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Abstract

There has been renewed interest in the application of functional models to the transport of nonpoint source pollutants
at polypedon (i.e., farm) and watershed scales because of the ease of their coupling to a geographic information
system and to the accepted organizational hierarchy of pedogenetic modeling approaches. However, very little work
has been done to evaluate the performance of a functional transient-state model for the transport of a reactive solute
over an extensive study period. Subsequently, the functional model TETrans (Trace Element Transport) was
evaluated for model performance with boron (B) transport data collected from a meso-scale soil lysimeter column
over a 1000-day study period (i.e., 40 irrigations). Because the ability to simulate water flow has been evaluated
previously for TETrans, the focus of this evaluation centered around the performance of various functional models of
B adsorption used as subroutines within the TETrans model, including the (1) Freundlich, (2) kinetic Freundlich, (3)
Langmuir, (4) temperature-dependent Langmuir, and (5) pH-dependent Keren adsorption isotherm equations. Model
performance was evaluated with statistical functions, specifically the Average Absolute Prediction Error, the Root
Mean Square Error, the Reduced Error Estimate and the Coefficient of Residual Mass, and graphic displays of
observed and predicted B concentration profiles. Even though no single adsorption isotherm equation, when coupled
to TETrans, could be considered poor in its performance, results indicated that the order of model performance was
the pH-dependent Keren equation first, followed by the temperature-dependent Langmuir and kinetic Freundlich
equations, the Freundlich equation, and, finally, the Langmuir equation. Overall, the TETrans model was able to
simulate the transport of B with deviations because no functional adsorption equation incorporated all the influences
of pH, ionic strength, temperature, and kinetic effects into a single equation. The inability to correctly predict one of
the measured peaks in B concentration near the soil surface suggests that problems with the timing of the sample
collection may have occurred for the shallowest sampling depth.

 

Boron is an essential trace element that is required for normal plant growth. The concentration range between deficiency
and toxicity is narrow, with yield decrements observed at both insufficient and excessive concentrations. Generally, less
than 5% of total soil B is available for crop uptake, which helps explain the widespread occurrence of B deficiency in the
US. In arid zone soils, B toxicity occurs as a result of high levels of water-soluble B in soils or B additions via irrigation
water.
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Reviews of numerous B adsorption studies conducted on clays and soils indicate that the most significant processes
influencing the availability of B are adsorption and the physical and chemical factors that influence adsorption (Goldberg
1993; Goldberg 1997). Boron availability to plants depends on soil texture, clay mineralogy, organic matter, pH,
temperature, and soil moisture content. Soil pH is one of the most significant factors affecting the availability of B. Boron
adsorption on soils increases in the range of pH 3 to 9 and decreases in the range of pH 10 to 11.5. With respect to
texture, B adsorption increases with increased clay content. In general, B availability decreases as soils dry. As soil
temperature increases, B adsorption usually increases.

The models used to simulate B adsorption range from empirical adsorption isotherms (i.e., Freundlich, Langmuir, Temkin,
and Brunauer-Emmett-Teller adsorption isotherm equations) and modifications of these models (e.g., kinetic Freundlich
and temperature-dependent Langmuir equations), to Keren's phenomenological equation, to surface complexation
models such as the constant capacitance model of the oxide aqueous interface, the triple layer model, and the Stern
variable surface charge variable surface potential model. These models range in sophistication from functional,
parameter-fitted models (i.e., the adsorption isotherm models and Keren model) to more chemically rigorous surface
complexation models.

Although the movement of B through the root zone is retarded by the adsorptive process, the leaching of B into
groundwater is of concern in areas that have naturally high B levels (e.g., lacustrine deposits), or have shallow water
tables, and during drought conditions when groundwater is relied on as a source of irrigation water (e.g., the west side of
California's San Joaquin Valley). The ability to assess the fate and movement of B with predictive, management-oriented
models provides a tool to protect groundwater resources while maintaining agricultural productivity at local, national, and
global scales.

Aside from the extensive work that has been done on B chemistry, considerable research has been done in regard to B
leaching (Crafts and Raynor 1941; Brown et al. 1945; Kubota et al. 1948; Wilson et al. 1951; Reeve et al. 1955; Hatcher
and Bower 1958; Tanji 1970; Tanji et al. 1972; Wierenga et al. 1975; Wild and Mazaheri 1979; van Genuchten 1981;
Pinyerd et al. 1984; Shani et al. 1992). However, the model by Shani et al. (1992) is the only model to couple transient
water flow specifically with B transport in soil.

The Resurgent Role of Functional Models
Models are scale specific and fall into an organizational hierarchy of pedogenetic modeling approaches (Addiscott 1993;
Wagenet and Hutson 1996). Heuvelink (1998) cites three main reasons for the scale specificity of solute transport
models. First, the relative importance of a subprocess depends on the scale considered. Qualitatively speaking, as
spatial scale increases, the complex local patterns of solute transport are attenuated and dominated by macroscale
characteristics (Corwin et al. 1997). For instance, the dominant subprocess governing flow through the root zone may
vary from matrix flow to preferential flow when moving to a larger scale (Blöschl and Sivaplan 1995). In accordance with
scale specificity, model conceptualization is governed by the intended application of the model: the intended application
determines the scale; the scale determines the predominant subprocesses and the level of spatial variability that must be
accounted for in the model; the predominant subprocesses determine the type of modeling approach (i.e., functional or
mechanistic, qualitative or quantitative) that should be used (Corwin et al. 1999a). Wagenet and Hutson (1996) discuss in
detail the hierarchical organization of modeling in relation to scale. Second, the availability of data has a profound effect.
At small scales measured data is available, but at large scales general information sources such as transfer functions,
which relate difficult to measure parameters to more easily measured parameters, are necessary. Transfer functions
inevitably deteriorate the quality of the input data, which has led many modelers to simplify their models when moving
from small to large scales. Heuvelink and Pebesma (1999) point out that "not only does it seem intuitively right to turn to
a simpler model when the more complex model requires lots of data that are either absent or very uncertain, it can also
be theoretically justified by uncertainty analysis" (Jansen 1998; Heuvelink 1998). The third reason relates to the
integration volume of the model variables. Upscaling (i.e., moving from a small to large scale) implies that the model
input and output become a statistical representation of point values within a larger spatial unit, which may give rise to an
adjustment in the model because "relationships between model variables that exist at the point support (i.e., integration
volume) need not extend to the block (i.e., larger spatial unit) support" (Heuvelink and Pebesma 1999). Generally, model
output is needed at a much larger support than the model was developed (Heuvelink and Pebesma 1999).
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The dependency of solute transport models of the vadose zone on the spatial scale of the modeled system has created a
renewed interest in functional, management-oriented solute transport models (Corwin et al. 1991; Addiscott 1993;
Hutson 1993) for field-, basin-, and regional-scale applications when coupled to a geographic information system (Corwin
et al. 1989; Corwin et al. 1993; Corwin and Vaughan 1993; Corwin 1996; Corwin and Wagenet 1996; Wagenet and
Hutson 1996; Corwin et al. 1997; Corwin et al. 1999b and c). This is because functional models are well suited for
applications at scales greater than the pedon scale, based on the hierarchical theory of spatial scales of leaching models
as presented by Hoosbeek and Bryant (1993). The scale dependency of subsurface solute transport models lessens the
need for a detailed mechanistic description of the chemical and physical processes when at a large spatial scale
(Addiscott 1993), as found for the modeling of nonpoint source (NPS) pollutants (i.e., pollutants spread over large areas
such as fertilizers, pesticides, salinity, and trace elements). Addiscott and Tuck (1996) suggest that functional models
with capacity parameters, such as those of Addiscott (1977) and Corwin et al. (1991), are probably useful for simulations
over large areas because the water-holding capacity of soil varies little in space, and nonlinearity in the models is not a
problem.

Functional models offer several advantages over mechanistic models for the modeling of NPS pollutants at field scales
and larger: (i) their parameters are generally capacity parameters, which are less spatially variable than the rate
parameters of mechanistic models; (ii) their parameters are more easily measured (e.g., field capacity, wilting point, etc.)
and readily available from existing databases; (iii) functional models tend to have fewer parameters; and (iv) functional
models are computationally less intensive allowing the simulation of larger areas (i.e., millions of hectares) of greater
spatial heterogeneity.

Although functional models are capable of simulating water flow and conservative ion transport at pedon and field scales
with accurate results (Corwin et al. 1991; Corwin et al. 1999c), the same level of success has not been found for the
simulation of adsorbed solutes (Corwin et al. 1992). Ostensibly, the problem is the inability of functional models to
account effectively for the influences of temperature, pH, ionic strength, and kinetic effects on the adsorption process.
Empirical models of adsorption, such as Freundlich and Langmuir isotherms, are insufficient even as functional
representations of the adsorptive process. This study evaluates the ability of a functional model of solute transport
(TETrans) to simulate the movement of an adsorbed solute (boron) in a soil column (0.6 m diameter, 1.83 m high) over
1000 days. Evaluation is made of five different modeling approaches that empirically account for adsorption: (1)
Freundlich adsorption isotherm equation, (2) Langmuir adsorption isotherm equation, (3) kinetic Freundlich equation, (4)
temperature-dependent Langmuir equation, and (5) pH-dependent Keren B adsorption model. Simulated results of B
movement through the root zone are compared with measured results.

MATERIALS AND METHODS
The selection of the scale at which the study was conducted presented considerable difficulty. The volume of soil used
for the transport study could not be so large as to exceed available labor and financial resources or to make data
collection and experimental control unmanageable. However, functional models are designed for scales greater than the
pedon scale. As a compromise, a soil lysimeter column (0.6 m diameter, 1.83 m high) experiment was conducted that
permitted extensive control of conditions yet provided sufficient volume to observe the various forms of preferential flow
(i.e., flow through cracks or macropores and fingering caused by unstable wetting fronts) generally associated with larger
scales. Whether the evaluation of TETrans for the transport of an adsorbed solute is applicable to the field scale will
require an independent field-scale evaluation. This study determined whether incorporation of additional adsorption-
related information would appreciably improve the ability to model transport of a reactive solute at a meso-scale.

Soil Selection and Pretreatment
Soil collected from a site east of central California's Kesterson Wildlife Refuge in the Turlock soil series (fine-loamy,
mixed, thermic Albic Natraqualf) was used to fill the lysimeter column. Figure 1 shows a map of the excavation site.
Approximately 1.6 metric tons of soil were excavated. Soil was obtained from the top 1.5 m to represent the root zone.
Before placement in the lysimeter column, the soil was sieved through a 0.635-cm screen to remove any organic debris,
stones, and gravel. The sieved soil was then mixed in a concrete mixer to make it as homogeneous as possible.
Subsamples of the homogenized soil were taken for subsequent chemical and physical analysis.
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Fig. 1. Map of the excavation site in central California's Kesterson Wildlife Refuge.

Soil Lysimeter Column
Details of the meso-scale soil lysimeter design and instrumentation have been discussed previously (Corwin and LeMert
1994). Figure 2 is a schematic of the lysimeter design showing the soil column, the insulated housing, and the instrument
placement. The lysimeter casing was made of 1.25-cm-thick polyvinylchloride (PVC) that was 0.6 m in diameter and 1.83
m in length. The housing surrounding the PVC column was insulated with foam to allow only a 1 °C fluctuation in
temperature at the soil column's wall for a 44 °C change in ambient temperature over a 12-h period. The insulation
inhibited rapid daily fluctuations in temperature within the column but did not prevent the gross seasonal temperature
fluctuations. The column rested on a steel plate surrounded by four steel hoist rods that enabled the entire structure to be
lifted and suspended from a load cell for the purpose of weighing evapotranspiration losses. The bottom of the PVC
column was filled with 0.235 m of drainage material consisting of eight different soil separates ranging from fine sand to
gravel. A drainage cone was installed at the base of the column to channel the flow of drainage water and reduce the
potential formation of a saturated zone. In addition, a vacuum of 0.1 atm was applied to the PVC drain to prevent the
development of a water table. The aforementioned precautions were used to simulate a semi-infinite soil column.

http://ovidsp.tx.ovid.com/sp-3.27.2b/ovidweb.cgi?&S=JLAAFPKHLMDDJKEMNCFKIDLBPJNEAA00&View+Image=00010694-199910000-00001%7cFF1&D=ovft&width=700&height=400&WebLinkReturn=Full+Text%3dL%7cS.sh.22.23%7c0%7c00010694-199910000-00001&resultset=S.sh.22%7c1
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Fig. 2. Schematic of the weighing soil lysimeter column and instrumentation (i.e., TDR, soil solution/gas extractors, thermistors,
tensiometers).

The 1.83-m column was filled first with 0.235 m of drainage material, followed by 1.52 m of Turlock clay loam soil. After
filling the lysimeter with soil, a drought-tolerant tall fescue (Festuca elatior L.) was planted on the soil surface. Before
commencement of the B transport study, the soil in the column was subjected to wetting-drying irrigation cycles over a 6-
month period without a crop present to consolidate the soil. The soil consolidation was followed by 12 months of irrigation
with the tall fescue present to develop a plant root system that would re-establish soil structure. This was done to permit
natural macropore formation resulting from the development of soil structure and the presence of plant roots.

Annular bypass rings were inserted in the column at depths of 0.075, 0.225, and 0.30 m below the soil surface to
eliminate artificial channeling of applied irrigation water along the sides of the column that would introduce flow paths
bypassing the column of soil. The annular rings redirected the flow of any water passing along the column's edge into the
column of soil, thereby eliminating sidewall flow (Corwin and LeMert 1994). An evaluation of the effectiveness of the
annular rings to minimize sidewall flow has been made by Corwin (1999).

http://ovidsp.tx.ovid.com/sp-3.27.2b/ovidweb.cgi?&S=JLAAFPKHLMDDJKEMNCFKIDLBPJNEAA00&View+Image=00010694-199910000-00001%7cFF2&D=ovft&width=700&height=400&WebLinkReturn=Full+Text%3dL%7cS.sh.22.23%7c0%7c00010694-199910000-00001&resultset=S.sh.22%7c1
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The soil column was instrumented with thermistors, soil solution-gas extractors, tensiometers, and time-domain
reflectometry (TDR) probes (for a detailed discussion of the instrumentation see Corwin and LeMert 1994). The
instruments were placed in duplicate at five depths: 0.15, 0.45, 0.75, 1.05, and 1.35 m. The duplicates were located on
opposite sides (i.e., north and south sides) of the soil column. The duplicated instrumentation served as both a backup
and a measure of the local variability.

Soil and Characterization
Many of the physical and chemical properties of the homogenized soil were measured before filling the lysimeter column.
Six subsamples of soil were taken for chemical analysis, including the measurement of electrical conductivity of the

saturation extract (ECe), pH of the saturation extract (pHe), water-soluble B, leachable B, anions (CO--
3, HCO-

3, Cl-, SO-

-
4, NO-

3), cations (Na+, K+, Ca++, Mg++), cation exchange capacity (CEC), % organic and inorganic carbon, %
CaSO4.H2O, and % CaCO3 (Table 1a). Saturation extracts for the determination of pH, electrical conductivity, and B
were prepared as described by Rhoades (1982a). Cation exchange capacity was obtained using the method for arid land
soils outlined by Rhoades (1982b). Organic and inorganic carbon content were determined using a UIC Full Carbon
System 150 with a C coulometer. Organic C was obtained directly by furnace combustion at 375 °C and inorganic C was
determined using an acidification module and heating. Five subsamples of soil were taken to determine saturation
percentage and particle size distribution (Table 1b). Saturation percentage was measured gravimetrically from the
saturation paste and from pressure plate measurements and converted to a volumetric measurement based on the
measured bulk density. Particle size distribution was measured using the hydrometer method. After the termination of the
transport experiment, bulk density was determined at five depths, 0.15, 0.45, 0.75, 1.05, and 1.35 m, using the procedure
described by Blake and Hartge (1986).

 

TABLE 1 Chemical and physical analysis of homogenized Turlock clay loam soil from the Kesterson Wildlife Refuge. Values
represent averages of six subsamples for the chemical analysis and five for the physical analysis. Standard deviations are shown
in parentheses

Pulses of chloride-tracer solution were passed through the column both before commencement of the experiment and
after termination to evaluate if the preferential flow dynamics had altered. The pre- and postexperiment chloride plugs
permitted the evaluation of the change in the TETrans mobility coefficient, which is a parameter that accounts for
preferential flow. In addition, composite soil samples taken at 0.15-m intervals in concentric circles around (i) the
column's periphery and (ii) the column's center permitted an evaluation of artificial flow channels developing along the
interface between the soil and the PVC column.

Boron Adsorption Study
Boron adsorption as a function of solution B concentration, reaction time, and temperature was studied on the <2-mm
particle size fraction of Turlock clay loam. Boron adsorption experiments were carried out in batch systems to determine
adsorption isotherms (amount of B adsorbed as a function of equilibrium solution B concentration). Two hundred grams
of soil were added to low profile saturation cups and equilibrated with sufficient solution to attain saturation (Table 1b).

The equilibrating B solutions contained 0, 5, 10, 15, 20, 30, 40, or 50 mg L-1. Samples were mixed thoroughly with a
spatula, sealed with a lid to prevent moisture loss, and equilibrated for 1, 7, and 14 days in a 25 ± 0.1 °C laboratory and
for 7 days in a 8 ± 0.1 °C cold room and a 40 ± 0.1 °C oven. After the appropriate reaction time, saturation extracts were
obtained (Rhoades 1982a) and analyzed for pH and B concentration. Boron concentration was determined using a
Technicon Auto Analyzer II and the Azomethine-H method (Bingham, 1982).

http://ovidsp.tx.ovid.com/sp-3.27.2b/ovidweb.cgi?&S=JLAAFPKHLMDDJKEMNCFKIDLBPJNEAA00&View+Image=00010694-199910000-00001%7cTT1&D=ovft&width=700&height=400&WebLinkReturn=Full+Text%3dL%7cS.sh.22.23%7c0%7c00010694-199910000-00001&resultset=S.sh.22%7c1
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Previous B adsorption experiments on an Arlington loam soil (coarse-loamy, mixed, thermic Haplic Durixeralf) indicated
that a single replicate at each B stock solution concentration was sufficient because of the high reproducibility of results.
At 10 °C and 24 h of equilibration time, the standard deviations of the adsorbed concentrations of B for three replicates

were 0.25, 0.08, 0.12, 0.13, and 0.57 at 10, 20, 30, 40, and 50 mg B L-1 added, respectively. At 40 °C and 24 h of
equilibration time, the standard deviations of the adsorbed concentrations of B for three replicates were 0.60, 0.18, 0.02,

0.09, and 0.18 at 10, 20, 30, 40, and 50 mg B L-1 added, respectively.

Solute Transport Model
The transient-state solute transport model TETrans (see Corwin et al. 1991 for a detailed description) was used to
simulate the movement of B through the root zone. TETrans (acronym for Trace Element Transport) is a functional, layer-
equilibrium model of one-dimensional solute transport through the vadose zone. This type of model is often referred to as
a "tipping-bucket" model. TETrans is a capacity model that defines changes in amounts of solute and water content
rather than rates of change. As such, it is driven by the amounts of rainfall, irrigation, and evapotranspiration and only
considers time indirectly by using the time from one irrigation or precipitation event to another. TETrans predicts the
average concentration of solute within each defined soil layer or depth increment of the soil profile. Transport through the
soil profile is modeled as a series of events for a finite collection of discrete depth intervals. These sequential events
include: (i) infiltration and drainage to field capacity, (ii) chemical equilibration for reactive solutes, (iii) evaporation losses
from the soil surface and water uptake by the plant root resulting from transpiration, and (iv) chemical reequilibration.
Each event is assumed to occur in sequence within a given depth interval rather than, as in reality, where transport is a
collection of simultaneous events. TETrans accounts for the hydraulic and physicochemical processes of water flow
(including preferential flow), evapotranspiration with a root growth and water uptake distribution function, adsorption-
desorption, and drainage. Table 3 shows the processes modeled by TETrans and the associated parameters and inputs.
The model determines the vertical profile distributions of total, soluble, and adsorbed concentrations of a solute within
and beyond the root zone; soil water content profile distribution; total drainage; total solute loading beyond the root zone;
plant water uptake distribution; and leaching efficiency.

 

TABLE 3 Transport processes modeled and associated input/parameter requirements of the TETrans solute transport model

Boron Transport Experiment

http://ovidsp.tx.ovid.com/sp-3.27.2b/ovidweb.cgi?&S=JLAAFPKHLMDDJKEMNCFKIDLBPJNEAA00&View+Image=00010694-199910000-00001%7cTT3&D=ovft&width=700&height=400&WebLinkReturn=Full+Text%3dL%7cS.sh.22.23%7c0%7c00010694-199910000-00001&resultset=S.sh.22%7c1
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The B transport study was 1000 days in length and consisted of 40 irrigation events (11 initial irrigations without B, 20
irrigations with B added, and 9 reclamation irrigations without B added; see Fig. 3). The initial 11 irrigations without B
added were used to establish the tall fescue root system to encourage development of soil structure and natural flow
channels. In addition, two of the 11 irrigations consisted of pulses of CaCl2. The next 20 irrigations with B added
constituted the B transport study. The final 9 irrigations without B added were part of a reclamation study to observe the
influence of pH on the B adsorption-desorption process and to provide flow-through column data to fit the model
parameters of the pH-dependent Keren B adsorption equation (Figs. 3 and 4). Hydrochloric acid was added to the
irrigation water in varying amounts to alter the pH to 6.64, 2.22, 1.7, 1.33, 0.89, 7.3, 7.65, 2.05, and 1.65 for the 9
irrigations occurring on Days 946, 961, 971, 980, 993, 1002, 1016, 1055, and 1084, respectively. Figure 4 shows the pH
of the irrigation and drainage water for the entire 40 irrigations.

 

Fig. 3. Irrigation schedule: (a) irrigation amounts, (b) corresponding concentration of B, and (c) CI in irrigation water.
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Fig. 4. pH of (a) irrigation and (b) drainage water.

The irrigation water used in the B transport study was tap water from Riverside, California, which was spiked with 5-10

mg L-1 of B. Table 2 shows the representative chemical composition of the tap water before the addition of B. The
irrigation amount and concentration of B and Cl for each irrigation is shown graphically in Fig. 3a, b, and c, respectively.
Sufficient irrigation water was applied to approximate an average leaching fraction (i.e., drainage amount/irrigation
amount) of 0.25. A leaching fraction of 0.25 would simulate a reasonable, but conservative, leaching scenario for the
irrigation of agricultural soils on the west side of the San Joaquin Valley.

 

TABLE 2 Chemical composition of the water used to prepare the B-spiked irrigation water. Four water samples were analyzed at

different times to determine temporal variation in the water composition. Standard deviation†
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Irrigation water was applied when the water content at 0.15 m was depleted to approximately 0.10 cm3/cm3. After each
irrigation, TDR measurements of water content were taken at depths of 0.15, 0.30, 0.45, 0.60, 0.75, 0.90, 1.05, 1.20, and
1.35 m, and tensiometer readings were taken at depths of 0.15, 0.45, 0.75, 1.05, and 1.35 m. The time interval between
measurements varied from as little as 10 min to several days, based on the time the irrigation occurred. The primary
concern was to be able to follow the wetting front and the redistribution of water as it moved through the soil column and
the subsequent removal of soil water by the process of evapotranspiration. TDR was used to determine the field
capacity, minimum water content, maximum root penetration, and water uptake distribution function, all of which are
necessary inputs in the TETrans model. TDR measurements also provided a means of evaluating the degree to which
water flow along the wall of the column had occurred. Previous experience with soil lysimeter columns has shown that
the rapid movement of water down the side of the column could occur in cases where drying caused the soil to shrink
and pull away from the side of the column leaving an open channel for the flow of applied water (Corwin and LeMert
1994).

Daily soil temperatures were measured near noon at soil depths of 0.15, 0.45, 0.75, 1.05, and 1.35 m using buried
thermistors. Duplicate thermistors were located at each depth, one in the center of the column and the other half the
distance from the center to the column wall. The temperatures were taken to determine gross seasonal fluctuations.
Even though the column was not sufficiently insulated for the soil to simulate the fluctuation of natural soil temperature
conditions over a depth of 1.35 m, the insulation was sufficient to eliminate the rapid fluctuations found in daily changes;
consequently, the column showed seasonal fluctuations over all depths with very little lag time from one depth to the
next, but rapid daily fluctuations were minimized. Figure 5 shows the soil temperatures over the duration of the study.

 

Fig. 5. Daily soil temperature data at depths of (a) 0.15, (b) 0.45, (c) 0.75, (d) 1.05. and (e) 1.35 m.

Just before and again immediately after an irrigation, the weight of the soil column was measured with a load cell to
determine the total evapotranspiration that had occurred between successive irrigations (Fig. 6). Total drainage water

samples were collected before each irrigation. Volume and B and Cl- concentration of the drainage water were
determined (Fig. 7).
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Fig. 6. Measured evapotranspiration associated with each irrigation event.
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Fig. 7. Drainage data: (a) drainage amounts, (b) corresponding concentration of B, and CI in drainage water.

Soil solution samples were extracted between 2 and 4 days after an irrigation when the soil at a particular depth had
reached field capacity based on TDR measurements of water content taken over time. The field capacities at the depth

increments of 0-0.30, 0.30-0.60, 0.60-0.90, 0.90-1.20, and 1.20-1.50 m were 0.29, 0.32, 0.35, 0.38, and 0.41 cm3/cm3,
respectively. Care was taken to assure that no soil solution samples were exposed to air in an effort to minimize pH
changes resulting from exposure to atmospheric CO2: (i) soil solution extractors were used that minimized the exposure
of the extracted soil solution to air (Suarez 1986); (ii) soil solution samples were stored in containers with no air space
present; and (iii) pH was measured with a microsample pH meter as soon as each solution sample was placed in a
collection container and then measured again just before the sample was analyzed.

Chemical Analysis of Soil Solution Extracts
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The duplicate soil solution extracts from each instrumented depth were analyzed for pH, EC, Cl-, and B for the entire
duration of the study. At various times before, during, and after the B transport experiment, soil solution extracts were

also analyzed for major anions (i.e., CO--
3, HCO-

3, Cl-, NO-
3, SO--

4) and cations (i.e., Na+, K+, Ca++, Mg++). The
complete chemical analyses data, particularly during the reclamation period, provided the information necessary to
determine pH and ionic strength effects on B adsorption. The analysis for B provided a measured value for comparison
with simulated B concentrations in the soil solution.

Model Performance Evaluation
Addiscott and Wagenet (1985) noted that few authors have published sound methods for evaluating how well leaching
models fit or predict measured data. Since their criticism over a decade ago, several papers have recommended
graphical and statistical methods for evaluating solute transport models (Addiscott and Whitmore 1987; Loague and
Green 1991; Whitmore 1991; Comfort et al. 1993). Addiscott and Whitmore (1987) discussed several ways of quantifying
the discrepancy between simulated and measured data. They concluded that any one method used alone might be
misleading, but several methods used together could summarize satisfactorily the closeness of a model's estimates and
measurements. Differences between measured and TETrans-predicted B soil solution concentration were compared by a
number of objective functions cited by Comfort et al. (1993), including (i) the Average Absolute Prediction Error (AAPE):
Equation (1) (ii) Root Mean Square Error (RMSE): Equation (2) (iii) Overall Standard Deviation (OSD): Equation (3) (iv)
the Reduced Error Estimate (REE): Equation (4) where Otid is the observed value for each sampling time (t), replication
(I), and depth (d); Otd is the observed mean of the replicates, Ptd is TETrans' predicted value (i.e., soil solution
concentration of B), and n is the number of observations. In addition, the Coefficient of Residual Mass (CRM), as cited by
Loague and Green (1991), was evaluated: Equation (5) where Pi are the predicted values, and Oi are the observed
values.

 

Equation 1

 

Equation 2

 

Equation 3

 

Equation 4
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Equation 5

Statistical model performance equations in combination with graphic displays of observed and predicted concentration
profiles provide a comprehensive means of model evaluation. As pointed out by Loague and Green (1991) and Comfort
et al. (1993), each statistical equation (i.e., Eqs. (1) through (5)) provides additional information in the evaluation of the
model's performance. The AAPE (Eq. (1)) estimates the predictive error, but does not account for the variability
associated with the observed mean. The RMSE (Eq. (2)) is the sums of the squares difference between observed and
predicted data normalized to the number of observations. The REE (Eq. (4)) normalizes the predictive error to the
variability associated with the observed data by dividing the RMSE by the OSD. The CRM (Eq. (5)) can be used as an
indication if the predicted values underestimate (CRM is positive) or overestimate (CRM is negative) the observed
values. The AAPE, RMSE, and REE are all indicators of error, whereas the CRM indicates whether the predicted values
over- or underestimate the observed values and the extent of that over- or underestimation. In other words, the CRM
does not give an indication of the closeness of predicted values to observed values but rather the overall tendency of the
model to over or underestimate.

RESULTS AND DISCUSSIONS
Chloride Transport, Mobility Coefficient Determination, and Sidewall Flow Evaluation
To evaluate if any sidewall flow (i.e., artificial water flow along the soil-column interface) had occurred, the distribution of

Cl- was measured at 0.15-m depth increments in concentric circles at the column's periphery (referred to as "peripheral
samples") and at the column's center (referred to as "central samples") at the termination of the experiment. At all soil

depths below 0.3 m, the Cl- concentrations of the peripheral samples were significantly less than those of the central

samples. Only at a depth of 1.35 m was the Cl- concentration of the peripheral and central samples approximately equal.
This suggests that the three annular rings at depths of 0.075, 0.225, and 0.3 m redirected the flow of water away from
the side of the soil column sufficiently to reduce sidewall flow significantly. Any preferential flow that occurred was
primarily the consequence of naturally occurring preferential flow channels that had developed within the soil column as
a result of root channels, macropores, and cracks.

The plugs of CaCl2 that were applied to the soil column on Days 230 and 274 (Fig. 3) and passed through the column
provided a means for determining the mobility coefficient, which is a parameter that accounts for preferential flow in

TETrans (Corwin et al. 1991). An optimization fit of the Cl- data, as described in Corwin et al. (1991), resulted in mobility
coefficients ([lambda]) of 0.50, 0.65, 0.69, 0.72, and 0.73 (or bypass coefficients, 1-[lambda], of 0.50, 0.35, 0.31, 0.28,
and 0.27) associated with depth intervals of 0-0.3, 0.3-0.6, 0.6-0.9, 0.9-1.2, and 1.2-1.5 m, respectively. Figure 8

provides a graphical evaluation of the optimization fit of TETrans to the Cl- data. The mobility coefficient represents the
fraction of the resident soil water in a layer of soil that is subject to displacement by water flowing in from the layer of soil
above; therefore, 1-[lambda] represents the fraction of soil water that is bypassed. The increase in the mobility coefficient
with depth has been found previously (Corwin et al. 1991) and is attributed to greater cracking at the soil surface, caused
by wetting and drying, which results in greater bypass. The influence of cracking appears to diminish significantly beyond
a depth of 0.6 m. Below 0.6 m, the predominant means of preferential flow is along root channels; and through
macropores that bypass entire soil aggregates, smaller pores, and dead end pores.
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Fig. 8. Graphical evaluation of the optimization fit of TETrans to chloride data (a) 0.15 m, (b) 0.75 m, and (c) 1.35 m. The
optimization fit established bypass coefficients that account for preferential flow. The solid line represents measured B soil solution
concentrations as collected from the column's north side, and the dashed line represents from the south side. Fitted results are
represented by the circle ([white circle]).

As indicated by Fig. 8, the optimization fit was excellent. Slight deviations of the fit to the measured chloride data
occurred around Days 600 and 1000, which were times when temperatures where relatively high. The deviations may
reflect the seasonal fluctuation in preferential flow that Corwin et al. (1991) observed previously in lysimeter experiments
and that would be difficult to account for with temporally invariant bypass coefficients.

Boron Adsorption
The B adsorption isotherms were described using the Freundlich adsorption isotherm equation: Equation (6) the
Langmuir adsorption isotherm equation: Equation (7) the kinetic Freundlich equation (Chardon and Blaauw 1998):
Equation (8) the temperature-dependent Langmuir equation: Equation (9) and the pH-dependent Keren B adsorption
equation (Keren and Mezuman 1981; Mezuman and Keren 1981): Equation (10) where X is the amount of B adsorbed

per unit mass of soil (mg kg-1); C is the equilibrium solution concentration of B (mg L-1); X0 is the initial adsorbed B

concentration (mg kg-1); t is time (days), T is temperature (°C); (HB), (B), and (OH) are the solution activities of the

species B(OH)3, B(OH)-4 and (OH)-, respectively; and k (L kg-1), n, b (mg kg-1), K (L mg-1), m, B1, q, A, p, KHB (L mg-1),

KB (L mg-1), and KOH (L mg-1) are all empirically fitted parameters.

 

Equation 6
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Equation 7

 

Equation 8

 

Equation 9

 

Equation 10

Equations (6), (7), (8), and (9) were fitted to B isotherm adsorption data using the nonlinear least squares optimization
program provided in the SYSTAT statistical package. Use of a nonlinear routine avoids the changes in error distribution
and biased parameters that often result from linear transformations of isotherm equations. The parameter X0 was

optimized only for adsorption isotherms containing a B concentration > 1 mg L-1 in the equilibrium solution after reacting
with distilled water.

The parameters for Eq. (10) were not fitted with the batch adsorption data, but with data obtained from the last nine
irrigations for the lysimeter column experiment. The last nine irrigations constituted a reclamation following the B
transport experiment (i.e., irrigations 32 through 40 corresponding to Days 946 through 1084 of Fig. 3). Details regarding
the general B transport experiment and reclamation experiment are discussed in the next subsection. Basically, the
reclamation portion of the B transport experiment involved the addition of tap water spiked with hydrochloric acid to lower
the pH of the applied irrigation water. Keren B adsorption model parameters were estimated by a nonlinear optimization
fit to the measured B soil solution concentrations at each of five depths (0.15, 0.45, 0.75, 1.05, and 1.35 m) over the
specified time period (i.e., Days 946-1084) using the method proposed by Marquardt (1963). Because of difficulty in
getting the nonlinear least squares method to converge, X0 was set equal to the leachable B present in original
subsamples of the Turlock clay loam soil (Table 1). Ionic strength corrections were made using single-ion or single-
molecule activity coefficients. The activity coefficient, [gamma], was estimated by: (Equation 11) where A and B are
parameters associated with the absolute temperature and dielectric constant of the solvent, a is a function of the ion

diameter, I is the ionic strength = 0.5[n-ary summation]CiZ2 and can also be estimated with the Marion-Babcock equation

(log I = 1.159 + 1.009 log [kappa], where [kappa] is the electrolytic conductivity in dS m-1), Ci is the concentration of

species I, Zi is the valence of species I, and B0 is a parameter dependent on the value of the ionic strength. In this study,

B0 = 0.3 AZ2, (I <= 0.5 M). For the neutral species [B(OH)3] at all values of I, B0 = 0.1 L mol-1 (Helgeson 1969). The
following equations specified by Keren and Sparks (1994) were used: (Equation 12) and (Equation 13) where (BT) is the

total B concentration in the solution (mol L-1) and (Equation 14) where [OH] is the concentration of the OH- ions (mol L-

1), and [gamma]HB, [gamma]OH, and [gamma]B are the activity coefficients of B(OH)3, B(OH)-4, and (OH)-, respectively.
The Kh values were corrected for ionic strength (Owen and King 1943).

 

Equation 11

http://ovidsp.tx.ovid.com/sp-3.27.2b/ovidweb.cgi?&S=JLAAFPKHLMDDJKEMNCFKIDLBPJNEAA00&View+Image=00010694-199910000-00001%7cMM7&D=ovft&width=700&height=400&WebLinkReturn=Full+Text%3dL%7cS.sh.22.23%7c0%7c00010694-199910000-00001&resultset=S.sh.22%7c1
http://ovidsp.tx.ovid.com/sp-3.27.2b/ovidweb.cgi?&S=JLAAFPKHLMDDJKEMNCFKIDLBPJNEAA00&View+Image=00010694-199910000-00001%7cMM8&D=ovft&width=700&height=400&WebLinkReturn=Full+Text%3dL%7cS.sh.22.23%7c0%7c00010694-199910000-00001&resultset=S.sh.22%7c1
http://ovidsp.tx.ovid.com/sp-3.27.2b/ovidweb.cgi?&S=JLAAFPKHLMDDJKEMNCFKIDLBPJNEAA00&View+Image=00010694-199910000-00001%7cMM9&D=ovft&width=700&height=400&WebLinkReturn=Full+Text%3dL%7cS.sh.22.23%7c0%7c00010694-199910000-00001&resultset=S.sh.22%7c1
http://ovidsp.tx.ovid.com/sp-3.27.2b/ovidweb.cgi?&S=JLAAFPKHLMDDJKEMNCFKIDLBPJNEAA00&View+Image=00010694-199910000-00001%7cMM10&D=ovft&width=700&height=400&WebLinkReturn=Full+Text%3dL%7cS.sh.22.23%7c0%7c00010694-199910000-00001&resultset=S.sh.22%7c1
http://ovidsp.tx.ovid.com/sp-3.27.2b/ovidweb.cgi?&S=JLAAFPKHLMDDJKEMNCFKIDLBPJNEAA00&View+Image=00010694-199910000-00001%7cMM11&D=ovft&width=700&height=400&WebLinkReturn=Full+Text%3dL%7cS.sh.22.23%7c0%7c00010694-199910000-00001&resultset=S.sh.22%7c1


1/10/2018 Ovid: EVALUATION OF A FUNCTIONAL MODEL FOR SIMULATING BORON TRANSPORT IN SOIL.

http://ovidsp.tx.ovid.com/sp-3.27.2b/ovidweb.cgi 17/32

 

Equation 12

 

Equation 13

 

Equation 14

Goodness-of-fit of the nonlinear models was evaluated with the coefficient of determination, R2. A list of the fitted-

parameter values for each adsorption isotherm model and the corresponding R2 values is provided in Table 4. The R2

values indicate an excellent nonlinear least squares fit for the Freundlich, kinetic Freundlich, Langmuir, and temperature-

dependent Langmuir equations, with values for R2 greater than 0.99 in all cases. However, the R2 for the pH-dependent

Keren adsorption model is not as good (R2 = 0.762). The use of the lysimeter column data for estimating the Keren
adsorption parameters (i.e., the nonlinear optimization fit of the Keren model to the measured B soil solution
concentrations at each of the five depths over the time period of Day 946 to 1084), rather than the laboratory-controlled

batch-adsorption data used for the other isotherm equations, is the probable cause for the lower R2 value. Temperature
was not as well controlled for the outdoor lysimeter column as it was for the laboratory batch-adsorption experiments;
consequently, the lysimeter column data include temperature effects that introduce error into the fitted Keren adsorption
parameters, which probably accounts for the relatively poor fit.

 

TABLE 4 Boron adsorption study results for Turlock clay loam. Fitted parameter and R2 values for adsorption isotherm Equations
(1), (2), (3), (4), and (5)

Boron Transport Input Data
The model inputs for TETrans included boundary conditions (irrigation times, irrigation amounts and associated B
concentrations, and evapotranspiration amounts (Figs. 3a, 3b, and 6), chemical model parameters (Table 4), bulk density
(Table 5), soil solution pH and EC (Figs. 9 and 10, respectively; these input data are required only for the Keren B
adsorption model), and miscellaneous physical and chemical properties of the soil (Table 6).
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TABLE 5 Measured soil bulk densities at four depths of the soil profile for Turlock clay loam in the soil lysimeter
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Fig. 9. Soil solution pH at depths of (a) 0.15, (b) 0.45, (c) 0.75, (d) 1.05, and (e) 1.35 m.
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Fig. 10. Soil solution EC at depths of (a) 0.15, (b) 0.45, (c) 0.75, (d) 1.05, and (e) 1.35 m.

 

TABLE 6 Miscellaneous model input parameters
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Model simulations were performed with each of the five chemical models described previously in Eqs. (6)-(10) coupled to
TETrans. In the case of the Freundlich and Langmuir isotherm models (Eqs. (6) and (7)), the 7 day-25 °C adsorption
isotherm was used. Simulations were performed using the adsorption parameters tabulated in Table 4.

Boron Transport Simulation Evaluation
The model performance functions were evaluated for the time period < 946 days, so that the model calibration data for
the pH-dependent Keren model (>=Day 946) was separated from the model validation data (<Day 946). This would
prevent an unfair bias in favor of the pH-dependent Keren model. However, graphics displays of the simulated and
observed data are shown for the entire length of the experiment to demonstrate how well a model fit the reclamation
portion of the experiment. Table 7 summarizes the statistical model performance functions (i.e., Eqs. (1)-(5)) for the five
different adsorption models used in TETrans. Ideally, the AAPE, RMSE, REE, and CRM values would be as close to 0 as
possible.

 

TABLE 7 Model performance evaluations

The AAPE values in Table 7 show that the predictive error of TETrans' predictions with each of the adsorption isotherm
equations is low, but the pH-dependent Keren equation has the lowest AAPE value. The AAPE does not account for
variability associated with the observed mean. The REE calculation, however, normalizes the predictive error to the
variability associated with the observed data by dividing the RMSE by the OSD. The REE value for the pH-dependent
Keren equation is once again the lowest. That the CRM was negative for the kinetic Freundlich and Langmuir adsorption
models indicates that the TETrans model in each of these cases systematically overpredicted the measured values. The
Freundlich, temperature-dependent Langmuir and pH-dependent Keren models resulted in an underprediction of the
measured values. The CRM values were, in all cases, very close to 0, indicating that the significance of the over-and
underpredictions is minor.

The best model performance as measured by an inspection of the model performance functions of Table 7 was for the
use of the Keren adsorption model in TETrans. The temperature-dependent Langmuir and kinetic Freundlich models
performed the next best, followed by the Freundlich model, and, finally, the Langmuir model. The success of the Keren
model is attributable to the model's ability to account for pH and ionic strength influences. Another factor may be that the
Keren parameters were fitted with lysimeter column data rather than batch adsorption isotherm data. Though not
included in the model performance function calculations, the improved simulation results during the reclamation phase,
when high ECs and low pHs were encountered, are visibly noticeable for the Keren model compared with the next best
models (Figs. 11, 12, and 13). Figures 11, 12, and 13 show the simulated and measured results for TETrans with the use
of the kinetic Freundlich, temperature-dependent Langmuir and Keren adsorption models, respectively.
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Fig. 11. Comparison of predicted and measured B concentrations in the soil solution at depths of (a) 0.15, (b) 0.45, (c) 0.75, (d)
1.05, and (e) 1.35 m. Predicted B concentrations were generated with TETrans using the kinetic Freundlich adsorption isotherm
equation. The solid line represents measured B soil solution concentrations as collected from the column's north side, and the
dashed line represents from the south side. Fitted results are represented by the circle ([white circle]).
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Fig. 12. Comparison of predicted and measured B concentrations in the soil solution at depths of (a) 0.15, (b) 0.45, (c) 0.75, (d)
1.05, and (e) 1.35 m. Predicted B concentrations were generated with TETrans using the temperature-dependent Langmuir B
adsorption isotherm equation. The solid line represents measured B soil solution concentrations as collected from the column's
north side, and the dashed line represents from the south side. Fitted results are represented by the circle ([white circle]).
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Fig. 13. Comparison of predicted and measured B concentrations in the soil solution at depths of (a) 0.15, (b) 0.45, (c) 0.75, (d)
1.05, and (e) 1.35 m. Predicted B concentrations were generated with TETrans using the pH-dependent Keren B adsorption
isotherm equation. The solid line represents measured B soil solution concentrations as collected from the column's north side,
and the dashed line represents from the south side. Fitted results are represented by the circle ([white circle]).

The reason that the Freundlich model performed better than the Langmuir model could relate to the fact that the

Freundlich model fit the measured data more closely at lower concentrations (i.e., <5 mg L-1). This is reflected by the

initial B adsorption, X0, which is estimated to be 9.739 mg kg-1 for Freundlich (7 days and 2 °C; Table 4) and 6.828 mg

kg-1 for Langmuir (at 7 days and 25 °C; Table 4) compared with the actual measured leachable B of 10.55. mg L-1 (Table
1). Accounting for kinetic effects improved simulation results for the Freundlich model. Similarly, the incorporation of
temperature effects into the Langmuir adsorption model yielded considerable improvement in the simulated results as
reflected by the model performance evaluation values. Ostensibly, temperature, pH, and ionic strength were all
significant factors influencing the transport of B.
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For all adsorption models, the measured B soil solution concentration peak that occurred at the 0.15-m depth on Day 582
could not be simulated (Figs. 11, 12, and 13 as examples). The Keren equation came the closest (Fig. 13), but even it
indicated that the peak should have occurred at Day 645. The discrepancy was likely an artifact of the timing of the soil
solution extract sampling. Day 645 occurred in summer when ET was its greatest, and the removal of water at the
shallowest depth was rapid. As recorded by TDR measurements, the sampling that occurred on Days 561, 582, and 602
was drier than field capacity when the replicate samples were taken, which elevated the concentration of the B in the soil
solution.

Another area of discrepancy between predicted and measured B concentration in the soil solution occurred for the 0.75-
m depth between Days 671 and 855. For all adsorption models, the predicted B was higher than the measured B. The
pH-dependent Keren and the temperature-dependent Langmuir equations performed the best over this time period,
which was winter, when temperatures were at their lowest and apparently had a significant effect. Because the
temperature-dependent Langmuir equation accounted for temperature, it is no surprise that it performed well over this
time period. The pH-dependent Keren equation probably performed well because the data used to estimate the Keren
adsorption parameters were lysimeter column data collected during the reclamation cycle when temperatures were wide
ranging (Fig. 5). Temperature effects were effectively averaged in these data and, consequently, were crudely accounted
for in the fitted Keren adsorption parameters.

Regardless of the chemical model used, TETrans was capable of modeling the movement of B through the root zone
with reasonable accuracy (Table 7). These results, which showed considerable improvement in accuracy over the earlier
work of Corwin et al. (1992), are attributable to (i) an improved lysimeter design that eliminated artificial bypass along the
column walls and (ii) improved methodologies that measure the physical (field capacity and bypass coefficient), chemical
(adsorption parameters), and plant parameters (ET, root penetration depth, water uptake distribution) used in TETrans
more accurately. This study took a closer look at the chemical factors that influence B transport than the previous studies
of Corwin et al. (1992) and Shani et al. (1992) by evaluating the different chemical models of B adsorption that account
for kinetic, temperature, pH, and ionic strength influences.

SUMMARY AND CONCLUSION
The primary objective of the study was the evaluation of the transient-state solute transport model TETrans to simulate
the movement of the reactive solute boron. Soil lysimeter data beyond that collected from initial B transport studies
performed by Corwin et al. (1992) further confirmed the application of the functional solute transport model TETrans to
the simulation of the movement of the trace element B through the root zone at the pedon scale.

The secondary objective was an evaluation of the performance of five functional models of B adsorption. By ranking each
chemical model for each statistical performance evaluation model based on its closeness to the "perfect fit" value of zero
and then summing, a simple cumulative ranking was determined (see Table 7). The cumulative rank score shows: pH-
dependent Keren model < temperature-dependent Langmuir model [almost equal to] kinetic Freundlich model <
Freundlich model < Langmuir model. Without question, the pH-dependent Keren equation is the best performing
chemical adsorption model. The order of chemical model performance suggests that pH and ionic strength were more
influential chemical factors followed by temperature and kinetics for this particular soil and set of conditions. The
influences of pH and ionic strength are of greater concern than those of kinetics and temperature when modeling the
transport of B in a fine-loamy, mixed, thermic Albic Natraqualf. Considering that the range of temperature fluctuations
encountered in this lysimeter study were greater than would be expected in nature for the arid southwestern US,
temperature effects are probably less significant than indicated.

The Freundlich adsorption equation (Eq. (6)) outperformed the Langmuir equation (Eq. (7)). The explanation for this is
found in the underlying assumptions from which the Freundlich and Langmuir equations were derived. The Freundlich
adsorption equation implies heterogeneity of adsorption sites and is valid only for adsorption at low soil solution
concentrations (Sposito 1984). The Freundlich adsorption isotherm is a special case of the generalized empirical

adsorption isotherm, Equation (15) where b = 1, 0 < [beta] < 1 and Kc[beta] << 1 (Goldberg and Sposito 1984). That the
Freundlich model performed better than the Langmuir model is a consequence of the adsorption site heterogeneity found
in soils rather than the homogeneous sites found in pure clays (e.g., montmorillonite).
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