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Spatial variation in water flow and solute transport are important considerations when assessing field-scale re-
mediation options, and for managing water and chemicals during agricultural production. Here, we evaluated
the relationship between laboratory-measured solute transport variables pore-water velocity (v), dispersivity
(A), and retardation coefficient (R) and land use, soil type, and other independently measured soil properties
in adjacent Typic Haplusteps, Mollic Ustifluvents, and Lithic Ustipsamments. We also characterized the spatial
variation in v, R, coefficient of hydrodynamic dispersion (D), and A. We obtained 100 geo-referenced, undisturbed

Keywords: . . . R . . .
Pore-water velocity soil columns (8.4 cm diameter and of varying length) from the topsoil at sites with varying land uses, topogra-
Dispersivity phies, and soil types, and synchronized disturbed soil samples to analyze the basic soil properties. We conducted

miscible displacement tests on all 100 columns, and predicted the retardation coefficient (R) and D using the
computer program CXTFIT, and measured v. All four variables, except R, had strongly right-skewed and kurtotic
distributions, and were highly variable. Log A (logarithm to base 10) was significantly correlated with land use,
with the mean of A being significantly greater in grasslands, followed by orchards and croplands. By contrast, v
was significantly correlated with soil type, with the mean being significantly greater in Lithic Ustipsamments.
Log v (logarithm to base 10) was also significantly correlated with the soil CaCO5 content, log organic matter con-
tent, pH, cation exchange capacity, and log electrical conductivity, whereas neither v nor A was correlated with
soil texture measures. An analysis of the spatial structure of solute transport variables using semivariograms
showed that R and A had considerably high nugget effect. Log-transformed semivariograms performed well
using ordinary point kriging for v and D. However, A and R exhibited a very weak spatial dependency that
could not be interpolated using ordinary kriging at the current sampling resolution. Therefore, this should be con-
sidered when designing future sampling programs to analyze spatial structure of R and A.

© 2016 Published by Elsevier B.V.
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1. Introduction soil, which control water convection, hydrodynamic dispersion (D),

anion exclusion, retardation, and solute degradation (Bresler and

The capacity of soils to store and transport water and solutes is crit-
ical for hydrological and biochemical cycles (Kung et al., 2005). Howev-
er, this capacity varies greatly at the landscape scale depending on land
use, soil properties, and topographic characteristics (Nkedi-Kizza et al.,
1983; Van Eijkeren and Loch, 1984; Anamosa et al., 1990). The solute
transport parameters of agricultural topsoil are particularly important
(Lessoff and Indelman, 2004), as they control the amount of nutrients
that move beyond the root zone.

The general theory for the simultaneous transport of solutes and
water considers physicochemical interactions between the solute and
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Laufer, 1974; Van Genuchten, 1981; Toride et al., 1995), all of which
are highly variable in soils (Mulla and McBratney, 2002). Ward et al.
(2004) suggested that these factors determine the solute arrival times
in the groundwater, which should be considered when assessing
field-scale remediation options. In addition, it is important to be able
to predict these processes at an acceptable level of accuracy to evaluate
the spatial distribution of contaminants and their migration to
groundwater.

The distribution and magnitude of local variation in an attribute de-
pends on the net effect of interactions between physical, chemical, and
biological processes, with attributes that are affected by multiple factors
exhibiting higher levels of spatial variability (Trangmar et al., 1985).
Consequently, it is difficult to predict field-scale solute transport
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parameters (Costa and Prunty, 2006) because they are mediated by
many different soil factors. For example, Biggar and Nielsen (1976)
showed that it was difficult to predict the amount of solute moving be-
yond the root zone, and that pore-water velocity (v) and solute
dispersivity (\) exhibited a log-normal distribution with large varia-
tion; and further demonstrated that over 1000 samples were needed
to predict a mean level of solute movement below the root zone that
was within + 10% of the true mean. Kelleners et al. (1999) similarly
stressed that K is an extremely variable soil property, and so this should
be considered in field-scale solute transport modeling.

There are two main sources of uncertainty when determining a sol-
ute transport parameter in a landscape: 1) uncertainty due to measure-
ment error and 2) uncertainty for locations where the subject attribute
is not measured. The latter can be predicted using statistical techniques
(Fetter, 1993). For example, for normally distributed data, the probabil-
ity density function can be used to evaluate the heterogeneity of the at-
tribute in the field, and the ergodic hypothesis may be applied to predict
the value of the attribute with an uncertainty that depends on the stan-
dard deviation of its measured values (Fetter, 1993). However, when
data show autocorrelation, geostatistical methods are often preferred
for the spatial interpolation of solute transport attributes.

Geostatistics is a well-established branch of statistics that deals with
spatial processes in a specific volume, known as the “support” (Isaaks
and Srivastava, 1989; De Lucia et al.,, 2011). The semivariogram is one
of the fundamental notions of geostatistics, being used to describe the
spatial structure of an attribute between two distinct points of a domain
as a function of the distance in between (Isaaks and Srivastava, 1989).
The attribute may then be predicted in unobserved locations using
the parameters (sill, range, and nugget) of the corresponding
semivariogram (Isaaks and Srivastava, 1989).

Geostatistical techniques such as kriging can be used when the data
are too scarce for modeling but sufficient for making spatial interpola-
tion. The kriging technique has several advantages over its counterparts,
including the fact that it incorporates the spatial structure of the data
into the prediction through semivariogram modeling and predicts the
same known values for the data points where measured data are avail-
able. In addition, geostatistical techniques can assist in the evaluation of
the spatial structure of the subject variables and post-processing of the
data (Corwin and Vaughan, 1997).

Numerous studies have related the results of solute transport studies
to the parametric and morphological properties of soils at multiple
scales (e.g., van Genuchten and Wierenga, 1977; Ersahin et al., 2002;
Zhang and Gable, 2008); and the relationships between solute transport
parameters have been studied by many authors (e.g., Bowman and Rice,
1986; Ward et al., 2004; Vanderborght and Vereecken, 2007). Starr et al.
(1978) also investigated the effect of water application rate on the sta-
bility of solute flow in a layered soil. In recent decades, soil structural
properties such as soil macropore features have received increased
attention because preferential flow is the major driver behind the
rapid movement of nonreactive and reactive chemicals, resulting in
the contamination of groundwater and surface water systems. For
example, Kung et al. (2005) characterized the size spectrum of
macropores and preferential pathways in a field-scale leaching experi-
ment, while Mossadeghi-Bjorklund et al. (2016) studied the effect of
subsoil compaction on the preferential transport of bromide in a clay
soil (Eutric Cambisol in the World Reference Base for Soil Resources
(WRB) system).

Physical and biological factors that control the formation and de-
struction cycles of preferential pathways are highly variable both spa-
tially and temporally (Kung et al., 2005). For example, when the soil is
dry, a greater amount of water infiltrates into the soil matrix and less
macropore flow occurs (Vanclooster et al., 2005). Flury et al. (1994)
studied the effect of initial water content on the generation of preferen-
tial flow in well-structural soils. A comprehensive literature review was
conducted by Vanderborght and Vereecken (2007). They discussed
dispersivities, obtained in column-, liysimeter-, and field-scale studies,

in regard with flow rate, soil texture, travel distance, and boundary con-
ditions of the experiments. Another comprehensive study was conduct-
ed by Koestel et al. (2012), who acquired 733 breakthrough curves
(BTCs) under steady-state saturated conditions from peer-reviewed lit-
erature and related the BTC-shape measures to experimental boundary
conditions, soil properties, and site factors.

A literature search revealed that there have been an inadequate
number of geostatistical analyses of the spatial variation of solute trans-
port parameters, which we attributed to the high cost- and time-
consuming nature of solute transport studies. Therefore, in this study,
we aimed 1) to evaluate pore-water velocity (v),retardation coefficient
(R), and dispersivity (A) as affected by soil properties in an area of adja-
cent Typic Haplusteps, Mollic Ustifluvents, and Lithic Ustipsamments
that used as grassland, cropland, and orchard and 2) to model the spatial
structures of v, coefficient of hydrodynamic dispersion (D), R, and A
using semivariograms and to interpolate these in the topsoil (A horizon)
of the study area. We found that v and D had a clear spatial structure
that allowed their successful interpolation using the ordinary kriging
(OK) technique with the applied sampling scheme, while both R and A
had a very weak spatial dependency that did not allow their spatial in-
terpolation by OK.

2. Theory and calculations

A one-dimensional convection-dispersion equation (CDE) is widely
used in solute transport studies (Van Genuchten, 1981; Parker and
van Genuchten, 1984; Toride et al., 1995). For a reactive solute
(e.g., potassium), the one-dimensional CDE has the form:

dc ?c  dc
Rm: W_Va (1)

where R is the retardation coefficient (=1 — (DpKq / 6), where Dy, is the
soil bulk density, Ky is the solute distribution coefficient between the
solid and liquid phases, and 6 is the volumetric water content of the po-
rous medium), c is the solute concentration (ML™3), D is the coefficient
of hydrodynamic dispersion (L2 T~ '), tis time (T), v is the average linear
pore-water velocity (LT~ '), and x is distance (L) (Van Genuchten, 1981;
Toride et al,, 1995). This equation assumes that water flow in the system
is in a steady-state and that water content is constant throughout the
porous system (Van Genuchten, 1981; Parker and van Genuchten,
1984). In theory, R is assumed to be 1.0 for a nonreactive solute.

The following dimensionless variables have been introduced to ana-
lyze effluent data (Parker and van Genuchten, 1984):

T =vt/L )
z=x/L 3)
P=vL/D 4)
C/Co = (c=Ci)/co—Ci) ©)

where, Pis a dimensionless Peclet number, C; is the initial concentration
of the tracer in the soil, ¢ is the concentration of the tracer measured at
distance x, cg is the tracer concentration in the stock solution, t is the
time elapsed from the start of the tracer application, C/Cy is the dimen-
sionless concentration of the tracer at x = L, Tis the dimensionless num-
ber of pore volumes with the tracer, and z is the dimensionless depth.

Eq. (1) implies that the coefficient of hydrodynamic dispersion (D)
and pore-water velocity (v) are the principal variables controlling the
transport of a conservative tracer (e.g., bromide) in soils and similar po-
rous media (e.g., sand and glass beads columns). However, dispersivity
[A(L) = D/v]is also frequently used to determine whether the transport
is convective or dispersive dominated (Parker and van Genuchten,
1984; Toride et al., 1995).
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3. Materials and methods
3.1. Study area

The study area was located in the middle Black Sea region of Turkey
(Fig. 1), which is characterized by mild, rainy winters and warm, humid
summers (lyigun et al., 2013). The area is 5539 ha in size and bordered
by the Black Sea in the north, and by footslopes and backslopes of vary-
ing heights in the south, and is designated as toeslope and footslope ac-
cording to the hillslope model (Schoeneberger et al., 2002). The slope
gradually decreases toward the Black Sea coast to the north, becoming
completely flat near to the shore. The soil characteristics in this area
vary depending on the steepness and position of the slopes, and the ap-
plied management practices. Soils on the toeslopes are Mollic
Ustifluvents, while those on the footslopes are finer textured Typic
Haplusteps (Fig. 1a). Soils closer to the seaside have a lithic contact to
sand at approximately 20 cm below the surface, with the depth of
sand becoming shallower and the soils becoming coarser toward the
shore, and so are designated as Lithic Ustipsamments. The studied
soils have been used as grassland, and to grow field crops such as
corn, soybean, and alfalfa, and fruits such as cherry, peach, hazelnut,
and apple orchards (Fig. 1b). Conventional tillage is applied in the culti-
vated areas. Table 1 shows some of the morphological properties of the
soils that were commonly observed during sampling.

3.2. Soil sampling and laboratory analyses

We randomly sampled 100 undisturbed soil samples using a tractor-
powered hydraulic column sampler in late October 2011. We selected
the sampling sites based on their topography, soil management, soil
type, and proximity to the shore. (Note: we did not sample any localities
within 100 m of the shore because the sand layer was too close to the
soil surface, and even exposed in some places.) Each sampling site was
georeferenced using a Global Positioning System (GPS) with a precision
of +£1 m. Undisturbed soil samples were taken using 8.4-cm diameter
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plastic tubes located in a steel sampler. The sample depths varied de-
pending on the vertical soil conditions, with the depth being limited
by subsurface stones at some sites and sand located below 20 cm at
other sites closer to the shore. A field observation chart was filled out
at each sampling site, which included information such as soil use,
and soil morphological features (e.g., macropores, roots, soil structure,
concretions, surface coatings, and redoximorphic features, if any).
Field observations were made following the procedure and guidance
provided by Schoeneberger et al. (2002). Some of the common features
that were observed in most of the soil samples are given in Table 1.

Both ends of the soil columns were sealed at the time of sampling to
prevent any moisture loss, which would cause defects in the soil struc-
ture. In addition, synchronized disturbed soil samples were taken to
measure the organic matter content, cation exchange capacity (CEC),
particle-size distribution, soil CaCO3 content, pH, and electrical conduc-
tivity (EC). The soil samples were transported to the laboratory and
stored at room temperature for analysis.

All 100 disturbed soil samples were analyzed for clay, silt, and sand
content using the hydrometer method (Gee and Bouder, 1986), for or-
ganic matter content using the Walkley-Black method (Nelson and
Sommers, 1982), for soil pH and CaCO3 using the methods in McLean
(1982), for CEC using the method given by Rhoades (1982a), and for
EC using a glass electrode (Rhoades, 1982b). The water contents at
soil water pressures of —0.033 MPa (6_¢033 mpa) and —1.50 MPa
(0_1.50 mpa) Were measured using a pressure plate apparatus (Cassel
and Nielsen, 1986), and the saturated hydraulic conductivity of the un-
disturbed soil columns was measured using a Marriotte's bottle under a
zero soil water pressure head (Klute and Dirksen, 1986). All of the soil
analyses except bulk density (Dy) and K, (measured on undisturbed
soil columns) were conducted in duplicate.

3.3. Miscible displacement tests

Before conducting a miscible displacement test, the lower end of the
soil column was supported with a fabric. The column was then gradually
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Fig. 1. Location of study area showing distribution of sampling points by soil type (a) and by land use (b).
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Table 1
Some morphologic features commonly observed on soils at different land uses and soil
types in the study area.

Land use Morphologic features Soil type®

Corn, irrigated Moderate, medium, granular structure; many MU
fine roots; irregular, common, medium,
vesicular pores in the upper 15 cm. Strong,
coarse, columnar structure; few, continuous,
earthworm channels; few, coarse roots from
upper horizon in 15-30 cm.
Strong, medium, granular structure; many, MU
fine, roots; many, fine, vesicular pores in the
top 13 cm. Strong, coarse, angular blocky
structure; very few, coarse, dentritic tubular
pores; vertically oriented few coarse roots in
the 13-30 cm.
Weak, fine, granular structure; many fine LU
roots; many, fine vesicular pores in the top
8 cm. Structureless sand, few fine-to coarse
roots, some vesicular pores with low vertical
continuity in the 8-30 cm depth.
Moderate, medium, subangular blocky TH
structure; common, fine roots, throughout;
common, medium, dentritic tubular pores in
0-20 cm. Moderate, medium, angular, blocky
structure; many, fine to coarse roots, between
peds; few, medium, dendritic tubular pores in
20-35 cm.
Strong, medium, subangular blocky structure; MU
common, medium roots, throughout;
common, dendritic, pores and very few
tubular (earthworm channels) in the upper
0-10 cm. Strong, medium, subangular blocky
structure; common, medium roots,
throughout; common, coarse, dentritic root
channels and few tubular earthworm channels
with high vertical continuity in the 10-30 cm.
Hazelnut orchard, not Moderate, medium, subangular blocky TH

tilled for three structure; many, very fine, roots throughout;

years. many, vesicular pores in the 0-10 cm.
Moderate, coarse, subangular blocky
structure; common, medium, pores between
peds; common, medium, irregular pores with
low vertical continuity in 10-30 cm.
Weak, medium, fine, granular structure; MU
common, fine, roots throughout; common,
medium, vesicular pores in 0-15 cm.
Moderate, medium, angular, blocky structure;
many, fine-to moderate roots in cracks; very
few, dendtritic pores with low continuity in
15-30 cm.

Grassland, grazed

Grassland, grazed,
approximately
100 m to the sea

Apple orchard, tilled,
drop irrigated

Apple orchard, not
tilled for three
years.

Alfalfa, sprinkler
irrigated

@ MU: Mollic Ustifluvents, TH: Typic Haplusteps, LU: Lithic Ustipsamments.

saturated with a 0.01 N CaCl, solution from the bottom (van Genuchten
and Wierenga, 1977) in a container. To avoid evaporation from the col-
umn, a plastic cover was placed over the top of the container. Upon sat-
uration, the column was positioned on an upright stand and the inlet at
the top of the column was connected to a Marriotte's bottle. Once a
steady-state flow had been established under a zero soil water pressure
head, approximately five pore volumes of tracer solution (0.05 N KBr in
0.01 M Ca(l, solution) were introduced to the column at a zero soil
water pressure head using another Marriotte's bottle. The effluent was
collected with a fraction collector and analyzed for bromide with a
bromide-specific electrode (Abdalla and Lear, 1975).

Following the miscible displacement test, the column was taken and
left to dry for 3 days in the laboratory, following which small undis-
turbed samples were taken from the upper and lower ends of the col-
umn using steel rings (1.0 cm depth and 10.8 cm? surface area). These
undisturbed samples were then used to measure the field capacity of
the column in a pressure plate apparatus, whereas disturbed soil sam-
ples were used to measure the wilting point of the soils in the pressure
plate apparatus. The column containing the rest of the undisturbed soil

was then placed in an oven at a constant temperature of 105 °C to mea-
sure its dry bulk density, which was used to calculate the total porosity

n:
f=1=(Dy/Dp) (6)

where, Dy, is the bulk density (ML~ 3) of the column and D,, is the density
of particles (ML™3). As the organic matter content of the soils was not
high enough (<5%) to affect mean particle density, the D, was simply
assumed to be 2.65 Mg m~3, which is the typical value for mineral
soils. The saturated water content (on a volume basis, 65) of the column
during the test was assumed to be equal to its total porosity.

Dimensionless concentrations (C/Cp) of bromide were calculated by
dividing the concentration of bromide in the effluent (C) by the concen-
tration in the stock solution (Cp), both of which were measured using
the same bromide-specific electrode. The bromide in the stock solution
was measured rather than calculated to minimize the error arising from
differences between the calculation (stock solution) and measurement
(collected effluents). Similarly, dimensionless pore volumes (P/Pp)
were calculated by dividing the cumulative volume of effluent collected
(P) by the pore volume of the column (volume of effluent in the saturat-
ed column, Py). A breakthrough curve (BTC) was then plotted for each
column with C/Cy-values on the y-axis and the corresponding P/Po-
values on the x-axis.

Data from the miscible displacement tests were modeled using a
CDE model and the BTCs were modeled using the computer program
STANMOD (Simtinek et al., 1999). The parameter v was measured in
the columns, while D and R were predicted using the CDE model. In the-
ory, the parameter R is assumed to be 1.0 for a non-reactive solute.
However, we also predicted R, as some breakthroughs indicated that
some of the R-values were highly deviated from unity (value of P/P, at
C/C, = 0.5).

3.4. Statistical and geostatistical analyses

Exploratory data analysis was conducted, and the distributions of
the solute transport attribute data were described by calculating the
mean, standard deviation, coefficient of variation, skewness, and kurto-
sis. Webster (2001) suggested that data with a skewness >|1.0| are
highly skewed and so a log-transformation may be used to make them
normally distributed, data with a skewness between |0.5| and |1.0]
are moderately skewed and so may be square-root transformed,
and data with a skewness <|0.5]| are slightly skewed and so can be
considered normally distributed. Based on this suggestion, we log-
transformed (logarithms to base 10) the strongly skewed data for v, D,
and A, and then recalculated the descriptive statistics based on these
transformed data (Cambardella et al., 1994).

We used the geostatistical software GS+ (Gamma Design, St.
Plainwell, MI) to analyze the spatial structure of the data for each
parameter, to model semivariograms, and to conduct ordinary kriging
interpolations. We computed semivariances for v, D, and A using log-
transformed data to minimize the effect of extreme values, and selected
the semivariogram models with the highest R2-values and lowest SSE-
values (Cambardella et al., 1994). However, the semivariogram for R
was computed using untransformed data since data were normally dis-
tributed (Table 2). Variable lag distances were also used to select
semivariograms, whereby at least ten lags were used, with a minimum
of 30 data pairs ensured in each lag. We conducted ordinary point
kriging (OK) interpolations using the parameters from the correspond-
ing semivariograms that were computed using log-transformed data for
v, D, and A, and untransformed data for R. A minimum of 10 and a max-
imum of 13 neighbors within the geostatistical range were allocated in
the kriging predictions. A cross-validation test was applied before
kriging (Isaaks and Srivastava, 1989), and the cross-validation correla-
tion coefficient and relative mean absolute error (RMAE) (Armstrong
and Collopy, 1992) calculated using residuals of cross-validation were
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Table 2

Descriptive statistics for retardation coefficient (R) and log-transformed (logarithms to ba-
se 10) values of pore-water velocity (v), coefficient of hydrodynamic dispersion (D), and
dispersivity (A).

Variable Mean SD cv Skewness Kurtosis
v(cmh™1) 6.51 10.33 1.59 291 9.16
Log v 1.08 1.22 1.13 0.32 —0.13
D(cm*h™") 8.84 18.36 2.08 5.14 32.46
Log D 1.24 1.53 1.23 —0.07 0.89

A (cm) 1.64 1.46 0.88 2.92 10.51
Log A 0.20 0.81 2.00 —0.68 2.05

R 1.01 0.12 12.0 0.48 —0.02
R? 0.98 0.01 134 —1.14 0.73

SD: standard deviation, CV: coefficient of variation, R?: coefficient of determination for pa-
rameter estimation by CDE.

used as criteria in the evaluation of interpolation accuracy. The log-
values of variables were back transformed to produce the final maps
(Gregory et al., 2006).

4. Results
4.1. Soil properties

Soil pH showed a strongly left-skewed and slightly kurtotic distribu-
tion (Table 3) according to the criteria of Webster (2001). By contrast,
the sand, silt, and clay contents of the soil varied moderately and had
a slightly right-skewed distribution (Table 3). These results support
those that were previously reported by Mulla and McBratney (2002).
Soil aggregate stability (AS) also varied moderately, ranging from 0.12
to 0.98 (dimensionless) (Table 3), whereas the Dy, of the studied soils
was highly variable. Low to medium CV-values have previously been re-
ported for Dy, (e.g., Mulla and McBratney, 2002). This high level of vari-
ation in Dy, in our study was attributed to differences in soil type and
land use (Fig. 1, Table 1).

4.2. Solute transport variables

Miscible displacement tests were conducted on all 100 undisturbed
soil columns. The internal diameter of the columns was 8.5 cm, but their
lengths varied depending on the topsoil thickness and other soil condi-
tions, such as the presence of stones. The mean column length was
18.8 cm (4 6.09 cm SD), and the column length had a slightly right-
skewed and negatively kurtotic distribution. The Fig. 2 shows that
more than half of the columns had a length < 20 cm. The property R
had a slightly right-skewed distribution, while v and A had a strongly
right-skewed and highly positively kurtotic distribution (Table 2). Our

Table 3
Descriptive statistics of some soil properties in the study area (n = 100).

Mean SD Min. Max. CV (%) Skewness Kurtosis

Sand (%) 4120 1421 1500 7600 3449 0.18 —0.56
silt (%) 1793 525 900 33.72 2930 043 022
Clay (%) 4035 1449 428 7400 3590 0.057 —0.54
CEC (cmolckg™") 3529 1040 398 5747 2948 —050 083
pH 759 060 573 855 791 —121 0.80
EC (mmhoscm™!) 1431 98.82 383 4840 69.03 153 1.69
OM (%) 271 096 004 491 3517 —001 0.56
CaCOs (%) 332 295 010 1265 8891 1.08 0.40
D, (Mg m™2) 130 013 103 158 969 016 —0.58
AS (—) 064 016 012 098 2404 —048 033
FC (%) 3948 645 1975 5074 1634 —090  1.08
WP (%) 2610 690 021 4385 2644 —065 151
f(—) 051 0054 039 064 1082 —0.11 —0.50

SD: standard deviation, CV: coefficient of variation, CEC: cation exchange capacity, EC:
electrical conductivity, OM: organic matter, Dy,: bulk density, AS: aggregate stability, FC:
field capacity (volumetric), WP: wilting point (volumetric), f: total porosity, —: unitless.

35
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15
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10-15 16-20 21-25 26-30
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Fig. 2. Length (cm) distribution of the 100 undisturbed soil columns used in the miscible
displacement tests.

CV-values for the solute transport variables v and A were within the
ranges previously reported by Mulla and Mc Bratney (2002).

The parameter log v was significantly correlated with CEC, pH, log EC
and log CaCOs content (Table 4). Neither log v nor log A was significantly
correlated with the physical properties of the study soils. On the other
hand, log A was also significantly but weakly correlated with land use
(Table 4), and analysis of variance (ANOVA) revealed that log A was sig-
nificantly greater in grasslands followed by orchards and croplands.

Values for R ranged from 0.68 to 1.30 with a mean of 1.01 and stan-
dard deviation of 0.12. The values <1.0 could have resulted from anion
exclusion, preferential flow, or both, while those > likely resulted from
adsorption due to pH-dependent positive charges on the particles at a
low pH (Sposito, 2008). Gupte et al. (1996) similarly reported anion ad-
sorption in their 40 Cecil Sandy Loam columns (clayey, kaolinitic, ther-
mic Typic Kanhapludult).

We evaluated the spatial structure of R, log D, log v and log A\ using
semivariograms (Fig. 3 and Table 5). All semivariograms were bounded
(i.e., had asill). A bounded semivariogram indicates that second order
stationarity exists, while an unbounded semivariogram indicates a gen-
eral trend in the spatial structure and/or a lack of second-order station-
arity (Isaaks and Srivastava, 1989; Matias et al., 2005). According to
Cambardella et al. (1994), an attribute with a nugget/sill of <0.25 is
deemed strongly spatially dependent, of 0.50-0.75 is moderately spa-
tially dependent, and of >0.75 is weakly spatially dependent. Thus, our
semivarograms for log v was moderately and log D was strongly spatial-
ly dependent, while those for R and log A were weakly spatially depen-
dent (Table 5).

All semivariograms had nugget values >0, suggesting that there
were small-scale variations in the solute transport attributes. These
will have been related to several factors, including differences in
micro-topography, other small-scale patterns that could not be detected
by the sampling scheme used, errors in the accuracy of the sample loca-
tions recorded using the GPS, and errors in the laboratory measure-
ments (Gregory et al., 2006).

The geostatistical range is the distance within which the solute
transport attributes are autocorrelated. The attribute log v had long
geostatistical range, indicating that the processes controlling its distri-
butions resulted in a more differential spatial scaling and that regional
spatial patterns were predominant (Gregory et al., 2006). The correla-
tion coefficients between the predicted and measured values during
cross-validation ranged from 0.02 for log A to 0.87 for log D (Table 5).

We interpolated D- and v-values using ordinary point kriging (OK),
and mapped these kriging-interpolated values (Fig. 4). Both variables
had reasonably low relative mean absolute error (RMAE) and high
cross-validation correlation coefficient (Table 6), indicating that OK suc-
cessfully interpolated them. The interpolated (Table 6) and measured
(Table 2) values for D and v were highly similar in terms of their
means and standard deviations. By contrast, A and R had almost pure
nugget variance (Fig. 3). Therefore, we mapped these using the normal
distance weighted method, as they were very weakly spatially depen-
dent (Fig. 4).
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Table 4
Correlations among the studied attributes (n = 100).
Sand (%) Silt (%) Clay (%) CEC pH LogEC OM Log CaCO3 (%) FC WP Dy, R Logv LogD LogA LU
Silt ~0.186
Clay -0.88" —022°
CEC 022" 014 020
pH 0.05 ~0.15 0.01 ~0.18
Log EC 0.09 -0.08 009 0607 016
oM ~0.05 0.05 0.04 052" ~027° 030"
Log CaCO; —0.02 0.01 0.03 —042" 047" 024" 050"
FC ~0.06 0.06 0.08 0.02 0.13 -0.04 0227 0.07
WP ~0.11 0.04 0.11 0.12 0.01 0.08 0.23" ~0.02 0.65™
Dy ~0.10 ~0.03 0.15 017 0.4 -024° 001 017 0.03 0.1
R ~0.02 0.02 0.02 0.17 025" 013 028"  —023" 005 008 0.4
Log v 0.04 —0.03 004 024" 030" 0417 ~0.18 028" 002 003 010 011
Log D ~0.04 0.04 0.01 —020"° 0217 -039" ~0.15 021" 004 007 012 010 082
Log A ~0.13 0.12 0.07 0.02 008 006 001 ~0.05 004 009 007 ~001 ~006 0517
LU 0.04 —0.10 0.03 “0.16  T032" T029 007 0.12 017 013 004 004 015 0297 029"
ST 022" —006 T019 0397 042"  ~0417 ~025° 017 006 ~0.04 014 ~024° 015 033" —006 0317

CEC: cation exchange capacity (cmol. Kg~1), EC: electrical conductivity (mmhos cm ™), OM: organic matter (%), FC: field capacity (m® m~3), WP: wilting point (m> m~3), Dy,: bulk density
(Mg m~3), v: pore-water velocity (cm h™'), D: coefficient of hydrodynamic dispersion (cm? h—1), A: dispersivity (cm), R: retardation coefficient (dimensionless), LU: land use, ST: soil
type. The logarithms are to base 10. The soil type was coded as follows: Typic Haplusteps = 1, Mollic Ustifluvents = 2, and Lithic Ustipsamments = 3; and land use was coded as follows:

field crops = 1, orchards = 2, and grasslands = 3.
* Significant at 0.05.
** Significant at 0.01 level of significance.

5. Discussion
5.1. Correlations among the studied attributes

None of the solute transport variables (R, log v, or log \) were corre-
lated with soil physical properties, sand, silt, and clay contents, Dy, field
capacity, or wilting point (Table 4). Furthermore, there were no signifi-
cant correlations with any of the soil textural components, despite these
being moderately variable (Table 3). By contrast, Koestel et al. (2012)
found a significant negative correlation between v and the soil silt and
OM contents, and a significant positive correlation between v and the
sand content of 733 columns from peer-reviewed literature; and also
reported that dispersivity (A) was significantly negatively correlated
with sand content and positively correlated with silt and clay contents
in their columns. Similarly, Ghafoor et al. (2013) reported significant
correlations between preferential transport and clay content, and
Kazemi et al. (2008) reported that the pore-water velocity (v) of bro-
mide was positively correlated with sand content. On the other hand,
Vanderborght and Vereecken (2007) reported in their comprehensive
literature evaluation that effect of texture on A was not significant.
They further stated that dispersivities were greater in saturated than
unsaturated flow conditions in both fine- and coarse-textured soils.

The solute transport variables were also not significantly correlated
with Dy, which we attributed to the fact that Dy, may influence solute
mobility differently in cropped, orchard, and grassland soils. Again,
this does not match the findings of some previous studies. For example,
Koestel et al. (2013) found a moderately significant positive correlation
between Dy, and both v and A, which they attributed to increasing levels
of Dy, up to a certain value being related to increased near-saturated Kj,
resulting in greater water saturation and the activation of larger
macropores; while Mossadeghi-Bjérklund et al. (2016) reported that
soil compaction had a significant detrimental effect on K and the num-
ber of macropores in one of their two study sites (but not at the other),
and suggested that preferential flow would be strongest at an interme-
diate level of compaction.

These inconsistencies in the correlations between solute transport
variables and soil properties between studies may be related to differ-
ences in the soil structure and effect of experimental conditions. Soil
structure has previously been shown to affect the transport of water
and dissolved chemicals (Beven and Germann, 1982; Chen and
Wagenet, 1992), and critically influences solute transport in saturated
soils (Jardine et al., 1988; Brusseau, 1993). Furthermore, preferential

flow pathways have a strong control over solute transport in saturated
and near-saturated soils, and are closely linked to soil structure (Kung
et al., 2005). Supporting this, Ersahin et al. (2002) reported highly
different D and v values for A, B,,, and E horizons of Tatuna Silt Loam
(fine-silty, mixed, mesic, argiallbolls) in the Palouse region of
Washington State due to soil structure differences. Because the param-
eter D is a property of the porous medium rather than the solute being
transported (Nkedi-Kizza et al., 1983; Jardine et al., 1988; Brusseau,
1993), soil structure may offset the effects of soil properties such as
soil texture, OM content, and bulk density on solute mobility in saturat-
ed and near-saturated conditions. For example, Lennartz et al. (1999)
found a close relationship between bromide mobility and independent-
ly determined soil texture and OM content, but found almost no rela-
tionship between these when they considered non-preferential and
preferential samples separately in a regression analysis, leading them
to the conclusion that soil structure is an important property governing
the preferential transport of solutes.

The cation exchange capacity was significantly correlated with log v,
which may be attributed to the indirect effect of clays on this parameter.
High positive correlations have previously reported between CEC and
the specific surface area (SSA) (Ersahin et al.,, 2006; Bayat et al., 2015),
and high SSA is generally related to the presence of 2:1-type clays that
reduce saturated water flow (Sposito, 2008). There was also a signifi-
cant weak correlation between the solute transport variables and
CaCOs (Table 4). The CaCOs contents of the soils were between 0.1
and 12.65%, with a CV of 88%. CaCOs is known to be a good structure-
forming agent in soil, increasing water flow in saturated and near-
saturated conditions. That a negative significant correlation occurred
between R and CaCO5; may be attributed to indirect effect of CaCO3; on
R via soil pH since a moderate positive relation occurred between pH
and CaCOs5 and a weak negative correlation occurred between pH and R.

Soil pH was also significantly correlated with log v. In our soils, the
soil pH ranged from 5.73 to 8.55, with a mean of 7.59 (Table 3), and so
this could be attributed to the detrimental effect of increased pH on
anion adsorption, which results in increased bromide mobility. Further-
more, soil biological activity is also related to soil pH, which may also ex-
plain this significant correlation. There was some evidence of anion
retardation in some of the columns as indicated by high R-values (the
values for R ranged from 0.68 to 1.30), which may be attributed to the
presence of variably charged particle surfaces. Soils containing kaolinite
are expected to have positively charged surfaces at pH values below the
point of zero charge (Sposito, 2008), which may result in anion
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Fig. 3. Experimental (dots) and theoretical (line) semivariograms for log-transformed
values of pore-water velocity (v), coefficient of hydrodynamic dispersion (D),
dispersivity (A), and untransformed values of retardation coefficient (R). The dashed
lines show the general variance.

retardation. Bellini et al. (1996) showed that anion exchange capacity
and Cl retardation decreased as pH increased in repacked columns of
Pacolet series (clayey, kaolinitic, thermic Typic Kanhapludult); and
Gillman and Sumner (1987) also reported anion exchange for Cecil
soils due to a variable charge on kaolinite and oxides.

We found a significant relationship between land use and log A. An
ANOVA test (P < 0.05) showed that the mean of A was greatest in grass-
lands, followed by orchards and cropped areas. We observed more bio-
logical activity (decayed root channels, earthworm channels, live
earthworms, and voids) in grassland soils, and so attributed these differ-
ences for A to higher levels of soil macropores and preferential flow

Table 5
Parameters of semivariograms for retardation coefficient (R) and log-transformed values
of pore-water velocity (v), coefficient of hydrodynamic dispersion (D), and dispersivity

(A).

Variable Model Nugget Sill Co/(Co+ Range R? RSS r
type (C) (O O (m)
Logiov  Gaussian 0.67 1.40 047 57158 095 0.054 0.76
LogioD  Spherical 027 1.38 0.20 5200 094 0062 0387
Logio A Spherical 0.57 0.69 0.83 2220 0077 0.14 0.02
R(—) Linear 0.0131 0.0142 092 18128 0.14 414 x 0.17
10°°

RSS: residual sum of squares, r: correlation coefficient for cross-validation, —: unitless.

paths, which could result in greater dispersivities in these soils. In addi-
tion, soil type was significantly correlated with R (Table 4), with ANOVA
showing that the greatest mean value occurred in Typic Ustorthents
followed by Mollic Ustifluvents and Lithic Ustipsamments (see Fig. 1
for their location in the study area). The ANOVA test further revealed
that means of pH followed the reverse of that for R, indicating that pH
was an important factor mediating the relationship between R and
soil type.

Dispersivity (A) is the ratio of dispersive transport to convective
transport, with a greater value (e.g., >1) indicating a dispersive flow-
dominated transport system and a smaller value (<1) indicating a con-
vective flow-dominated transport system. In our study, the mean value
for A was 1.64 cm, with a standard deviation of 1.46 cm, a CV of 88%, a
skewness of 2.92, and a kurtosis of 10.51, suggesting a highly kurtotic
and right-skewed distribution (Table 2). Considerably different values
of A have been reported across laboratory column studies. Ersahin
et al., (2002) reported A mean values of 0.68, 1.03 and, 0.55 cm for un-
disturbed saturated columns of A, B,,, and E horizons of Thatuna silty
loam (fine-silty, mixed, mesic Xeric Argiallbolls) under grassland, re-
spectively. Bejat et al. (2000) reported values of 1.46 cm for intact tilled
and 3.34 cm for intact sod blocks (32.5 by 32.5 by 32.5 cm) of Maurry silt
loam; and 7.60 cm for tilled and 10.42 cm for sod intact blocks (32.5 by
32.5 by 32.5 cm) of Cecil sandy loam. Comegna et al. (2001) reported
mean value of 2.83 cm for three intact soil samples (15 cm in diameter
and 17 cm in length) collected from different sites in southern Italy.
Gupte et al. (1996) reported a mean value of 6.6 cm and a CV of 41%
for 38 intact columns (15 cm in internal diameter and 90 cm in length)
of Cecil sandy loam (clayey, kaolinitic, thermic Typic Kanhapludult) and
Vanderborght et al. (2000) reported A-values ranging from 1.7 to 3.6 cm
for intact sandy loam (Arenic Glossudalf) and from 3.9 to 16.1 cm for in-
tact loam (Udifluvent on top of Hapludalf) columns.

Our mean value for A was low compared to those reported by others
(e.g., Vanderborght and Vereecken, 2007), and this may be attributed to
several factors such as scale of the experiment, flow rate, and boundary
conditions. In our study, all the leaching tests were conducted on satu-
rated undisturbed columns. Vanderborght and Vereecken (2007) re-
ported greater dispersivites, which they attributed to the effect of flow
and transport through larger pores that are active in saturated soils.
They further reported that dispersivity was scaled to vertical distance
of travel, increased vertical distance resulting in increased values of A.
In our study, the column length was generally low (ranged from 12 to
30 cm with a mean of 19.7 cm and standard deviation of 6.01 cm)
(see Fig. 2 for distribution of column length), which may explain the
mainly low dispersivities we found.

Mean for v was 6.51 cm h~! with a standard deviation of 10.33 cm
h~1 (Table 2). The v-values were highly variable, strongly skewed to
right and had a positively kurtotic distribution. Log-transformed values
of v and A were close to normal distribution, yet no significant correla-
tion was found between them (Table 4). Despite to high v-values, the
low dispersivities may be attributed to that we sampled the topsoil in
cropped areas, orchards, and grasslands. Seventy-five of 100 samples
were taken from cultivated areas (field cropped and orchards). The
cultivated areas are tilled conventionally, which would induce
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Fig. 4. Surface maps of a) ordinary kriging-interpolated pore-water velocity (v) values, b) 100 residuals calculated by cross-validation of v-values (interpolated-measured), c) ordinary
kriging-interpolated values for coefficient of hydrodynamic dispersion (D), d) 100 residuals calculated by cross-validation of D-values (interpolated-measured), e) normal distance inter-
polated values of A, and f) normal distance interpolated values of R. Absolute values of residuals were used in drawing the surface maps in b and d.

homogenization of the topsoil, resulting in low dispersivities as sug-
gested by Vanderborght and Vereecken (2007).

A few soil columns exhibited high dispersivities (values for A ranged
from 0.05 to 9.15), indicating effect of preferential flow. Preferential
flow is mainly generated by features such as macropores, root channels,
and large inter-aggregate voids in soils (Jardine et al., 1988; Brusseau,
1993; Li and Ghodrati, 1994; Ersahin, 1996; Vanderborght and
Vereecken, 2007). In majority of these columns, we observed
earthworms and a strong subangular blocky structure at the time of
sampling, as given in Table 1. The aggregate size and shape have a con-
siderable effect on mass exchange between inter- and intra-aggregate

Table 6

Descriptive statistics for interpolated values of pore-water velocity (v), coefficient of hy-
drodynamic dispersion (D), dispersivity (\), retardation coefficient (R) in the study area
(n = 8715).

Variable Mean Min Max SD RMAE r

v(cmh™1)? 7.98 0.76 61.21 9.80 0.087 0.76
D (cm? h~1)? 8.33 0.28 155.69 19.00 0.096 0.87
A (cm)P 1.64 0.054 9.14 1.46 0.86 0.02
R(—)° 0.99 0.91 1.09 0.09 0.99 0.01

SD: standard deviation, RMAE: relative mean absolute error calculated using residuals of
cross-validation: r: correlation coefficient of cross-validation, —: unitless.

¢ Interpolated by ordinary point kriging.

" Interpolated by normal distance weighted method.

spaces, particularly over the longer timeframes of miscible displace-
ment (van Genuchten and Wierenga, 1977; Brusseau and Rao, 1990;
Brusseau, 1993). For example, Li and Ghodrati (1994) reported a consid-
erable macropore flow generated by decayed corn root channels.

The values for goodness of fit, R?, ranged from 0.94 to 0.99 with a
mean of 0.98 (Table 2), indicating that the convection-dispersion equa-
tion (CDE) described the breakthrough (BTC) data well. The BTC data
from few columns with early breakthrough and late breakthrough
were described by CDE with a R? below 0.95. However, majority of the
BTC data were described by CDE with a R >0.97.

5.2. Spatial variation in solute transport variables

We used semivariograms computed using log-transformed data of v,
D, and A and untransformed data of R to analyze their spatial structures.
Variables v, D, A, and R attained their maxima at geostatistical ranges of
5715, 520, 222 and 1812 m, respectively (Table 5, Fig. 3). Kazemi et al.
(2008) previously reported geostatistical ranges of 20 and 23 m for v,
and of 12 and 24 m for the D of bromide in a 0.1-ha alluvial field
under no till management. By contrast, Gupte et al. (1996) reported
that variograms of transport parameters showed no spatial dependence
beyond the minimum spacing of 2.3 m on 12.5 x 30.5 m plots (clayey,
kaolinitic, thermic, Typic Kanhapludult) based on 38 undisturbed soil
samples collected from each. Koestel et al. (2013) also reported that
the majority of BTC shape factors had a correlation distance below


Image of Fig. 4

S. Ersahin et al. / Geoderma 289 (2017) 107-116 115

15 m and that log-v had a correlation distance larger than 15 m in a top-
soil (approximately 20 cm) of a 60 x 160-m agricultural field; and
Ellsworth and Boast (1996) reported much smaller distances of auto-
correlations for solute transport variables in a 2 x 2 x 2-m unsaturated
field plot. Therefore, it is imperative that the sampling scheme, sampling
resolution, and size of study area are considered when comparing
geostatistical parameters to prevent the results from being misleading.

Our predictions for v and D based on randomly sampled soil cores
from 100 sites had a satisfactory cross-validation statistical fit
(Table 5), indicating that our sampling density was adequate to allow
us to use geostatistical methods to map the spatial distribution of
these parameters. However, this approach failed to correctly evaluate
the spatial structures of R and A, suggesting that denser sampling may
be required to capture the complex signature of these parameters in
the study area. Similar conclusions were previously made by Koestel
et al (2013).

Semivariogram models of the log data for v and D showed a moder-
ate and strong spatial structure, respectively, as evidenced by their high
nugget/sill ratio (Table 5) according to the criterion adopted by
Cambardella et al. (1994). By contrast, Kazemi et al. (2008) reported
moderate and strong spatial classes for bromide v, and a moderate spa-
tial class for bromide D. The greatest structural variance occurred for D,
for which the structural variance attributed 80% of the total variance
with a range of 520 m (Table 5). By contrast, the structural variance at-
tributed only 17% of the total variance for A, and 8% for R at the current
sampling scheme. The parameter A is derived from D/v, and although
both v and D were highly spatially dependent, A had a very weak spatial
dependency. This deserves a further studying.

There was no clear spatial structure for A and R under the current
sampling scheme. Spatial variation in solute transport attributes can
be the product of the physical, chemical, and biological properties of
the soil, as well as soil management practices such as tillage and
cropping systems (Sauer and Meek, 2003). Dispersivity is strongly af-
fected by the soil structure, texture, bulk density, soil macropores,
plant roots, and other preferential pathways (van Genuchten and
Wierenga, 1977; Nkedi-Kizza et al., 1983; Anamosa et al., 1990;
Brusseau, 1993). In addition, A is distance and time dependent at both
the column and field scale (Wang et al., 2006; Vanderborght and
Vereecken, 2007), which further complicates its spatial structure.

Typic Haplusteps and Mollic Ustifluvents occur on relatively gentle
sideslopes (Fig. 1a), which are the product of spatially dependent
weathering and erosional processes, as stated by Sauer and Meek
(2003). However, regarding the different land uses, these soils differ
in morphological properties such as soil structure, soil macropores,
roots, etc. (Table 1). The physical and biological factors that dictate for-
mation and destruction cycles of preferential pathways are highly vari-
able both spatially and temporally (Kung et al., 2005). Therefore, these
differences would result in considerable short-range spatial variation
in solute dispersivity in these soils.

Surface maps for v and D, built using kriging (Fig. 4), show that the
greatest values are located in the northeast (upper right part of their
surface graphs) of the study area. These high valued localities are close
to the seaside, where the soils are Lithic Ustipsamments, whereas the
soils in the southwestern part of the study area, where v and D were
generally low, are derived from co-alluvial parent material with a fine
texture, and are mainly cultivated. In addition, soils in these areas are
mainly rich in clay due to the fine-textured parent material. The culti-
vated lands in these areas are mainly used to grow field crops, such as
sugar beets, corn, various vegetables, and alfalfa, and orchards of various
fruits, such as cherries, hazelnuts, peaches, apples, and pears, with the
northern part of the study area generally being under more diverse
land uses than the southern part (see Fig. 1b). Therefore, the coarser
soil texture and land use differences resulted in a greater variability in
v and A in the northern part of the study area.

The variables v and D were successfully interpolated by OK as indi-
cated by adequately low relative mean absolute errors (RMAE) and

high cross-validation correlation coefficients (Table 6). Ideally, a RMAE
<0.1 indicates a good performance of subject model (Armstrong and
Collopy, 1992). Spatial pattern for the kriging-cross validation residuals
for v and D (Fig. 4) show that, in general, interpolation was more accu-
rate in the southwest and around the center of the study area due to
denser sampling and was less accurate in northeast of the study area
due to sparser sampling. In addition, more diverse land use in the north-
ern part of the study area would induce a greater short-range variation
in v and D, resulting in the model to perform poorly in some localities.
Both A and R were interpolated by normal distance weighted method
since their spatial structures were improper for their interpolation by
kriging or inverse distance weighted at current sampling scheme and
resolution.

6. Conclusions

In this study, we evaluated solute transport variables of, pore-water
velocity (v), retardation coefficient (R), and dispersivity (A = D/v) in ad-
jacent Typic Haplusteps, Mollic Ustifluvents, and Lithic Ustipsamments
and analyzed their spatial variation. In most of the study area, solute
transport was dispersive dominated, with computed A-values greater
than unity. Some of the measured soil variables were significantly but
weakly correlated with v and D, as were land use and soil type. In
terms of land use, the greatest values of v occurred in grasslands, follow-
ed by orchards and cropped lands; while in terms of soil type, the
greatest v-values occurred in Lithic Ustipsamments, followed by Mollic
Ustifluvents, and Typic Ustorthents. Grassland soils tended to exhibit a
well-aggregated strong structure, with the presence of continuous pref-
erential flow pathways including macropores and soil morphological
features such as continuous inter-aggregate spaces in these soils,
which likely explains the higher values here. Our solute transport vari-
ables were not correlated with the physical properties of the soil, such
as soil texture components, bulk density, and field capacity. However,
soil chemical variables of cation exchange capacity, EC, pH, and CaCO3
content were significantly correlated with the solute transport vari-
ables. Compared to those previously reported values, our values for A
were generally low, and this may be attributed to two principal reasons;
1) majority of the columns were short due to that the column length
was limited by topsoil depth, resulting in a short vertical travel distance,
which is scaled to A (Vanderborght and Vereecken, 2007), and 2) 75 of
100 columns were taken from topsoil of cultivated areas, where the till-
age could destroy preferential flow pathways and homogenize soils,
resulting in smaller dispersivities as stated by Vanderborght and
Vereecken (2007).

Pore-water velocity and coefficient of hydrodynamic dispersion (D)
had distinct spatial structures using the applied sampling scheme, and
ordinary kriging performed well in interpolating both v and D. However,
A and R exhibited a very different spatial pattern with far greater short-
range variation, likely due to the greater number of factors that affect
them. Therefore, denser sampling may be required to capture the
more complex spatial signature of A and R in the study area. This high
short-range variation in R and A should be considered in future studies
that aim to analyze their spatial variation.

The findings of this study demonstrate that solute transport can be
interpolated successfully over a large area with multiple land uses and
soil types using geostatistical methods. This will be a tremendous ad-
vantage in land use planning that aims to reduce the risk of contamina-
tion of groundwater and surface water systems.
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