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Abstract Understanding the flow pattern of water
and solute in subsurface soils is critically
important in the fields of agricultural and
environmental sciences. Dye tracer tests using a
flood irrigation of Brilliant Blue FCF solution
(5 g l-1) and excavation method was performed to
investigate the effect of texture and structure on
the infiltration pattern at three different field soils
developed from granite (GR), gneiss (GN) and
limestone (LS). The GR soil showed a
homogeneous matrix flow in the surface soil with
weak, medium granular structure and a macropore
flow along pegmatitic vein and plant root in C
horizon. The surface horizon (A1) of GN soil with
moderate, medium granular structure and many
fine roots had matrix flow. The fingering occurred
at the interfaces of sandy loam A horizon and
loamy sand C horizon in GR soil and loam A1
horizon and sandy loam A2 horizon in GN soil.
The LS soil with strong, coarse prismatic structure
and the finest texture showed a macropore flow
along cracks and had the deepest penetration of
the dye tracer. The macropore (crack and vein),
layer interface and plant root induced the
preferential flow in the studied soils.

Keywords Crack Æ Fingering Æ Layer interface Æ
Macropore flow Æ Matrix flow Æ Plant root Æ Vein

Introduction

Soil can act as a filter and can trap contaminants in the
soil matrix preventing or reducing the contamination of
groundwater. However preferential flow of water and
solute in soil can allow contaminants to bypass the soil
matrix and to proceed rapidly to groundwater (Flury and
others 1994; Tindal and Vencill 1995). Preferential flow
has been recognized as an important process for the
transportation of water and contaminant in agricultural
practice and environmental science (Flury 1996; Ogawa
and others 1999). Flury and others (1994) examined the
infiltration pattern of 14 field soils using an irrigation of
dye tracer and excavation method. They found that
structured soils were more prone to produce preferential
flow and deeper penetration of tracer than unstructured
soils. Three types of preferential flow (macropore flow,
fingering and funnel flow) were recognized in unsatu-
rated field soils (Beven and Germann 1982; Helling and
Gish 1991).
The intensity of irrigation and rainfall and the moisture
content of surface soil affect the formation of the prefer-
ential flow (German and DiPietro 1996; Gjettermann and
others 1997; Quisenberry and others 1994). At low irriga-
tion intensity and moisture content of surface soil, water
in surface soil flows mainly due to the matrix potential that
is limiting the preferential flow in subsoil. However, a
positive pressure potential develops more extensively in
surface soil initiating the preferential flow in subsoil under
high irrigation intensity (Elliott and Coleman 1988).
Macropore flow involves the transport of water through
noncapillary large pores formed by dry and wet process,
freeze and thaw cycles, soil fauna and plant root (Beven
and Germann 1982). The size of macropores varies in a
wide range between 30 and 3,000 lm (Stein and others
2001). Buttle and Leigh (1997) showed that larger mac-
ropores serve as more efficient conducts for preferential
flow of water than smaller macropores. The soil with the
higher density of macropore had the greater drainage area
(Weiler and Naef 2003). Allaire-Leung and others (2000a,
2000b) demonstrated the effect of continuity and tortu-
osity of macropore on the infiltration pattern. Continuous
macropore exhibited faster water conduction and con-
ducted greater amounts of water than isolated macropore.
They also showed that the macropore with the greater
tortuosity had the greater retardation time and the greater
infiltration of water to the surrounding matrix. Beven and
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Germann (1982) suggested that the rainfall intensity of 1–
10 mm per hour might be sufficient to initiate macropore
flow depending on the initial moisture content of surface
soil. The macropore flow was triggered by intense rainfall
(>5 mm per hour) even in a deep sandy loam with poorly
developed structure (Simmonds and Northcliff 1998).
Hill and Parlange (1972) demonstrated first that fingering
could occur in a fine over coarse textured soil. When the
conductivity of the coarse-textured sublayer is greater
than the rate of transmission through the fine-textured
upper layer the flow velocity increases across the inter-
layer plane. The increased velocity leads fingering (Baker
and Hillel 1990). Fingering was also reported in water
repellent soils (Dekker and Ritsema 1994). The water
repellency of a soil depends on the content of organic
matter and water (Bisdom and others 1993; Dekker and
Ritsema 1994). Fingering also occurs when the air
pressure increases ahead of the infiltration front (Hill and
Parlange 1972).
Funnel flow along the sloping interface of horizons was
also recognized as an important phenomenon of prefer-
ential flows in subsurface soils (Walter and others 2000).
Saturated interflow occurred in the upper layer underlain
by a hydraulically restrictive layer such as massive bedrock
(Stagnitti and others 1986). A capillary barrier developed
at the sloping interface between the upper fine-textured
layer and the lower coarse-textured layer also leads to a
funnel flow (Kung 1990).
The flow of water in soils is not always uniform due to
their three-dimensional heterogeneity (Mooney and others
1999; Smettem and Trudgill 1983; Weiler and Naef 2003).
The infiltration of water and solute in soils by preferential
flow could not be adequately described and predicted by
models based on Darcian assumption (Beven and Ger-
mann 1982). Characterization of three-dimensional water
and solute transport in a natural soil profile is not easy due
to its textural and structural heterogeneous properties.
Ghodrati and Jury (1990) demonstrated that the quantifi-
cation of even the simplest parameter of solute transport
in a soil profile such as mean and maximum depth of
penetration was difficult using a coring method, the most
common conventional characterization method. Numer-
ous laboratory and field studies have been conducted to
figure out the flow rate and pathway of water and solute in
soil profiles.
Conservative inorganic ions such as bromide, chloride
and nitrate have been used to trace water flow and
contaminant migration in soils and aquifers. Dye tracing
has also been employed to visualize flow paths and to
mimic the transport behavior of adsorbing and nonad-
sorbing solutes (Flury and Jury 1995). The most com-
monly used dye tracer to stain flow paths in porous
media is the nonfluorescent food dye Brilliant Blue FCF
(C37H34N2Na2O9S3). Brilliant Blue FCF has a good visi-
bility in soils and a weak adsorption on soils (Flury and
Jury 1995). It also exhibits low toxicity and moderate
price, making it a good tracer. The objective of this study
was to examine the effect of textural and structural
differences on the water infiltration pattern using Bril-
liant Blue FCF tracer at three field soils.

Material and methods

Characteristics of soil
Three uncultivated forest soils in Korea with different
textures and structures were used for the field dye trace
experiment. They were developed over a Jurassic granite
(GR), a Precambrian gneiss (GN) and a Cambro-
Ordovician limestone (LS) (Fig. 1). Structure of the soils
was examined in the field. The soil color was recorded
using a soil color reader (Minolta SPAD-503, Minolta Co.
Ltd.). Three to four samples were collected from each soil
profile based on horizon for the laboratory analysis of
texture, mineralogy and chemical characteristics. The
texture of the sample was determined using a laser
particle analyzer (Mastersizer 2000, Malvern Co.) after
removal of organic matter, carbonate and iron oxide
(Jackson 1956). The mineralogical composition was
determined using an X-ray diffractormeter (MAC Science
MXP 18A Rint-2500). The acidity and electrical conduc-
tivity were determined using a 1 soil : 10 water method
(Jackson 1956). The ignition loss as an indicator of
organic matter content was determined by heating at
500�C for overnight.

Dye tracer test
A solution of Brilliant Blue FCF (Neveon Hilton Davis Inc.,
Cincinati, OH) at the concentration of 5 g l)1 was used to
stain the flow paths (Reichenberger and others 2002).
Before the application of the dye solution, the organic
horizon was removed and the surface was leveled to reduce
the effect of surface condition. Acryl square frame (1.0 ·
1.0 m) was installed into the ground at a 5 cm depth
(Fig. 2). The framed area was flooded with 150 L of the dye
solution and was covered with a vinyl film to prevent
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Fig. 1
Location map of the study sites: GN soil (1), GR soil (2) and LS soil (3)
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evaporation and dilution by rainfall. After 3 days of
flooding, the soil was excavated down to a 1.5 m depth at
an edge of the frame for the vertical view of the profile
(Fig. 2). The horizontal views of the soil profile were ex-
posed by removal of a 5 cm thick layer from the surface to
70 cm depth. The vertical and horizontal images were re-
coded using a digital camera (Sony Cybershot DSC-F717)
under daylight. The same camera position was maintained
for the horizontal image collection using an iron frame to
minimize distortion differences between successive faces.
The horizontal image of 80 · 80 cm for each layer, 10 cm
away from the frame, was used for the image analysis to
reduce the effect of boundary flow.

Image analysis
All image processing was conducted using a geographic
image processing software, ER Mapper, Version 6.2
(Earth Resource Mapping Corporate, Australia). The
pixel dimension of the photographs was resized with
1,200 by 1,200 pixels (80 · 80 cm) to normalize the res-
olution of each photograph. Because any arbitrary color
can be represented as a composition of the three spectral
densities in the red (R), green (G), and blue (B) range,
only the Red-band of these colors selected and saved in a
separate image plane with 256 gray values. After using
the median filtering command of the program, the pro-
cessed image was converted to black and white image
plane, and finally the dye-stained pixel was classified. The
dye coverage was determined by counting the stained
pixels in the photograph (80 · 80 cm) for the horizontal
view. For the dye coverage of the vertical view, the
photograph was divided into slices (80 · 5 cm) with
5 cm depth increments and the stained pixels of each
slice were counted.

Results and discussion

Characteristics of the soils
The characteristics of the soils are shown in Table 1. The
three soils were acidic and had similar EC values. The
color of three soils was yellowish red. The GR and GN soils
had similar mineralogy (quartz, feldspar, mica, kaolinite
and vermiculite) and the LS soil had quartz and kaolinite
as major minerals. The values of ignition loss for the three
soils ranged from 0.21 to 1.58%: the highest value for GN
soil and the lowest value for GR soil. The GR soil had A
and C horizons and the GN and LS soils had a deep A
horizon. The LS soil had the finest texture (silty clay loam)
and the GR soil had the coarsest texture (loamy sand). The
A horizon of GR soil had a weak, medium granular
structure and the C horizon had residual veins pegmatitic
veins consisting of sand size mica and quartz that origi-
nated from the parent rock. The surface soil of the GN soil
had moderate, medium granular structure and the sub-
surface soil had weak, medium subangular blocky struc-
ture. The LS soil had strong, coarse prismatic structure
and the interpedal cracks had a high vertical continuity
and a low tortuosity. The GR soil contained a few fine to
coarse roots. The surface soil of GN contained many fine
roots and the subsurface contained a few fine roots. The
surface soil of LS contained a few fine roots and no root
was observed in the subsurface soil. Any distinctive faunal
burrows were not observed in the three soils.
The characteristic, texture and mineralogy of parent rocks
were reflected in the characteristics of the soils. The tex-
ture and structure showed an apparent close relationship,
i.e. the GR soil with coarse texture had a weak structure
but the LS soil with fine texture had a good structure. The
granite, the parent rock of GR soil, consisted of coarse-
grained minerals such as quartz, muscovite and feldspar
and had complex pegmatitic veins. The coarse texture and
the residual rock structure in C horizon of GR soil are the
apparent reflection of the characteristics of the parent
rock. The weathering of the gneiss composed of fine-
grained mica, quartz and feldspar might lead to the
development of relatively fine-textured GN soil. The
limestone mainly consisted of calcite and also contained
trace amounts of fine-grained quartz and clay minerals.
During the pedogenic process, calcite is dissolved out first
and fine-grained quartz and clay minerals are enriched in
soil due to the higher solubility of calcite than those of
quartz and clay minerals. Therefore, the LS had fine
texture resulting in a good soil structure (Buol and others
1980).

Stain image of vertical sections
Figure 3 shows the stain images of vertical cross sections
for the three soils. For GR soil, the dye tracer penetrated
down to a 65 cm depth (Fig. 3A) and horizontally infil-
trated into 30 cm beyond the plot area along the interface
of A and C horizons not presented in this paper. A
homogeneous matrix flow occurred in the A horizon and a
wavy front (fingering) of the matrix flow extended into C
horizon. The macropore flow was also observed along the
vein and plant root in C horizon. A dispersed pale staining
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Fig. 2
Schematic presentation of the field dye tracer test
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was observed in the surrounding area of the stained vein
(Fig. 4A). At the end of preferential flow along the plant
root, the dye stain showed a swelled and rounded bottom
(Fig. 4B).
The front of the matrix flow in the GR soil (Fig. 3A) was
apparently a match with the boundary of A and C hori-
zons. When the wetting front arrives at the interface of
finer-textured A horizon and coarser-textured C horizon,
the downward movement of the wetting front temporarily
stops at the interface due to the higher suction of A
horizon and a lateral movement of the front may occur
until the downward movement restarts (Baker and Hillel
1990). When the conductivity of the C horizon was greater
than the rate of transmission through the A horizon, the
fingering might occur at the layer interface. The dispersed
pale stain might be the result of infiltration of conducting
dye through the vein into the finer-textured surrounding
matrix. The plant root induced a preferential flow (Devitt
and Smith 2002; Hangen and others 2002) and the coarse-
textured layer at the end of the root acted as a breaker for
the preferential flow resulting in the swelled and rounded
bottom (Yasuda and others 2001). Allaire-Leung and
others (2000a) showed a high concentration of solute
right below macropores in a soil.
The GN soil showed that the surface soil of a 10 cm depth
was almost completely stained by the dye and a fingering
was observed below that depth (Fig. 3B). The dye stain
extended down to a 35 cm depth in the vertical view. The
stain front was highly irregular and some isolated spots
around plant roots were stained by the dye. The LS soil
showed the most dramatic preferential flow pattern
(Fig. 3C). Only the surface soil of a 2 cm depth was al-
most completely stained for the LS soil. Below that depth,
macropore flow occurred along cracks and the dye pen-
etrated to greater than a 150 cm depth (the maximum
depth of vertical excavation for the site). The vertical
image of LS soil also showed staining of interpedal faces
(Fig. 4C). The thickness of infiltration into the sur-
rounding matrix of cracks was less than 2 cm and it de-
creased with depth.
The depth of fingering in the GN soil matched well with
the interface of finer-textured A1 (loam) and coarser-
textured A2 (sandy loam) horizons. The textural differ-
ence between the adjacent two layers might induce the
fingering as discussed above (Baker and Hillel 1990). The
stained spots around plant roots in the GN soil indicate
that a preferential flow occurred along the plant roots.
The macropore flow along the cracks led the deepest
penetration of the dye tracer in the well-structured and
fine-textured LS soil (Flury and others 1994). The thin
layer of stained matrix along the conducting crack indi-
cates that the solute and contaminant may bypass to
groundwater without the significant attenuation by the
soil matrix resulting in groundwater contamination. The
decreased thickness of the infiltration into the matrix with
depth was due to the increased hardness of peds as ob-
served in the field.
The calculated dye coverage with depth for the vertical
section of the three soils is shown in Fig. 5. The dye
coverage matches well with the visual observation of the
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vertical cross section. Matrix flow in surface soils showed
the dye coverage of greater than 90%. A sharp decrease of
dye coverage with depth showed just below the boundary
of matrix flow and preferential flow. The dye coverage of
the vertical face of LS soil sharply decreased with depth
down to a 35 cm depth and then the dye coverage in-
creased. The higher value of dye coverage showed at 55–
70 cm depth of LS soil. The higher dye coverage was due to
exhibition of the stained interpedal faces to the vertical
cross section.

Stain image of horizontal section
For GR soil, the A horizon was almost completely stained
by the dye and the dye stain extended down to a 65 cm
depth (Fig. 6A). The stains along the vein and the plant
root in C horizon were observed. The dye infiltration into
the surrounding matrix of the vein and the coarse plant
root was also observed. As observed in the stain image of
the vertical cross section (Fig. 3 and 4), the vein and plant
root act as a conducting route of the dye tracer resulting in
a preferential flow (Devitt and Smith 2002; Weiler and
Naef 2003). The pale stain around the vein observed in the
vertical image (Fig. 3 and 4) might be related to the
infiltration of the dye into the surrounding matrix. It was
evident in horizontal images as well.

Almost all of the upper soil of a 10 cm depth of GN soil
was stained and the dye tracer penetrated down to a 65 cm
depth (Fig. 6B). The stained area of subsurface soil was
dispersed on the horizontal faces. A linear-shaped stain
along fine plant roots was observed in some areas. It
indicates that the fine plant root acted as a conducting
route of the dye tracer (Hangen and others 2002).
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Fig. 4
The selected stained area of
vertical section of GR and LS
soils: pale staining around the
vein of GR soil (A), stain along
and end of root of GR soil (B)
and stained interpedal face of LS
soil (C). Dashed lines stand for
the veins

Fig. 5
Dye coverage of the vertical sections with depth

Fig. 3
The stained images of vertical sections of the three soils: GR soil (A)
GN soil (B) and LS soil (C). P represents for plant root in the figure; F
for fingering; V for vein; I for interpedal face
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Only the thin surface (<2 cm depth) of LS soil was almost
completely stained and the LS soil showed the deepest
penetration of the dye among the studied three soils
(Fig. 6C). The horizontal stain image of LS soil showed

both fuzzy and linear shapes and the linear shape became
dominant with increasing depth. The width of the linear-
shaped stain decreased with increasing depth. The pris-
matic peds in subsurface soil was harder than those in the
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Fig. 6
Dye stained images of the hori-
zontal sections: GR soil (A), GN
soil (B) and LS soil (C). V stands
for vein and P stands for plant
root
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surface soil observed in the field. It resulted in less extent
of infiltration of dye into the surrounding matrix in sub-
surface soil. The horizontal stain image also indicates that
matrix and macropore flows occurred only in the surface
soil (0–10 cm depth) and a macropore flow along the
cracks was the dominant flow pattern in subsurface soil.
The dye coverage of the horizontal sections (Fig. 7) had a
very similar pattern with the dye coverage of the vertical
sections (Fig. 5) except the LS soil. The dye coverage of the
horizontal section of LS soil showed a sharp decrease with
increasing depth down to a 20 cm depth and then the dye
coverage remained about 10% even though the depth in-
creased down to 70 cm. The data of the horizontal dye
coverage also strongly supports the flow pattern observed
in the horizontal image.

Conclusions

The poorly structured surface soils of GR and GN showed
a homogeneous matrix flow. A fingering was developed at
the boundary of the finer-textured upper layer and coar-
ser-textured sublayer of GR and GN soils. Plant roots in
GR and GN soils induced a preferential flow. The coarse-
grained pegmatitic vein originated from the parent rock in
C horizon of GR soil also led a macropore flow with thick
infiltration into its surrounding matrix. The LS soil with
strong, coarse prismatic structure was dominated by the
macropore flow along cracks. The LS soil showed the
deepest penetration of dye tracer. A general conclusion is
made for the water flow pattern for the three soils as fol-
lowings:

1. The matrix flow occurred in the poorly structured
surface soils;

2. the fingering occurred at the interface of the coarser
layer over the finer layer;

3. veins originated from the parent rock and plant root led
a preferential flow along them;

4. the well-structured soil showed the deepest penetration
of the dye tracer among the studied soils.
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