand in hand.  The 
water balance is mainly determined by the crop evapotranspiration and the amounts of 
irrigation/precipitation. Appropriate irrigation management is an important part of 
agricultural product activities. If insufficient water is applied, the plant development thus 
the productivity may be impaired. If more water than needed is applied, it not only wastes 
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water and resources, but also can cause nutrients and other amendments to be leached. 
In the default simulation, the irrigation is designed based on the climate data (ET0) of 
Imperial Valley County using a 75% irrigation efficacy. The total annual irrigation is around 
1.2 m. In practice, the water application is often greater. If the irrigation efficacy was 
reduced to 50% and 40% or increase to 90% with all the other parameters remaining the 
same, the annual water application would be around 1.8 m, 2.2 m, and 1.0 m, 
respectively. As the annual irrigation increases, the bottom flux increases proportionally. 
The leaching factor, the percent of the applied irrigation water that drains below the soil 
profile, increases from 40.2%, to 48.8%, 65.3%, and 72.1% as the annual irrigation 
increases from 1.0 m, to 1.2 m, 1.8 m and 2.2 m, respectively. Consequentially, the 
leaching loss would increase proportionally (Table 8.8).  When the annual irrigation 
increases from 1.0 m to 2.2 m, the average annual leaching loss of As and Cd increases 
by more than 4 times. In the mean time, the amount of plant uptake declines slightly since 
more irrigation results in a lower trace element concentration in the soil solution. 
Compared to the increase of leaching loss, the decrease of plant uptake of As and Cd is 
negligible. Therefore, less amount of trace elements is accumulated in soils as irrigation 
amount increases. The changes of total soil As and Cd contents at different irrigation 
practices over the 100-year simulation are illustrated in Figures 8.13 and 8.14. For the 
most efficient irrigation, namely, 1.0 m of annual irrigation, the change of total soil As is 
negligible. Over the 100-year simulation, the total soil As content increases lightly from 
the baseline level of 7.70 mg kg-1 to 7.88mg kg-1. The input with the irrigation, fertilizers 
and atmospheric deposition is either removed by crop harvest or leaching out of the soil 
profile. When the annual irrigation increased from 1.0 m to 2.2 m, the total Soil As content 
at year 100 decreased from 7.88 to 7.12 mg kg-1 that represents a 10% of decrease.  

The impact of irrigation practices on the total soil Cd content is more pronounced than 
that of the As. When the annual irrigation increased from 1.0 m to 2.2 m, the total soil Cd 
content at year 100 decreased from 0.32 to 0.27 mg kg-1. The accumulation of Cd in soils 
is significant even with heavy irrigation.  In summary, the irrigation practice may have 
great effect on the accumulation of trace elements in cropland soils by affecting the 
amount of plant uptake, and more important the amount of leaching out of soil profile. 

Table 8.8.  Average annual plant uptake and leaching at different irrigation practices. 
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Figure 8.13.Simulated total Soil As content of cropland soil at different irrigation 
practices for 100 years. 

 

Figure 8.14.  Simulated total Cd of cropland soil at different irrigation practices for 
100 years. 
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Evaporation and Transpiration 

As summarized in the previous sections, the boundary fluxes are designed based on the 
climate data from Imperial Valley County. If the climate data (monthly ET0) changed, all 
the boundary fluxes should change accordingly. The resulting accumulation of trace 
elements in soils may be different. Table 8.9 shows the average monthly ET0 from the 
CIMIS weather station at UC, Riverside. Keeping all the other parameters and 
assumptions, the new designed boundary fluxes are summarized as Table 8.10. In this 
case, the annual irrigation is 1.0 m. 

Table 8.9. Average monthly reference evapotranspiration (ET0) in UC, Riverside 
area (data from CIMIS). 

 

Table 8.10. Designed boundary fluxes for a typical crop year based on climate data 
of UC, Riverside. 

 

The accumulations of As and Cd at different evaporation and transpiration, which is set 
based on the climatic data at UCR and Imperial Valley, are illustrated in Figures 8.15 and 
8.16. When the annual irrigation is the same, less water is leached out of the bottom soil 
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profile due to greater evapotranspiration, thus less leaching and more As and Cd are 
accumulated in the soil (Imperial Valley Case). The difference between these two cases 
is, however, negligible. In summary, the effect of evaporation and transpiration on 
accumulation of As and Cd in cropland soil is limited. 

 

Figure 8.15.  Simulated total As content of cropland soil at different boundary 
conditions for 100 years. 
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Figure 8.16. Simulated total Cd content of cropland soil at different boundary 
conditions for 100 years. 

Soil Hydraulic Properties 

Trace element mass balance is greatly dependent on water balance. Except for the 
boundary fluxes, the water retention and movement in soils are mainly controlled by soil 
hydraulic properties, namely the soil water retention curve and hydraulic conductivity 
function. The van Genuchten soil hydraulic functions are employed in the model and 
consequentially five independent parameters are required (i.e. Eq. 8.6). These 
parameters can be set based on the database from Carsel and Parrish (1988) or based 
on the prediction from the pedotransfer functions of Rosetta (Schapp et al., 2001). When 
the soil properties from the database are used, the model works well for most cases. But 
in cases that the saturated hydraulic conductivity is less than the irrigation flux such as 
clay soils, all of the soils are saturated after certain time of irrigation and the water flow 
simulation part from the HYDRUS will terminate. To make it work for clay soils, the 
designed flux of irrigation is decreased by 50% with 48 h irrigation each time. Figures 
8.17 and 8.18 illustrated the change of total soil As and Cd content over the 100-
simulation in different types of soils. The soil hydraulic properties for the loam are set 
based on the default database from Carsel and Parris (1988). The soil hydraulic 
properties for clay soil and sandy soil are set based on the predictions from the 
pedotransfer functions of Rosetta (Schapp et al., 2001). As soil type changes from clay 
to sandy, the soil hydraulic conductivity increases rapidly. More water is retained in the 
clay soils. The leaching factor for clay, loam and sandy soil is 80.6, 49.3, and 42.8%, 
respectively (Table 8.11). Consequentially, more trace elements are leached out of the 
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soil profile in the clay soil. When the soil type changes from clay to sandy, the average 
annual leaching increases from 22.9 g ha-1 to 43.3 g ha-1 for As, and from 1.80 g ha-1 to 
3.40 g ha-1 for Cd. In the mean time, the plant uptake decreases from 3.79 g ha-1 to 3.67 
g ha-1 for As, from 4.95 g ha-1 to 4.67 g ha-1 for Cd. The effect of soil hydraulic properties 
on the plant uptake is limited. In summary, the total As and Cd contents of the soils at the 
end of the 100-year simulation period increases from 7.46, 7.70, to 7.75 mg kg-1, and from 
0.2901, 0.305, to 0.309 mg kg-1, respectively, for sandy, loam and clay soils. 

Table 8.11. Average annual plant uptake and leaching at different soil hydraulic 
properties based on soil type. 

 

 

Figure 8.17. Simulated total Soil As content of cropland soil at different soil 
hydraulic properties based on soil type for 100 years 
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Figure 8.18.  Simulated total Soil Cd content of cropland soil at different soil 
hydraulic properties based on soil type for 100 years 

Plant Growth and Uptake 

As one of the primary sinks through which trace elements in the soil may be lost, plant 
uptake may have significant effects on the trace element accumulation in cropland soils. 
The amount of plant uptake is determined by the root density and the influx rate 
represented by the Michaelis-Menton kinetics. The effect of maximum influx rate on trace 
element accumulation in soils is already discussed in the previous chapter. To assess the 
impact of the plant growth, the accumulation of As and Cd at different sets of root growth 
parameters, namely the initial root depth and root density, the maximum root depth and 
root density were studied. The root depth development doesn’t directly correlate with the 
amount of crop uptake. However, the root growth rate and root distribution in the model 
are calculated based on the data of root depth. The growth rate is calculated based on 
the assumption that 50% of the rooting depth will be reached after 50% of the growing 
season has elapsed and the root mass distribution declines exponentially as a function 
of root depth. More important, the total root length in the soil profile, which is one of the 
deciding factors for calculating the amount of plant uptake, is determined by the root 
length density and the depth of the root zone (the root depth). Figures 7.19 and 7.20 
summarized the accumulation of As and Cd using different root depth development 
parameters. As the root growth rate increases from 0.077 hr-1(case I, in which the 
maximum root depth decrease from the default 20 cm to 10 cm), to 0.088 hr-1 (default 
case), and to 0.127 hr-1 (case II, in which the initial root depth decreases from the default 
0.1 cm to 0.01 cm), the average annual plant uptake increases accordingly (Table 8.12). 
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In the mean time, the leaching decreases slightly. The decrease of leaching is not 
significant comparing with the increase of plant uptake. Therefore, the total soil As and 
Cd content decreases slightly from 7.78, 7.77, to 7.76 mg kg-1, and from 0.34, 0.31, to 
0.30 mg kg-1, respectively, as the root depth development parameters change from case 
I to the default case to and case II. The effect of root depth development on the 
accumulation of Cd in cropland soils is more pronounced as the fate of Cd is dominated 
by the plant uptake. In summary, the effect of the root depth development on the 
accumulation of trace element in cropland soils is limited, especially the maximum root 
depth. 

Table 8.12. Average annual leaching and plant uptake at different root depth 
development cases. 

 

When the initial root density increases from the default 0.01 cm root cm-3 soil to 0.1 cm 
root cm-3 soil (Case III) or the maximum root density increases from the default 1 cm root 
cm-3 soil to 2 cm root cm-3 soil (Case IV), the plant uptake changes proportionally.  The 
average annual uptake over the 100- year increases from 3.81, 4.24, to 7.03 g ha-1, and 
from 4.98, 5.38 , to 7.39 g ha-1 for As and Cd as the root density parameters changes 
from the default case to the Case I and to the Case II, respectively. Consequentially, the 
total As and Cd contents of soils at the end of the 100-year simulation decreases slightly 
from 7.77, 7.76, to 7.72 mg kg-1, and from 0.31, 0.30, to 0.28 mg kg-1, respectively ss 
illustrated in Figures 8.21 and 8.22. Since the mass balances of As in cropland soils are 
controlled by the leaching process, the amount of plant uptake is infinitesimally small on 
an annual basis compared to the total soil trace element pool, the effect of root mass 
development on accumulation of As is not pronounced. For Cd, the mass balance is 
controlled by the plant uptake process. Thus, the effect of root mass development on 
accumulation of Cd is more significant. 
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Figure 8.19. Simulated total Soil As content of cropland soil at different root depth 
development for 100 years 

 

Figure 8.20. Simulated total Soil Cd content of cropland soil at different root depth 
development for 100 years 
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Figure 8.21. Simulated total Soil As content of cropland soil at different root mass 
development for 100 years 

 

Figure 8.22. Simulated total Soil Cd content of cropland soil at different root mass 
development for 100 years 
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Chemical Forms of Trace Element Inputs 

In the profile model, the external inputs are sorted into three categories: inputs from 
atmospheric deposition and with irrigation water are added to the top element of the soil 
profile, discrete sources from fertilizes, micronutrients and waste disposal are added 
uniformly to plow layer. In addition, the chemical forms of the inputs from the continuous 
atmospheric deposition and discrete sources inputs were considered in the model. The 
inputs can be added to mobile phase, mineral phase or organic phase. For default 
simulation, all the inputs from the deposition and fertilizers are added to mobile phase 
directly. In the real situation, part of these inputs may be in mineral phase or organic 
phase.  

When 50% (or any other random number) of the inputs from atmospheric deposition and 
fertilizers is added to soil profile as mineral phase, there is no change in the mass balance 
of As and Cd in soil during the 100 years. Although it may affect the trace element 
distribution in a short time, its effect on trace element fluxes is quite limited. Rather than 
dependent on the form of the solid phase, plant uptake is dependent on the trace element 
concentration in the solution phase, which is relatively steady since the mobile phase and 
the mineral phase are in relatively faster kinetic equilibrium. The amount of leaching is 
dependent on the water flux at the bottom of the soil profile and corresponding trace 
element concentration in soil solution there, thus it is independent of the input forms. 

The inputs can be in organic form when biosolids are applied. The kinetic of mineralization 
is several orders less than that of the precipitation-dissolution process. Therefore, when 
part of the inputs is added as the organic phase, it will not only affect trace element 
distribution in the profile, but also the mass balance of trace element in cropland soils.  
Figures 8.23 and 8.24 illustrate the change of total As and Cd contents when 0% or 80% 
of the discrete source of 55 g As ha-1 and 21 g Cd ha-1 is added as organic phase, while 
keeping all the other parameters the same except that the input for irrigation is set to zero. 
When 80% of the discrete source is added as organic phase, less amount of trace 
elements is removed by plant uptake. Thus, more trace elements are accumulated in soil. 
However, the effect is quite limited. The difference of total As and Cd contents of soils 
between two cases is negligible. 
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Figure 8.23. Simulated total Soil As content of cropland soil at different fraction to 
organic phase of discrete source for 100 years 

 

Figure 8.24. Simulated total Soil As content of cropland soil at different fraction to 
organic phase of discrete source for 100 years 
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Conclusions 

By coupling the trace element mass balance with the water flow algorithms of HYDRUS-
1D, the model was modified to account for trace element distributions in the soil profiles. 
In the modified model, the simulated soil profile is discretized into a number of uniform 
adjoining sections. In each section, the same scheme as defined in the previous model 
was adopted. The external inputs are sorted into three categories. Inputs from 
atmospheric deposition and with irrigation water are added to the top element of the soil 
profile. Discrete sources from fertilizes, micronutrient and waste disposal are added 
uniformly to the plow layer. The model allows simulating plant root growth and distribution 
along the soil profile and the solute transport is simulated with the convective-dispersive 
equation. The model not only allows studying the pools and fluxes of trace element in 
cropland soils, but also assessing the distribution of trace elements along the soil profile.  

Under the normal crop practice that typically receives 30 and 13 g ha-1yr-1 of As from 
sources of atmospheric deposition, fertilizer application and irrigation, similar results as 
the previous model are obtained. The cropping practices do not have significant effect on 
the total As content of the soils therefore the distribution of different pools, but on total Cd 
content of the soils. The accumulation of Cd in the root zone is more than 60% over the 
100-year simulation. Mass balance study shows the accumulation of Cd is mainly due to 
the buildup of Cd in the mineral phase and organic phase. The mass balance of As and 
Cd in cropland soils is dominated by the leaching process and by plant uptake process, 
respectively. Due to the diffusive and dispersive transport, the total Cd content below the 
plow layer is somewhat elevated.  

The accumulation of trace element in the cropland soils at different irrigation practice, 
climate environment, soil hydraulic properties and plant growth conditions were studied 
specifically. The amount of As and Cd leaching is characterized by the water flux and the 
trace element concentration in soil solution at the bottom section. When heavy irrigation 
is applied, more trace elements are leached out the soil profile. In the meantime, less 
amount of trace elements is removed by plant uptake since more solute is moved out of 
the root zone with water. However, the effect of irrigation on uptake is limited. When the 
annual irrigation increase from 1.0 m to 2.2 m, the total soil As and Cd contents decrease 
from 7.88 to 7.12 mg kg-1, and from 0.32 to 0.27 mg kg-1, respectively. 

Except the amount of water applied, the soil hydraulic properties are deciding factors for 
controlling the water movement in the soil profile. As the soil type changes from clay to 
sandy, the soil hydraulic conductivity increases rapidly. More water is retained by a clay 
soil, which will affect the amount of leaching out of the soil profile and the plant uptake. 
The effect of soil hydraulic properties on plant uptake is, however, limited. 
Consequentially, more trace elements are accumulated due to less leaching.  Over the 
100 years, the total As and Cd contents of soils increases from 7.46 mg kg-1, 7.70 mg kg-

1, to 7.75 mg kg-1, and from 0.290 mg kg-1, 0.305 mg kg-1, to 0.309 mg kg-1, respectively, 
for the sandy, loam, and clay soils. 

The water balance may also be affected by the evaporation and transpiration. When the 
annual irrigation is the same, less water is leached out of the bottom soil profile if 
evapotranspiration is high, thus less leaching and more trace elements are accumulated. 
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The case studies based on climatic data of UC Riverside and the Imperial Valley CIMIS 
stations show that the effects of evaporation and transpiration on trace element 
accumulation in the soils are limited. 

The amount of plant uptake is characterized by the root density, which is a function of 
time and position, and the influx rate, representing by the Michaelis-Menton kinetics. The 
amount of plant uptake is affected by the root depth development parameters since they 
determine the root growth rate and root distribution. Plant uptake increases as the root 
growth rate increases. The total soil As and Cd content decreases slightly from 7.78, 7.77, 
to 7.76 mg kg-1, and from 0.34, 0.31, to 0.30 mg kg-1, respectively, as the root depth 
development parameters changes from the case that the maximum root depth decreases 
from the default 20 cm to 10 cm, to the case that the initial root depth decreases from the 
default 0.1 cm to 0.01 cm. As the initial or maximum root density increases, the amount 
of plant uptake increases proportionally. The effect of root mass development on 
accumulation of Cd is more pronounced than that of As, in which the mass balance is 
dominated by the plant uptake process. Over the 100 years, the total As and Cd contents 
of soils decreases slightly from 7.77, 7.76, to 7.72 mg kg-1, and from 0.31, 0.30, 0.28 mg 
kg-1, respectively when the root mass development parameters change from the default 
case to the case that the initial root density increases from the default 0.01 cm root cm-3 
soil to 0.1 cm root cm-3 soil, and to the case that the maximum root density increases from 
the default 1 cm root cm-3 soil to 2 cm root cm-3 soil. Overall, the effect of root growth on 
the trace element accumulation in cropland soils is limited. 
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A. Data of the Solution-based As, Cd, and Pb Adsoprtion Experiments 
B.  Mass, As, Cd, Pb Inputs at Various Amendment Treatment LevelsAppendix A. Data of the Solution-based 
As, Cd, and Pb Adsoprtion Experiments 

Adsorption Experiment - As 

Santa Maria, RB 5 
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Adsorption Experiment - As 

Santa Maria, RB 6 
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Adsorption Experiment - As 

Imperial Valley, VHL 3 
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Adsorption Experiment - As 

Imperial Valley, VHL 4 
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Adsorption Experiment - As 

Ventura/Oxnard, B 5 
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Adsorption Experiment - As 

Ventura/Oxnard, P 4 
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Adsorption Experiment - Cd 

Santa Maria, RB 5 
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Adsorption Experiment - Cd 

Santa Maria, RB 6 
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Adsorption Experiment - Cd 

Imperial Valley, VHL 3 
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Adsorption Experiment - Cd 

Imperial Valley, VHL 4 
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Adsorption Experiment - Cd 

Ventura/Oxnard, B 5 
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Adsorption Experiment - Cd 

Ventura/Oxnard, P 4 
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Adsorption Experiment - Pb 

Santa Maria, RB 5 
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Adsorption Experiment - Pb 

Santa Maria, RB 6 
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Adsorption Experiment - Pb 

Imperial Valley, VHL 3 
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Adsorption Experiment - Pb 

Imperial Valley, VHL 4 
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Adsorption Experiment - Pb 

Ventura/Oxnard, B 5 
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Adsorption Experiment - Pb 

Ventura/Oxnard, P 4 
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Appendix B 
Mass, As, Cd, Pb Inputs at Various Amendment Treatment Levels 
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