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ABSTRACT

Preferential flow has recently been the subject of increasing interest because these phenomena contribute to solute
transport in soils. Commonly, preferential flow paths are associated with macropores or highly structured soils. We
presented an analysis of the measured breakthrough curves (BTCs) of Cl” and Cu?* ions to test the occurrence of
preferential flow in soils using miscible displacement technique under steady flow conditions. We also analyzed soil
water retention curves and from this curves induced cumulative pore size distribution of undisturbed soils, which
sampled from Apl, B1, and C horizons of Songjeong series soils (the fine loamy, mesic family of Typic Hapludults).
In this study, miscible displacement experiment on C horizon was excluded, because it is structureless sandy loam
with saturated hydraulic conductivity of 5.2 cm hr. The saturated hydraulic conductivity of Apl horizon was 2.0
em hr?, which was about 7 times higher than that of B1 horizon (0.27 cm hr!). Cumulative pore size distribution
predicted that Apl horizon had more macropores (pore diameter larger than 49m, equivalent to -6 kPa of scil
matric potential) than B1 horizon. The hydrodynamic dispersion coefficient from chloride BTCs was estimated as
1.3 cm2 hr for B1 and 34 cm? hr! for Apl horizon. However the retardation factors of B1 and Apl horizon were
significantly different, i.e. 1 and 0.6, respectively, which means that there was distinct partition between mobile
water and immobile phase in Apl horizon. The copper retardation effect of Apl horizon was less than that of Bl
horizon, even though cation exchange capacity of Apl horizon was higher than that of B1 horizon. Thus,
breakthrough curves of CI' and Cu?" obviously showed the probability that preferential flow would occur in Apl
horizon.
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Introduction groundwater quality. Macropores have the capacity to carry
enormous amounts of water at velocities that greatly exceed

those in the surrounding matrix (Beven and Germann,
1982). In macroporous soils, therefore, the transport of
water and solute can be described as two flow region, of

which one is macropore flow and the other is matrix flow

Water and solute transport through macroporous soils
are very important subject in the fields of environment as
well as agriculture because the flow of chemical-containing

water through preferential pathway can threaten
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(Beven and Germann, 1982; White, 1985; van Genuchten
and Wierenga, 1976; Bouma, 1991).

In particular, water flow through continuous macropores
is called preferential flow. The preferential flow has been
studied in various soils and conditions. The rapid leaching
of water and chemicals (Phillips et al., 1995} and the
channeling effects on their transport (Tyler and Thomas,
1981) are of major concemns in most no-till macroporous
soils, while the film-flow down the channel walls is
important in cracked clay soils (Bouma et al., 1981). Li and
Ghodrati (1994) observed the significant preferential
movement of NOs™ through the decayed root channels.

The extent of solute leaching by preferential flow in
undisturbed soils depends on the location of solute, the
ratio of macropore to matrix flow, the saturated hydraulic
conductivity of the matrix, the antecedent water content of
soil, and the rate of solute diffusion between the mobile and
immobile water volumes (Bouma, 1991; Shipitalo et al.,
1990; White, 1985). As such, preferential flow through soils
has been studied using non-reactive tracer, which is not
common in the adsorbed phase of soil using miscible
displacement technique (Bouma, 1991; Shipitalo et al.,
1993; White, 1985). In general, Br and Cl" anions have
been used as tracers to study water flow in soil cores,
lysimeters, and the field soils, since the mobility of cation
species is much lower than that of anion species due to
adsorption to the exchange site of soil particles (White,
1985). Moreover, the breakthrough curves (BTCs) of cations
applied to the surface of soil surface are also influenced by
preferential flow due to presence of macropores in soils
(Shipitalo et al., 1993).

Since the analysis of BTCs can provide informations on
the characteristics of water and solute transport through
soil (Bouma, 1991), we presented an analysis of the
measured breakthrough curves of Ct and Cu® ions to test
the occurrence of preferential flow in soils using miscible
displacement technique under steady flow conditions. In
this analysis, we measured soil water retention curves and
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estimated cumulative pore size distributions of undisturbed
soil samples collected from Apl, Bl, and C horizons of
Songjeong series {the fine loamy, mesic family of Typic
Hapludults).

Materials and Methods

1. Soil profile characteristics

Undisturbed soil core samples were collected from Apl,
B1, and C horizons of Songjeong series {the fine loamy,
mesic family of Typic Hapludults) located in apple orchard,
College of Agriculture and Life science, Seoul National
University, in Suwon.

Apl (0 - 17 cm): brown to dark brown (7.5YR 4/4) fine
gravelly sandy clay loam; moderate fine granular structure;
friable, slightly sticky and slightly plastic; common fine
quartz; many fine grass and tree roots; abrupt smooth
boundary.

Bl (17 - 55 cm): yellowish red (7.5YR 5/6) fine gravelly
sandy clay loam; weak fine to medium subangular blocky
structure; thin patch clay cutan; friable, slightly sticky and
slightly plastic; common fine mica and common fine quartz;
many fine grass roots; clear smooth boundary.

B2 (55 - 79 cm): reddish yellow to yellowish red (7.5YR
5.5/6) fine gravelly sandy loam; weak fine to medium
subangular blocky structure; friable, slightly sticky and
slightly plastic; common fine mica and quartz grits; many
fine to coarse roots; gradual wavy boundary (excluded in
this study).

C horizon (79 - 120 cm): reddish yellow (7.5YR 7/6) sandy
loam; granite saprolite; firm, nonsticky and nonplastic;
many fine quartz grits; few coarse roots.

Even though this study site can be classified as Sonjeong
series because of clay content higher than 0.18 kg kg, its
physical properties are rather similar to those of Yesan
series (the coarse loamy, mesic family of Typic
Dystrochrepts). The B2 horizon was regarded as a mixed
horizon of Bl and C horizons.



2. Measured water-retention and saturated
hydraulic conductivity

To measure hydraulic properties of the soil, five
undisturbed cores (5.4 cm in diameter by 3 cm long) were
taken from Apl, Bl, and C horizons of Songjeong series
soil. Prior to measurements, the cores were saturated with
0.005 M CaCk solution from the bottom and then allowed
to be equilibrated for more than 24 h. Five cores from each
horizon were used to determine saturated hydraulic
conductivity (Ks) in the laboratory by the constant-head
method. The Ks value for each horizon was the arithmetic
mean of five cores from the same horizon.

The same cores used to determine Ks were further used
for water-retention curves in the laboratory by the multi-
step outflow method. Water-retention was determined
successively at -2, -4, -6, -10 (or -15), -33, -50, and -100
kPa of matric potential using Tempe pressure cell. At
each measurement span, the changes in volume of
outflow was measured with time. At the end of entire
span for each sample core, the bulk density and water
content of the soil was determined. Saturated water
content (fs) and water content at -2, -4, -6, -10 (or -15), -
33, -50, and -100 kPa matric potential were calculated
using total volume of outflow, final water content, and
bulk density.

3. Estimation of unsaturated hydraulic
conductivity function

The measured water-retention data were fitted to the
equation of Campbell (1974) to obtain an empirically derived
parameter describing the slope of the relationship between
soil water tension and relative saturation @/6s):

-b

) 9]

h(0) = ha( 8

where h is the soil water tension, ha is the air entry
pressure, and ¢ is volumetric water content at a given soil
water tension.Unsaturated hydraulic conductivity function
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was calculated from water-retention and saturated
hydraulic conductivity using the equation (Campbell, 1974):

2b+3

K(6) = Ka( —0—) (2)
where K is hydraulic conductivity at a given soil water
content 4.

4. Estimation of particle-size distribution

Mean pore diameter (um) at a given soil water tension was
estimated from water-retention using the following equation
(Danielson and Sutherland, 1986):

do = 40X 10°%/pugh) 3

where ¢ is surface tension of water (0.0724 J m? at 257),
pw is density of water (1 Mg m™®), g is gravitational
acceleration (9.8 N kg), and h is the soil water tension
expressed in cm of water.

5. Miscible displacement experiment

Miscible displacement experiments were performed using
undisturbed cores (7.4 cm in diameter by 7.4 cm long)
sampled from Apl and Bl. Each soil core was sealed with
fritted glass plates at both ends and connected to a Mariotte
bottle at the upper end of the column and open to the
atmosphere at the column terminus. Prior to experiments,
soil cores were slowly saturated with 0.005 M CaSO4 from
the bottom. After a steady-state flux of CaSOs solution was
established, a 0.005 M CuCk solution was introduced into
the column. Effluent samples were collected using fraction
collector (SMI. Model no. 12063} and analyzed for Ca®
using AAS (Atornic Absorption Spectrophotometer) and for
CI' using jon chromatography.

6. Breakthrough curve analysis

The measured breakthrough curves were analyzed using
the following equation (van Genuchten and Wierenga, 1986)
under constant concentration boundary at surface:



1 -
0/00= = et~ —E— + Loy (%) e (2 Py (g

g T

where C is the solution concentration (ML?) at a given

pore volurne, Co is the concentration of incorning solution, t
is time (T), D is the hydrodynamic dispersion coefficient {L2T),
R is the retardation factor (dimensionless), v is the pore
water velocity (LT") calculated from q/f (q: water flux, ¢:
volumetric water content), p is the number of pore volume,
and L is the length of the column.

The hydrodynamic dispersion coefficient and retardation
factor of solutes during transport were estimated by fitting
Eq. {4) to the measured chloride BTCs, and the goodness of
the fit was obtained by minimizing sum of error square
(Singh et al., 1991).

Results and Discussions

1. Soil physical properties and pore size
distribution

The bulk density of Bl horizon was higher than that of
Apl and B1 horizon. And clay content and sand content of

Table 1. The physical properties of Apl, Bl and C horizon

Bl horizon was higher than those of Apl horizon. This
could be due to thin patch clay cutan of Bl horizon. Thin
patch clay cutan was reported as an indication that water
has flowed with sufficient force to redistribute fine particles
of sediment (Beven and Germann, 1982). The distribution
of cutans in the profile may be interpreted in terms of
connectivity and ability of the macropores to conduct water
(Beven and Germann, 1982). In this soil profile, the clay
cutan was widely distributed in Bl and B2 horizon. The
organic content was highest in Ap1 horizon and very low in
B1 and C horizon. C horizon had low clay content.

The saturated hydraulic conductivity was lower in Bl
than Apl horizon, and was highest in C horizon. According
to high saturated hydraulic conductivity of C horizon, it can
be considered that the limiting horizons of water and solute
transport is Apl and B1 horizon.

The parameter b of Campbell model is related with slope
of semi-log water retention curves. As b is bigger, decreased
water content relative to unit change of soil water potential
was smaller. So large b value may represent large water
retention capacity. Because the b value of B1 horizon was
highest and that of C horizon lowest, it could be considered

* i * icle siz Saturated
Horizon dfrl:sl::;y g;f:;lc Gravel distl:'iitlttiien (W: ) Textural hydraulic
(%) class conductivity
(g cm™®) (g kg Silt Clay (cm hr')
Apl 1.35 15.6 10.87 54.40 22,51 23.09 SCL 2.00
B1 1.54 1.3 9.76 58.58 15.21 26.21 SCL 0.27
C 1.32 0.7 14,57 73.26 19.37 7.37 SL 5.24
* Organic matter : Walkley-Black method
" Particle size distribution : Pipet method
Table 2. The chemical properties of Apl, Bl and C horizon
Cation exchage ** Exchageable cation Base
Horizon capacity (cmol* kg™) saturation
(emol* kg?) Ca Mg K Na Cu (%)
Apl 15.15 2.18 1.50 1.12 0.04 *ND 31.90
Bl 12.60 062 0.51 0.34 0.05 *ND 12.09
C 8.84 0.27 0.29 0.13 0.04 *ND 8.24

* ND : Not detect
" Exchangeable cations : 1IN ammonium acetate extraction method
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that the water retention capacity was highest in B1 horizon
and lowest in C horizon. The maximum pore size in each
horizon can be calculated from air entry pressure (hs). The
pore diameter equivalent to ha. of Apl, Bl and C horizon
was 466.4 ym, 348.81 ym and 230.95 um, respectively, by
using eq. (3). This suggests that Ap1 horizon can have more
macropores than other horizons. In cumulative pore
distribution (Fig. 1), pores larger than 148 ym in Ap1 horizon
occupied about 13% of total porosity, which is about two
times of that of B1 horizon. Macropore and macroporosity
were defined as the pore size and porosity more than

equivalent pore size of - 6 kPa soil water potential
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Fig. 1. The water retention curves(a) and cumulative
pore size distribution(b) of Apl, B1, C horizon.
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(McDonald, 1967). Therefore in measured data, the - 6 kPa
could be set as the boundary of macropore and micropore.
By this definition, macroprosity of Apl and B1 horizon were
24% and 14% of total porosity, respectively. It can be
considered that the granular structure of Apl horizon and
the subangular structure of B1 horizon contributed to
macroporosity.

2. Copper and chloride BTCs of saturated
undisturbed cores

Miscible displacement was carried out by using
undisturbed cores of Apl and Bl horizon except C horizon
which has little limitation of transport processes, Water flux
of Apl and B1 cores was controlled less than saturated
hydraulic conductivity because ponding water would hardly
occur due to good drainage of soil profile.

Chloride BICs of Ap1 and B1 core is shown in figure 2. At
one pore volume, the relative concentration of BTC in Bl
core was about 0.5 whereas in Apl core was 0.85. The
hydrodynamic dispersion coefficient (D) of Ap1 core was
about forty times larger than that of Bl core (Table 3.). The
retardation factor (R) of B core was 1, where suggest that
immobile fraction of pore water did not exist in B1 core. But
in Ap1 core having 0.60 of the retardation factor, immobile
fraction of pore water was 40% of total porosity. Initial
breakthrough was also about eight times faster in Ap1 than
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Fig. 2. The chloride breakthrough curves of undisturbed
cores from Apl and B1 horizon.



Table 3. The parameters of chloride breakthrough

curves(BTCs)
Horizon Apl Bl
Water flux (cm hr) 143 0.25
Porosity (m? m®) 049 042
Average pore water velocity, v (cm hr) 3.10 059
Hydrodynamic dispersion coefficient, D{em?hr!) 3395 1.29
Retardation factor, R 0.60 1.00
Immobile pore water fraction, (1-R) 0.40 0.00

B1 core. In the type of breakthrough curves, the chloride
BTC of Apl core had large non-symmetry and slope of
initial chloride concentration. Bouma (1991) reported that
the type such as chloride BTC of Apl corresponded with
occurrence of macropores and the type such as chloride
BTC of B1 core with a heterogeneous pore system.

Tailing of BTC at more than three pore volume was more
significant in Ap than in B1 core. This phenomenon
indicates that the increase of relative concentration can be
limited by an effect of diffusion-limited exchange between
the immobile intrasolution and the rapidly percolating
interaggregate solutions (Sollins et al., 1988).

The mobility of copper was less than chloride because
cation adsorbs soil particle surface having negative charge.
So the relative concentration of copper BTCs was much less
than that of chloride BTCs at same pore volume. Figure 3
shows that initial breakthrough of copper was faster in Apl
core than in Bl core and increase rate of relative
concentration was also larger in Apl core than in Bl core.
This suggests that the retardation effect of copper was
greater in Apl core than in Bl core even though the cation
exchange capacity of Apl horizon was higher than that of
B1 horizon.

Thus, BTCs of Cl" and Cu* obviously showed the
probability that preferential flow would occur in Apl
horizon. But in B1 horizon of clay accumulated layer
preferential flow did not occur. So preferential flow through
whole soil profile could rarely occur because it could be
limited by B1 horizon even though it occur in Ap1 horizon.

Preferential water flow caused by aggregation and

macropore development may serve to prevent nutrient
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Fig. 3. The copper breakthrough curves of undisturbed
cores from Apl and B1 horizon.

leaching in many ecosystems, for example, forest soils
(Solins et al., 1988). But in cultivated macroporous soil
applied agrochemicals such as fertilizers and pesticides,
when heavy rainfall or excessive irrigation happens, these
dissolved agrochemicals can leach rapidly as preferential
flow (Edward et al., 1992). Especially, the chemical-
containing water leaching by preferential flow would be
significant in macroporous soils which do not have a limited
layer, for example, Bt horizon.
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