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DIVISION S-5—PEDOLOGY

Preferential Flow and Pedotransfer Functions for Transport Properties
in Sandy Kandiudults

J. N. Shaw,* L. T. West, D. E. Radcliffe, and D. D. Bosch

ABSTRACT ously optimized with solute transport equations (such
as the single-domain CDE, or a dual-domain nonequi-Soils with differences in argillic and kandic horizon clay content
librium mobile–immobile [MIM] adaption to the CDE)(12–28% clay), thickness of overlying sandy eluvial horizons (ranging

from ,0.50 to .1.0 m), and degree of structural development occur to estimate parameters with implied physical interpreta-
in upland Kandiudult soils in the Upper Coastal Plain of Georgia. tion (Jensen et al., 1996; Jury et al., 1991; Yamaguchi et
Interest in agricultural site-specific management necessitates more al., 1989; van Genuchten and Wierenga, 1976). Problems
adequate characterization of solute transport properties between and exist because model parameters generally are not inde-
within these soils. Undisturbed columns (15-cm diam., n 5 34) were pendently measurable, although correlation has been
collected by horizon for three pedons typifying the extremes of the found between parameters and certain soil properties
clay content in the argillic horizon. Breakthrough curves (BTCs) were

(Vervoort et al., 1999; Shaw et al., 1997; Bajracharyaconducted using a Br2 tracer and were evaluated by fitting the single-
and Barry, 1997; Rao et al., 1980b). Although theseand two-region adaption of the convection–dispersion equation
models have adequately characterized transport at the(CDE) to outflow measurements. Saturated hydraulic conductivity
column scale, questions remain as to their applicability(Ks) measurements and methylene blue dye staining of conducting

voids were also performed on the cores. Dye staining indicated differ- to large-scale heterogeneous transport phenomena
ences in preferential flow occurred between surface (Ap), eluvial (E), (Jensen et al., 1996). More recently, researchers have
and argillic and kandic (Bt) horizons. Retardation factors (R ) were started to develop methods of estimating model parame-
positively correlated with clay quantities, and horizons possessing ters independent of optimization techniques, allowing
relatively less clay (A and E horizons) possessed the highest a values a greater predictive capacity and enhanced mechanistic
(quickest solute exchange rates between mobile and immobile re- validity of the models (Brusseau et al., 1994). Pedotrans-
gions). Horizons with relatively higher clay quantities (Bts) had the

fer functions , or models which relate basic soil proper-lowest a and b (ratio of mobile water to the volumetric water content)
ties to more complex soil hydraulic functions, may bevalues, but the highest effective dispersivity (leff) values. Dye-stained
a method to independently assess model parametersareas were correlated (r 5 0.65) with b, which suggested b may be
(Wosten et al., 1995; Vereecken et al., 1990, 1992).an approximation of the degree of preferential flow for these soils.

For the three pedons studied, significant differences in a existed Investigators have shown the amount of biological
between the extremes, and thus they are interpreted to behave differ- activity and the degree of expression (grade) and shape
ently from a solute transport standpoint. Pedotransfer functions of soil structure can have a large impact on solute trans-
(PTFs) were developed for grossly estimating hydraulic and trans- port paths and BTC results (Vervoort et al., 1999; Starett
port parameters. et al., 1996; Li and Ghodrati, 1994; Bouma, 1991). Soil

structure develops from biological activity and the
shrinking and swelling of aggregates due to alternating

Breakthrough curves have been used as both a qual- wetting and drying. Shrinking and swelling is more pre-
itative and quantitative assessment of water and dominant in clayey or loamy soils than in coarser soils

solute transport in soils (Gupte et al., 1996; Ghodrati, (Horn et al., 1995). Because of this, horizons with more
1995; Veeh et al., 1994; Jury et al., 1991; Bouma, 1991; clay typically have better expression of structure than
Brusseau and Rao, 1990). Often, BTCs are simultane- sandier soils.

Where structure and biological activity have resulted
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preferential flow are assumed to have increased validity vary as well, with sandy eluvial horizons possessing es-
sentially no structure (described as single grain), and(Gerke and van Genuchten, 1993). Rao et al. (1980b)

showed that more tailing or asymmetry in BTCs resulted loamier subsurface horizons possessing weak or moder-
ate grades of subangular blocky structure. Evaluation offrom increased aggregate sizes, which is directly related

to soil structure and macropore predominance. As de- these interpedon attributes (by horizon) are necessary
because many simulation models require inputs by hori-scribed by Brusseau and Rao (1990), the mechanisms

involved with the two-domain MIM adaption to the zon, and soil survey data are collected in such a manner.
CDE include: (i) the convective and dispersive move- The objectives of this study were (i) to examine the
ment of solute in the bulk solution to the boundary of effects of sandy epipedons and contrasting argillic hori-
an adsorbed water layer, (ii) the diffusion across the zon expression on transport properties within pedons,
boundary, and (iii) the intrapedal and intra-aggregate (ii) to determine if differences in solute transport prop-
diffusion within the immobile regions. This intra-aggre- erties occur within this map unit, and (iii) to develop
gate diffusion process (within micropores) is typically possible PTFs to estimate some of these hydraulic and
considered to be the rate-limiting step (Brusseau and transport parameters.
Rao, 1990).

Soils with varying thicknesses of sandy epipedons MATERIALS AND METHODS
overlying sandy to loamy argillic horizons occur in por-

The research site, near Plains (Sumter County), GA (Fig.tions of the Upper Coastal Plain of Georgia. These
1) (3185990″ to 45″ N, 8482490″ to 30″W), was located in thesoils have typically been mapped as Typic, Arenic, and
southern portion of the Fall Line Hills region. In this region,Grossarenic subgroups of Kandidults, indicating eluvial
soils have developed from Eocene-aged fluvio-marine sedi-sand thicknesses of ,0.50 to .1 m overlying argillic ments. Along the crest of a hillslope on a narrow interfluve

horizons. These soils are sometimes mapped in the same at this site, a reconnaissance soil survey was conducted (25
associations. Within map units, these soils possess differ- observations), and three sampling sites were chosen to be
ences in the amount of clay in the argillic horizon, the typical of the contrasting soils observed on these landscapes
predominant structure in the solum, and thicknesses of (J.N. Shaw, 1999, unpublished data). Sampling pits will be

referred to as the NW, NE, and SE pedons (Fig. 1). Bulkoverlying sandy mantles. It is hypothesized that this
samples were collected by horizon per standard soil surveyvarying degree of argillic horizon expression and differ-
technique (Soil Survey Staff, 1996).ences in structure and sandy eluvial horizon thickness

Soils in this study possessed different thicknesses of sandymanifest in varying degrees of preferential flow in these
eluvial horizons (E) over highly weathered red subsoils ofsoils, resulting in contrasting transport characteristics.
relatively low pH, which consisted mainly of quartz, kaolinite,Because these soils are extensive in this region and are gibbsite, and Fe oxides (J.N. Shaw, 1999, unpublished data).

commonly used for peanut (Arachis hypogaea L.) and The highly weathered mineralogical suites translated to sub-
cotton (Gossypium hirsutum L.) production, differences soils possessing low activity, and the pedons classified into
in hydraulic and transport properties might necessitate subgroups of Kandiudults (Table 1). Analyses of proximate
more detailed (larger-scale) mapping for precision- pedons not included in this study also displayed the kandic

nature of the subsoils for these pedons (J.N. Shaw, 1999, un-farming applications. Interpedon structural attributes

Fig. 1. Location of study site near Plains, GA, with subset of sampling locations. Contour intervals (0.5 m) are shown.
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Table 1. Physical and chemical properties for three pedons.†

Horizon Depth Color Structure‡ Sand Silt Clay CEC ECEC rb

cm % cmolc kg21 Mg m23

NW (loamy, kaolinitic, thermic Grossarenic Kandiudult)

Ap 0–12 7.5YR 4/4 1 f gr 90.6 6.0 3.4 1.86 1.08 1.77
A/E 12–26 7.5YR 4/4 0 sg 90.8 6.8 2.5 1.44 0.41 1.72
E1 26–75 2.5YR 4/8 0 sg 89.7 6.3 4.1 0.89 0.26 1.70
E2 75–109 2.5YR 4/8 0 sg 89.2 6.4 4.4 0.85 0.69 1.62
E3 109–138 2.5YR 4/8 0 sg 88.3 6.0 5.8 0.89 0.68 1.65
Bt1 138–191 2.5YR 4/8 1 m sbk 81.0 3.8 15.2 2.15 1.13 1.70
Bt2 191–240 2.5YR 4/8 1 m sbk 82.8 3.2 14.1 1.11 0.94 –
BC 240–300 2.5YR 4/8 1 m sbk 87.9 2.5 9.7 0.81 0.38 –

SE (coarse-loamy, kaolinitic, thermic Typic Kandiudult)

Ap 0–21 7.5YR 4/6 1 f gr/pl 84.9 12.5 2.7 2.27 0.79 1.71
Bt1 21–52 2.5YR 4/6 1 f&m sbk 77.1 11.4 11.6 2.01 0.81 1.67
Bt2 52–92 2.5YR 4/6 1 f&m sbk 75.9 10.9 13.2 2.15 0.89 1.61
Bt3 92–126 10R 4/6 2 m sbk 75.3 8.5 16.3 2.51 1.34 1.65
Bt4 126–164 10R 4/6 2 m sbk 66.1 5.9 28.1 3.11 1.89 1.69
Bt5 164–250 10R 4/6 2 m sbk 68.0 5.0 27.1 2.65 1.04 1.73

NE (loamy, kaolinitic, thermic Grossarenic Kandiudult)

Ap 0–26 10YR 3/3 1 f gr/pl 89.1 7.2 3.7 1.96 1.10 1.69
E 26–110 5YR 4/6 0 sg 83.3 7.7 9.0 1.65 0.46 1.63
Bt 110–250 2.5YR 4/6 2 m sbk 75.8 3.2 21.0 1.98 1.30 1.71

† CEC is cation-exchange capacity; ECEC is effective cation-exchange capacity; rb is bulk density.
‡ 0 5 structureless, 1 5 weak, 2 5 moderate, 3 5 strong; f 5 fine, m 5 medium; gr 5 granular, sbk 5 subangular blocky, pl 5 platy.

published data). Surface (A) and eluvial horizons (E) were ture and structural attributes (Table 1), that is, sandy (SE Ap;
NW Ap, E1, E2 and E3, and BC; NE Ap and E), loamy (SEcoarse-textured (sand and loamy sand), while Bt horizons

ranged from loamy sand to sandy clay loam in texture (Table Bt1 and Bt2, SE Bt3), and clayey (SE Bt4, SE Bt5, and NE
Bt). Class names do not coincide with U.S. soil taxonomy1). In most situations, surface horizons (Ap) had weak granu-

lar structure, E horizons were structureless (single grain), definitions. Saturated hydraulic conductivities on these cores
were measured with the constant head method (Klute andwhile Bt horizons possessed weak to moderate grades of su-

bangular blocky structure (Table 1). The sites had been fallow Dirksen, 1986). After steady flow was established with a 0.025
M KNO3 solution, BTCs were measured using a 2 g L21 Br2for several years before the soils were sampled.

Undisturbed cores (n 5 37, 15-cm diam., average length 5 tracer. Bromide was added as a pulse input (1/10 of a pore
volume), and leachate samples were collected sequentially19.9 6 4.1 cm, range 5 11.0–29.2 cm) were extracted from

the SE, NE, and NW pedons by excavating to the horizon of until three to four pore volumes of Br2 solution had been
collected. Bromide leachates were analyzed with an ion-spe-interest and carving a column of soil that could be encased

by 15-cm-diameter polyvinyl chloride (PVC) pipe. Encased cific electrode using a double junction reference electrode in
a 0.05 M NaNO3 solution to adjust ionic strength. Volumetriccores were separated at the base, trimmed, and packed for

transport to the laboratory. The PVC casing was carefully water content was measured in the columns by time domain
reflectometry (TDR) (10-cm rod) after BTC measurementsremoved from the columns, and each was coated with liquid

saran and a 5- to 10-mm layer of paraffin to seal column sides and before blue dye staining.
Solute transport parameters were estimated by evaluatingagainst wall flow. Because of the morphological similarities,

NW surface horizons (Ap and A/E), eluvial horizons (El, E2, BTCs with CXTFIT (Parker and van Genuchten, 1984) using
the single-region CDE (mode 2 of CXTFIT) and the two-and E3) and SE Btl and Bt2 horizons were sampled separately

but grouped for comparisons. For comparison of certain re- region nonequilibrium MIM adaption of the CDE (mode
4).The two-region model is written as:sults, horizons were grouped into three classes based on tex-

Table 2. Measures values (V, R, and dyed area) and estimated parameters using CXTFIT (Parker and van Genuchten, 1984) averaged
for each horizon for the single-region and dual-region nonequilibrium model.†

Dyed
Site Horizon R t n V VM DCDE DMIM lCDE lMIM um/u(b) a area‡ Ks

cm min21 cm2 min21 cm min21 % cm h21

NW Ap, A/E 1.41 s 2 1.92 2.41 2.54 1.42 1.34 0.56 0.79 3.41 100.0a 19.1
NW E1, E2, E3 1.33 s 5 1.98 2.12 2.47 2.61 2.45 2.38 0.93 58.11 100.0a 25.7
NW Bt1 1.75 1 2 0.78 2.33 6.43 5.11 7.66 1.58 0.39 1.91 67.5bc 19.1
NW Bt2 1.46 1 2 1.02 2.37 8.14 8.27 7.11 4.61 0.52 3.30 76.4ab 25.8
NW BC 1.51 s 2 2.00 2.71 7.80 7.43 3.91 2.84 0.74 31.74 96.5a 51.4
SE Ap 1.20 s 2 0.89 1.14 1.70 1.73 1.85 1.49 0.79 4.66 97.0a 9.7
SE Bt1, Bt2 1.16 1 3 1.24 1.33 3.58 5.05 4.07 4.57 0.88 8.69 93.0ab 25.3
SE Bt3 1.41 1 3 1.50 1.83 2.37 2.30 2.78 2.42 0.85 12.51 100.0a 17.3
SE Bt4 2.22 c 3 0.16 0.26 1.10 0.80 7.10 3.51 0.61 0.14 47.3c 2.3
SE Bt5 2.25 c 3 0.19 70.7 0.48 0.18 2.38 0.30 0.26 0.11 18.9d 2.3
NE Ap 1.13 s 2 1.30 1.33 0.72 0.75 0.56 0.55 0.95 26.93 100.0a 16.9
NE E 1.37 s 2 2.43 3.38 2.49 2.78 0.88 0.81 0.83 40.30 93.6ab 30.3
NE Bt 1.75 c 3 0.19 48.93 0.19 0.12 0.97 0.32 0.36 0.20 65.8c 2.4

† R 5 retardation factor (measured), t 5 textural grouping, where s 5 sandy, l 5 loamy, c 5 clayey; V 5 pore water velocity and Vm 5 V/b, b 5 um/u,
DCDE and DMIM 5 dispersion coefficients for the two models, lCDE and lMIM 5 dispersivity for the two models, and a is the exchange coefficient.

‡ Same letter indicates not significantly different (P 5 0.05).
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Table 3. Measured and model-derived average values for the three types of horizons separated by textural attributes.

Measured MIM†
Horizon
type n Blue dyed‡ R‡ V DMIM‡ lMIM‡ leff§ a‡ um/u‡ (b)

% cm min21 cm2 min21 cm min21

Sandy 15 98.7a 1.31b 1.83 2.75b 1.63a 2.1b 33.6a 0.86a
(88.0–100)¶ (1.13–1.51) (0.68–3.10) (0.28–12.74) (0.12–4.92) (0.34–9.58) (0.02–142.15) (0.70–1.00)

Loamy 10 89.2a 1.42b 1.16 4.88a 3.34a 6.0ab 7.4b 0.70a
(52.8–100) (1.16–1.75) (0.42–2.31) (0.28–12.78) (0.22–6.35) (0.36–32.34) (0.01–34.41) (0.27–0.93)

Clayey 9 44.0b 2.07a 0.18 0.37c 1.38a 331.0a 0.2b 0.41b
(16.8–100) (1.75–2.25) (0.10–0.27) (0.04–1.61) (0.01–6.99) (2351.43–2.50) (0.00–0.37) (0.00–0.66)

† MIM 5 mobile–immobile model output.
‡ Same letter indicates not significantly different (P 5 0.05).
§ Same letter indicates not significantly different (P 5 0.10).
¶ Range for values.

assumption made by Nkedi-Kizza et al., 1984). The b parame-
umR1]Cm

]t 2 1 uimR1]Cim

]t 2 5 uDm1]
2Cm

]z2 2 2 uVm1]Cm

]z
2 [1] ter is generally considered not to vary under different flow

regimes (Bajracharya and Barry, 1997), although there has
been evidence to the contrary (Brusseau et al., 1994). The

uimR1]Cim

]t 2 5 a(Cm 2 Cim) [2] model fits of all columns were evaluated, and modeling results
were satisfactorily obtained on 34 of 37 columns.

where t is time (min), z is depth (cm), um is volumetric water Each column was leached with the cationic methylene blue
content in the mobile fraction; uim is volumetric water content dye after BTCs were completed (Shaw et al., 1997; Gupte et
in the immobile fraction, u 5 um 1 uim, Cm is the concentration al., 1996). The dye was leached through the column until
of solute in mobile fraction (mg L21), Cim is the concentration complete breakthrough was achieved as analyzed by a spectro-
of solute in immobile fraction (mg L21), Dm is the dispersion photometer. The cores were allowed to dry, and horizontal
coefficient (cm2 m21), Vm is the pore water velocity (cm min21), cuts (minimum of two) were made through each column to
R is the retardation factor (unitless), and a is the first-order evaluate the dye-stained area using an image analysis tech-
rate constant (min21). nique. Cuts were made below the depth of insertion of the

CXTFIT applies a nonlinear, least squares inversion TDR rods (. 10 cm); however, in the four shortest columns,
method to evaluate transport parameters (Parker and van this was not possible. These columns were completely dyed
Genuchten, 1984). Prior to analyses of undisturbed cores, re- (100%) and occurred in horizons were other cores were com-
tardation factors (R) were measured using packed (bulk pletely dyed, thus we believe these columns were minimally
density 5 1.50 g cm23) columns (5 cm diam. by 20 cm long) affected by dye movement along TDR rod holes. A video
of soil, a Br2 pulse input (2 g L21) at a constant pore water camera equipped with a frame grabber and image analysis
velocity (V), and the single-region CDE (Mode 2). Packed software was used to collect the data. Camera magnification
cores were used to evaluate R values to minimize physical and screen resolution in the image analysis technique resulted
flow effects on R values resulting from two-domain flow. By in a pixel equivalent diameter area of ≈0.05 mm. Individual
maintaining a constant V (Jw/u, where Jw 5 Q/A, and Q is dye-stained areas ,2 pixels were deleted, which resulted in
outflow [cm3 min21] and A is the cross-sectional area of flow analysis of dye-stained areas with equivalent diameter of
[cm2]) and using packed cores, we assumed that the single- .0.10 mm. Cross-sectional areas (percentage) of dye staining
region CDE applied. The single-region model was then fit to were then measured using the software, and percentages of
the undisturbed cores keeping V (measured) and R (from dyed areas were averaged for the cuts within a column. The
packed cores) fixed. In this manner, DCDE and lCDE (DCDE/V) variability of the cross-sectional area of dye staining at differ-
were estimated and calculated, respectively. ent locations (cuts) within the individual cores was minimal

The two-region MIM model was used to estimate DMIM, b for horizons that were essentially completely dye stained, with
(≈um /u), and a for all horizons (keeping R and V fixed), the average standard deviation being 9.3% for horizons that
and lMIM [(DMIMb)/V] and Vm(V/b) were calculated from these were not completely dyed. The depth distribution of dye stain-
parameters. The a coefficient estimated the first-order rate ing within the columns (i.e., within a horizon) was not inves-
of exchange between the mobile and immobile regions. The tigated.
b parameter was interpreted to be equivalent to the ratio of Physical and chemical properties of the soils are given in

Table 1. Particle-size determination was conducted on all hori-mobile water to the volumetric water content (um/u) (using an

Table 4. Pearson correlation coefficients (r ) between soil properties and hydraulic and transport properties and parameters (n 5 34).

Soil Properties† V VM R DMIM lMIM leff um/u(b) a Ks

Sand percentage 0.66*** 20.26 20.75*** 0.23 20.07 20.29 0.53** 0.47** 0.60***
Clay percentage 20.68*** 0.31 0.87*** 20.18 0.02 0.32 20.66*** 20.45** 20.59***
CEC 20.60*** 0.15 0.56*** 20.39* 20.06 0.20 20.36* 20.54** 20.62***
ECEC 20.63*** 0.07 0.58*** 20.35* 0.01 0.05 20.33 20.45** 20.70***
Fed 20.69*** 0.31 0.90*** 20.12 0.03 0.35* 20.70*** 20.43* 20.55***
Feo 20.56*** 0.34 0.73*** 20.22 20.21 0.24 20.71*** 20.30 20.53**
Cross-sectional dyed area 0.67*** 20.40* 20.85*** 0.27 0.04 20.42* 0.65*** 0.36* 0.62***
Size of structure† 20.64*** 0.19 0.54*** 0.07 0.06 0.18 20.57*** 20.47** 20.44**

*, **, *** Correlation coefficients significant at the 0.05, 0.01, and 0.001 levels, respectively.
† CEC is cation-exchange capacity; ECEC is effective cation-exchange capacity; Fed is dithionite–citrate–bicarbonate extractable Fe on a Fe2O3 basis; Feo

is oxalate extractable Fe on a Fe2O3 basis.
‡ Size of structure refers to structure size which is dependent on the type of structure. Adjusting for these differences, median values for each class were

used as input. For structureless horizons, median particle size was used.
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Fig. 3. Cross-sectional area of blue dye staining with depth. BarsFig. 2. Saturated hydraulic conductivity, Ks, with depth for the three
represent standard errors of the means.pedons. Bars represent standard errors of means.

zons by the pipette method (Kilmer and Alexander, 1949). loamy, and clayey horizon types as discussed in the
Basic cations (Ca, Mg, K, and Na) were extracted with 1 M methods) showed significant differences (P 5 0.05) in
NH4OAC (pH 7) using an autoextractor (Soil Survey Investi- dye-stained area between sandy (98.7% dyed) and
gations Staff, 1996) and were measured using atomic absorp- loamy horizons (89.2% dyed) as compared with hori-
tion spectroscopy. Aluminum was extracted with 1 M KCl zons with more clay (44.0% dyed) (Table 3). Overall,
and was measured by atomic absorption spectroscopy (Soil dye-stained area amounts were negatively correlatedSurvey Investigations Staff, 1996). Effective cation-exchange

with clay content (r 5 20.78). Dye patterns for horizonscapacity was computed by summing extractable cations and
exhibiting some degree of preferential flow are shownKCl-extractable Al. Cation-exchange capacity was obtained
in Fig. 4. Figures 4a to 4c display a gradual decrease inby the 1 M NH4OAC (pH 7) method (Soil Survey Investiga-
dyed areas in Bt horizons from the NW (4a) to the NEtions Staff, 1996). Poorly crystalline Fe oxides and organically

bound Fe were extracted with acid ammonium oxalate, and (4b) to the SE (4c) pedons. These horizons exhibited
total Fe oxides were extracted with citrate–bicarbonate– stronger grades of structure than eluvial horizons (Table
dithionite (Jackson et al., 1986). 1). Within pedons, a larger proportion of matrix type

flow occurred in sandy and loamy horizon types than
in horizons enriched with clay.RESULTS AND DISCUSSION

Saturated Hydraulic Conductivity Retardation Factorsand Pore Water Velocities
Retardation factors (R) for packed columns wereSandy horizons had the highest (P 5 0.05) pore water found to be significantly (P 5 0.05) lower in sandy (1.31)velocities (V) (1.83 cm min21) followed by loamy hori- and loamy (1.42) horizons than horizons enriched withzons (1.16 cm min21) and clay enriched horizons (0.18 clay (2.07) (Table 3) and were correlated (r 5 0.87)cm min21) (Tables 2 and 3). Therefore, V was inversely with clay content (Table 4). In these highly weathered,correlated with clay content (r 5 20.68) (Table 4). Satu- slightly acid systems, some anion-exchange capacity as-rated hydraulic conductivity (Ks) decreased in the hori- sociated with kaolinite, gibbsite, or Fe oxides probablyzons possessing the highest clay content for all pedons exists, and thus it is not surprising to see R for an anionic(Fig. 2), and thus Ks was correlated with particle size tracer correlated with clay content for these soils (Bellini(sand, r 5 0.60; clay, r 5 20.59) (Table 4). The lower et al., 1996).

Ks of the surface horizons (A) vs. the E horizons in the A single-domain model (conventional CDE) was ini-NW and NE and the upper Bt horizons of the SE was tially hypothesized to more adequately describe solutehypothesized to be due to the presence of a traffic pan transport in the sandy epipedons, whereas a two-domainnear the base of the A horizons. nonequilibrium model (MIM) was hypothesized to be
more applicable in the underlying argillic horizons. Al-Dye Staining ternatively, Saxena et al. (1994) found that a dual poros-
ity model more adequately predicted solute break-Blue dye–stained cross-sectional areas tended to de-

crease with depth, except in the NW pedon, where the through than the conventional CDE in both unstruc-
tured sandy and structured clayey soils. Analyses ofcross-sectional dyed area increased in the deeper BC

horizons (Table 2, Fig. 3). Thus, proceeding downward representative BTCs for horizons from these pedons
illustrate differences in the BTC types observed (Fig.and into the argillic horizon of all pedons, the area of

blue dye staining decreased. Comparing the different 5). As exhibited by the NE E horizon, many of the
sandy horizon BTCs exhibited tailing of the effluenthorizon types between pedons (grouped as sandy,
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Fig. 4. Patterns of methylene blue dye staining from three cores (15-cm diam) showing undyed (u) and dyed (d) areas. (a) NW Bt1 horizon,
(b) NE Bt horizon, (c) SE Bt4 horizon.

breakthrough similar to the Bt horizons shown, lending with higher clay had lower b estimates (0.41), indicating
a lower proportion of um (Table 3). These data concurredevidence that some degree of nonequilibrium flow oc-

curred in sandy horizons (Fig. 5). Thus, the shape of with blue dye–stained area data that showed increased
preferential flow was occurring in argillic horizons ofthe BTCs suggested a two-domain (region) modeling

was more valid than a single-region model throughout all pedons.
these profiles. For this reason, we will concentrate on

a CoefficientMIM modeling output below.
The a coefficient estimated the first-order rate of

Breakthrough Curve Parameters exchange between the mobile and immobile regions and
has been shown to be related to V and the mean ped

b Coefficient size (Kookana et al., 1993; Nkedi-Kizza et al., 1984;
Rao et al., 1980a, 1980b). Bajracharya and Barry (1997)Within all three pedons, b (assumed to be 5 um/u)

coefficients tended to decrease with depth (Fig. 6). The found that a was linearly related to V in each of three
packed artificial cores where V was increased for eachb coefficient was correlated with clay content (r 5

20.66) (Table 4). Significant correlation was found be- trial. Interestingly, although V was not adjusted within
columns to test this dependency, when all cores weretween b and percentage of blue dye–stained cross-sec-

tional area (r 5 0.65) (Table 4). We interpreted this to evaluated together, a was correlated with V (r 5 0.53).
Alpha values did not display any correlation with depthsuggest b is an indication of the amount of cross-sec-

tional area contributing to flow in these soils. (Fig. 7), although sandy horizons were shown to have
a significantly (P 5 0.05) quicker a (33.6 min21) thanSandy and loamy horizons had similar (P 5 0.05)

estimates of b (0.86 and 0.70, respectively). Horizons both loamy (7.4 min21) and clayey (0.2 min21) horizons
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Fig. 7. Alpha from the dual-domain nonequilibrium mobile–Fig. 5. Example of breakthrough curves from three horizons.
immobile (MIM) adaption to the convection–dispersion equation
with depth for all pedons. Bars represent standard erors of means.

(Table 3). Similarily, a was found to be correlated with
sand content (r 5 0.47) (Table 4). Thus, relatively

structure size. The input values for structure characteris-quicker rates of solute exchange occurred between mo-
tics were based on soil description (Table 1) data. Abile and immobile regions in sandy horizons. Some au-
structure size numerical scale was established in whichthors have indicated that a lower a implies increased
median values of the size ranges for the type of structureped size (Vervoort, 1999; Rao et al., 1980b), which might
exhibited were used. The median value for the sameoccur in some Bt horizons. We hypothesize that in these
descriptor (e.g., fine, medium) is different for differentsoils, lower a values may be due to increased grades of
structures. For example, the size limits of fine classes forstructure. This hypothesis is based on two observations.
granular and subangular blocky structure are different, 1First, horizons possessing the lowest a values exhibited
to 2 and 5 to 10 mm for granular and subangular blocky,the most developed structure in the profile. Second,
respectively; thus 1.5 or 7.5 mm would be chosen forwhen a values from sandy horizons were evaluated for
these classes, respectively. Structureless horizons (sandyA, E, and BC horizons, A horizons had significantly
E horizons) were given a value of 0.4 mm, representing(P 5 0.10) lower a values than E horizons (11.7 vs. 53.0
the mean particle size for these sandy horizons. Hori-min21, respectively), with BC horizons lying intermedi-
zons exhibiting two structure sizes were given averageate (31.7 min21). A horizons possessed weak grades of
values between both classes. Using this approach, agranular structure, while E horizons were structureless.
values were found to be correlated with size of structureIn order to examine size and a relationships more
(r 5 20.47) (Table 4). This is in concurrence with otherclosely, a numerical scale was developed to describe
above-mentioned studies.

Dispersivity

Dispersivity (l) values at the column scale have been
shown to be correlated with pore-size distributions and
size and grade of soil structure. Higher l indicates a
more heterogeneous pore system or longer flowpath
lengths. Some authors have found that increased l val-
ues within columns are due to discontinuous macropores
(Buttle and Leigh, 1997). Overall, low lMIM values were
observed in these soils. At least for sandy horizons,
this may be due to particle-size effects, and the poorly
developed structure in many of the sandy horizons (Ta-

Table 5. Weighted averages of parameters (to 250 cm) for the
three pedon types.†

Pedon n lMIM leff a umu (b) Dyed R

cm min21 %
SE 2 2.61a 209.5a 5.19a 0.60a 63.24a 1.73aFig. 6. Beta (ratio of mobile water to the volumetric water content)
NE 3 0.58a 73.2a 16.47ab 0.61a 75.52a 1.56afrom the dual-domain nonequilibrium mobile–immobile (MIM) NW 2 2.36a 5.8a 27.60bc 0.72a 88.34a 1.46a

adaption to the CDE with depth for all pedons. Bars represent
standard errors of means. † Same letter indicates not significantly different (P 5 0.05).
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Table 6. Pedotransfer functions (PTFs). Pedotransfer Functions
Coefficient of Using correlation relationships (some are shown inPTF determination (r 2)

Table 4), PTFs were developed to quantify relationships
Ks 5 25.89 2 (0.032)(% clay2) 0.44*** between more easily measured properties and hydraulicR 5 1.23 1 (0.001)(% clay2) 0.86***

and transport parameters. These PTFs were developedDMIM 5 2.07 1 (0.643) (size1/2†) 2 (0.009)(% clay2) 0.30**
b 5 l 0.96 2 (0.020)(% clay) 0.43*** for Ks, R, DMIM, a, and b values (Table 6). Past studies
ln(a) 5 4.51 2 (0.065)(% clay2) 2 (0.010)(cecg‡) 0.57*** have shown certain soil properties are correlated with
*, **, *** Significant at the 0.05, 0.01, and 0.001 levels, respectively. hydraulic parameters (Wosten et al., 1995; Vereecken
† Size refers to structure size. et al., 1990; McKeague et al., 1982). These data suggest‡ cecg 5 cation-exchange capacity per gram of clay.

similar relationships can be developed to acquire gross
approximations of transport parameters and hydraulic

ble 3). No differences (P 5 0.05) in lMIM values between properties in some soils, although it is quite evident that
the three horizon types were found in our study. the measured soil properties do not account for all the

An effective dispersivity (leff) can be calculated to variability observed in the hydraulic and transport pa-
evaluate differences in BTCs. This value incorporates rameters (r 2 5 0.30–0.86). These PTFs show the types
all parameters that are indications of nonequilibrium of relationships that can be had; further evaluations are
flow in the MIM and is calculated as follows (Vervoort necessary to refine the relationships. Thus, keeping in
et al., 1999; Vallochi, 1985): mind the variability associated with the associated pa-

rameters, we feel general and gross relationships be-
tween soils with regard to solute transport can be as-leff 5 lMIMb 1

Vm(1 2 b)2

a
[3]

sessed with certain soil survey data. The National Soil
Survey Handbook (Soil Survey Staff, 1996) describes aleff was higher (P 5 0.10) in clayey than sandy hori-
method for estimating soil permeability using a combi-zons (331.0 and 2.0 cm, respectively) and indicated there
nation of particle-size distribution, consistence, pore ge-was less equilibrium flow in the clayey horizons. Blue
ometry, ped surface features, and structure. More re-dye staining and estimates of b indicated clayey horizons
search on these types of simple relationships may allowexhibited an increased degree of preferential flow. We
the use of soil survey data to approximate transportinterpret the high value for leff in the clayey horizons
parameters as well.as giving the same indication.

CONCLUSIONSComparison of Pedons
In this study, we compared measured values (Ks, V,To evaluate differences in solute transport parame-

R, cross-sectional area of blue dye staining) and modelters among the three pedons, weighted averages of the
estimated parameters (a, b, l) between horizons andBTC parameters for each profile were taken to a depth
pedons. It was evident that increased preferential flowof 250 cm. Although this approach neglects the connec-
occurred with increased clay content and higher devel-tivity of flow paths, many simulation models that accept
oped structure as compared with sandier horizons withinput by horizon also suffer from this limitation. It is less developed structure for all pedons. Our results alsosuggested that this approach can allow for relative com- indicated sandier pedons had a faster exchange of sol-parison between pedons. utes between mobile and immobile regions. We suggestIncreased bypass flow would be expected to occur in that these data indicate the soils on these landscapes hadthe pedons with more clayey Bt horizons. This expecta- differing solute transport characteristics, which wouldtion was supported by overall lower quantities of blue indicate it is important to separate these particular soildye staining and um/u values in the NE and SE pedons units during soil survey in the region.

than in the NW pedon, although values were not signifi- Correlations between model parameters and physical
cantly different (Table 5). Alpha was significantly higher soil properties were found, and PTFs were developed
in the NW (27.60 min21) than the SE (5.19 min21) pedon to estimate these model parameters. Although it was
(P 5 0.05), with the NE pedon lying intermediate (16.47 quite evident that soil properties could not account for
min21). The SE pedons had higher leff than NW pedons all of the variability in the transport and hydraulic vari-
(209.5–5.8 cm), although this was not significant. Thus, ables, it does appear that PTFs may be a valuable tool
only significant differences in a existed between the for gross approximation of hydraulic and transport
sandy and the clayey pedons, with the loamy NE pedon properties in some soils. Further investigations need
being intermediate of the other two. We believe that to develop relationships to grossly approximate these
from an interpretive standpoint, differences in a mani- transport parameters for a wide variety of soils, allowing
fest in differing solute transport for pedons, thus the NW for expanded interpretation of soil survey data.
and SE soils are dissimilar. Thus, to develop improved
management schemes, the development of an Order 1 REFERENCES
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