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Abstract

Soil preferential flow infiltrating rapidly through the rock—soil interface is an important hydrological process in karst rocky
desertification area. However, how does the water leakage in the near-surface fissures, especially those filled with soil, pro-
ceed? The role of preferential flow at rock—soil interface of those fissures on water leakage process still puzzles us. The goal
of this study was to reveal the role of soil preferential flow at the rock—soil interface in the process of water leaking of near-
surface fissures. Five typical types of near-surface fissures were selected in an area experiencing severe rocky desertification
in Guizhou Province, China. Dye tracer testing was applied, combined with digital image processing techniques. The results
indicated that the rock—soil interface flow on both sides of the fissures is the most important preferential flow form in the
fissures in karst area. The dyed area ratio of preferential flow varied from 0.12 to 0.48 in the rock + soil profiles, from 0.06
to 0.37 in the soil profiles, and between 0.02 and 0.16 in the rock—soil interface. The rock—soil interface is the smallest in
terms of both their variation range of dyed area ratio and preferential flow patterns compared with soil and rock—soil profiles.
The soil preferential flow in near-surface fissures mainly occurs in the soil depth range of 0-20 cm. The preferential flow
path is mainly affected by the rock—soil interface on both sides and can pass through the clay layer with poor permeability.
However, the soil depth of the dyed part was more than 50 cm. The soil preferential flow at the rock—soil interface is the main
form of rapid downward leakage of water in near-surface fissures in the karst rocky desertification area, which can flow to
the bottom of clay layer with poor permeability.

Keywords Rock—soil interface - Preferential flow - Dye tracing - Rocky desertification

Introduction

At present, karstic areas around the world cover approxi-
mately 22 million km?, accounting for 12% of the total land
area of the world (Liu et al. 2020). The karstic area of China
covers approximately 3.44 million km?, accounting for 1/3
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of the total land area (Song et al. 2017), among which that
in Southwest China totals approximately 0.54 million km?.
This area is well known as the largest karst ecosystem in
the world. As a famous karst province, most of Guizhou
Province belongs to the karst area (Zhang et al. 2001). Rock
desertification, as the most serious environmental prob-
lem affecting karst areas, forms when rocks are gradually
exposed to the surface due to soil erosion or leakage loss.
Under the joint actions of karstic and anthropogenic activi-
ties, carbonate rocks develop into karst grooves and near-
surface fissures (White 1995). In fact, Guizhou Province has
a subtropical monsoon climate. There is plenty of precipita-
tion feeding the rocky desertification area with rainfall aver-
ages approximately 1100-1300 mm yr~'. However, this area
has dual space structures of surface and underground, with
thin soil cover, low total amount of soil, low water storage
capacity and developed fissures. The downward leakage of
water is an important process that causes soil underground
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leakage and further aggravates rocky desertification-derived
drought (Wang et al. 2014; Oberle et al. 2016). Therefore, it
is of great significance to study the process and characteris-
tics of water leakage in karstic rocky desertification areas.

Because of its special dual hydrogeological structure in
the karst rocky desertification area (Li et al. 2016), the soil
cover on the surface is thin and discontinuous with weak
water-holding capability (Wang et al. 2014). Rainfall can
easily infiltrate into underground systems through soil, as
well as fissures and conduits. Groundwater is abundant but
short of surface water, which makes it difficult for rainwater
to be used by plants and leads to drought of rocky deserti-
fication (Chen et al. 2013). In addition, the exposed rate of
bedrock in the severely rocky desertification area is high,
and the rock-soil interface is widely distributed. It increases
the complexity and heterogeneity of water movement in this
area (White 2002). It is very difficult to directly monitor the
downward leakage of water in karst areas. How to observe
the process of water downward leakage intuitively becomes
a technical problem that needs to be solved in this field.
Water infiltration is an important link and process for the
mutual transformation of surface runoff and subsurface run-
off (Parchami-Araghi et al. 2013). It determines the distri-
bution of rainfall in karstic surfaces and underground space
systems. Rainfall is more likely to enter the underground
space through fissures in this area, where surface runoff is
difficult to observe (Peng and Wang 2012). However, how
does the water infiltration in the near-surface fissures, espe-
cially those filled with soils, proceed? It still puzzles us.

Preferential flow is also called non-uniform flow as a
common form of soil water movement (Zhang et al. 2019).
The pathway distribution characteristics of preferential flow
can directly reflect the process of soil water movement. It
plays an important role in the water use efficiency of plants
and soil water-holding capacity (Sidle et al. 2001; Ma et al.
2017; Hangen et al. 2005). Water in soil usually infiltrates
downward with a form of piston flow in the soil matrix
(Sukhija et al. 2003), but non-uniform reasons widely dis-
tributed in this area, such as animal activities and plant roots
in the soil, and also the fissures of soil (Li et al. 2017). The
movement of water in soil must be different from that in non-
karst areas (Lee et al. 2011). Rock outcrops and soils exhibit
mosaic patterns in karst rock desertification areas. There
are different hard and soft interfaces between them. Hard
interface refers to water repellent rock, and the soft interface
refers to permeable soil. Will a new form of soil preferen-
tial flow be formed at the rock-soil interface? Solving this
problem can further explain why the rock-soil interface in
near-surface fissures is one of the ways of water loss in rocky
desertification areas.

Therefore, five types of near-surface fissures filled with
soils were selected in an area experiencing severe rocky
desertification in Guizhou Province, China, to study the
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role of the preferential flow at rock—soil interface in the
water leaking process in near-surface fissures by using digi-
tal image processing technology and the dye tracer method
that is most commonly used in preferential flow experiments.
This work aims to (i) analyze the pathway distribution char-
acteristics of preferential flow in rock—soil interface, (ii)
verify the characteristics of the dyed area ratio of preferen-
tial flow in rock-soil interface and (iii) reveal the role of pref-
erential flow in rock—soil interface. The results can further
understand the lack of surface runoff and water infiltration
of soil in karst rocky desertification areas and discuss the
process of the groundwater leakage in this area.

Materials and methods
Study site

The study area is located in the town of Qingyan, Huaxi
District, Guiyang city, China. Qingyan Town, known as one
of the four ancient towns in Guizhou Province, is a typi-
cal rocky desertification area in Guiyang. Dr. Marjorie M.
Sweeting (1992), an international famous karst geomor-
phology scientist, had several times come in this area to
observe and study karst landform. The town of Qingyan is
the central distribution center of the southern suburb, located
at 106° 37'- 106°44'E and 26°17'-26°23'N. It is approxi-
mately 10 km wide from north to south and 8 km from east
to west, with a total area of 92.3 km?. The climate of this
area belongs to a middle subtropical monsoon humid area.
The annual average temperature is 15 °C. The annual aver-
age rainfall is approximately 1100 to 1300 mm. The main
soil types are calcareous soil on the surface, yellow clay in
deeper layer, and paddy soil in the paddy field. These soils
are neutral and slightly acidic. The Qingyan River, Yangmei
River and Zhaosi River belong to the Pearl River system,
which receives an average annual runoff of 613 mm. The
Pearl River system has long sources and fine flows and a
large fluctuation range of floods and droughts.

Experimental design

Five types of near-surface fissures were selected to con-
duct water transport experiments in which no fissures were
taken as the control in this area. The near-surface fissures
are patches of rock and soil, and the soil at least 1 m away
from the rock. The basic information for these near-surface
fissures is shown in Table 1. The soil type is calcareous,
and the rock type is dolomite. The shape, opening degree
and dip angle of the rocks are different at the near-surface
fissures. Every plot on an area of 50 cm X 50 cm for each
near-surface fissure was selected, and the plant litter and
stones on the surface were removed carefully before the test.
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Table 1 Basic information of the selected of near-surface fissures

Numbers Near-surface fissure types Opening Dip angle Geographic location /m  Aspect Vegetations
degree/  of rocks/®
cm
CK No fissures - - N26°21'4", E106°4020” 1069 136° Corn, Setaria, etc
\% V-type 20 40 N26°219", E106°40'18” 1068 100° Bidens bipinnata, Setaria, etc
w W-type 38 90 N26°21'8", E106°40'17" 1064 120°  Peach Tree (Height: 153 cm, crown
width: 1 m), Bidens bipinnata, Celery,
Hispid Arthraxon, etc
WR -type 40 89 N26°21'8", E106°40'17" 1064 120°  Radish, Ostrich Fern, Rubus parvifolius,
Bidens bipinnata, etc
v Inclined V-type 53 80 N26°21'9", E106°40'18" 1072 47° Bidens bipinnata, Chrysanthemum
indicum, etc
F Conduit-type 13 71 N26°21'9", E106°40'17" 1072 123°  Bidens bipinnata, Celtis sinensis,

Oxalis, etc

The experiment of soil preferential flow was completed by
using Brilliant Blue dye tracer (Flury and Wai. 2003). The
dye tracer was Brilliant Blue 85 (Brilliant Blue FCF), and a
solution with a concentration of 4 g/LL (normal dosage) was
prepared as a tracer. Each near-surface fissures type treat-
ment was repeated 3 times. Brilliant Blue FCF with good
visibility in the soils is nontoxic and easily adsorbed by
soils. It can show the pathway of water movement in near-
surface fissures.

Methods

The test was conducted in July 2020 without a rainfall event.
Brilliant blue FCF with a volume of 10 L was sprayed evenly
over a 50 cm x50 cm area at 40 mm /h for each near-surface
fissures site. The solution was sprayed manually on the soil
surface for approximately 60 min to avoid water accumula-
tion. When the tracer solution had infiltrated (during this
period, it was covered with film to reduce the influence of
water evaporation and rainfall) after 24 h, the vertical pro-
files were excavated along the dye boundary at 10 cm inter-
vals (Fig. 1). The excavated depth was limited by the deepest
part. The boundary of each profile was determined using a
tower ruler. Then, each dyed profile was photographed with
a camera (Canon EOS 400 D).

Photograph processing: (i) Cutting the dyed image: The
Sect. 10 cm away from both sides of the boundary was
removed, taking infiltration depth as the maximum size
of the height. (ii) Correcting the dyed image: The paral-
lax problem in the shooting process was corrected, and the
image was defined by treating 1 mmX 1 mm as one pixel.
(iii) Binary image: The dyed area was colored black, and the

undyed area was colored white through visual inspection
methods and the adjustment of the color saturation, color
phase, color scale, etc. by using CSS5 software. Here, the
color difference between the dyed and undyed areas was
obvious. The dye-stained area of the images is consistent
with the actual. (iv) Statistical image data: Image informa-
tion statistical analyses were conducted by MATLAB pro-
gramming, including calculating the black and white dye-
ing proportion of unit pixel row, drawing the change trend
of black and white dyeing proportion with increasing soil
depth, and calculating the nonuniformity coefficient, coef-
ficient of variation, and preferential flow parameters.

The dyed area ratio of the profile of preferential flow is
widely used to evaluate the degree of preferential flow. The
higher the dyeing area ratio is, the more developed the pref-
erential flow (Allaire et al. 2009). This parameter can be
calculated by the following formula:

D
D =————
=i, 0

where D, is the ratio of dyed area of a profile; D is the total
dyed area, mm?; and N 1 1s the undyed area, mm?.

The evaluation index of the degree of preferential flow,
that is, the variation coefficient of the area ratio or preferen-
tial flow (Chen et al. 2015) is used to characterize the rela-
tive maturity of preferential flow. It can also directly reflect
changes in the dyed area at different depths in the profile.
The smaller the evaluation index is, the higher the preferen-
tial flow development (Wu et al. 2014; Liang et al. 2017).

This parameter can be calculated by the following formula:
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Fig. 1 Diagrammatic sketch of the dyed profile of near-surface fis-
sures. a location of the study site in Guizhou province, China; b
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No fissures, (V) V-type fissure, (W) W-type fissure, (WR) W +rocks-
type fissure, (IV) inclined V-type fissure, (F) conduit fissure

where C, is the variation coefficient, %; S is the variance
in the dyed area ratio; x is the mean value of the dyed area
ratio of a profile; and x; is the dyed area ratio at the depth of
near-surface fissure profile i.
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Fig.2 (continued)

Results

Pathway characteristics of preferential flow in rock-
soil interface

Figure 2 shows the dyeing characteristics of different near-
surface fissure types of rock + soil profile, soil profiles and
rock—soil interface. The difference in dyeing concentration
of each profile reflects the path of preferential flow or leak-
age of near-surface fissures. The dyeing of the control (CK)
profiles was mainly concentrated in the soil layer 0-30 cm
(Fig. 2a). The dyeing shown in the figure is relatively uni-
form, and the water flow path moves downward in the shape
of multiple funnels. Unstained soils are predominantly yel-
low clay layers with poor permeability, making it difficult for
water to pass through. The boundary between the dyed zone
and the unstained zone is the junction of the tillage layer
and the clay layer. Compared with the control, in the near-
surface fissure profile, the dyeing of the preferential flow
path is characterized by the path correlation characteristic
of the rock—soil interface (Fig. 2b, c, e, f). Among them, the
preferential flow dyeing of the V-type near-surface fissure
(Fig. 2b) was funnel-shaped, breaking through the yellow
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clay layer and reaching a depth of 40 cm. However, the pref-
erential flow path dyeing at the rock—soil interface exceeds
50 cm. Compared with V-type near-surface fissure, the
soil-rock interface dyeing of inclined V-type near-surface
fissure (Fig. 2e) also breaks through the yellow clay layer.
Preferential flow dyeing was also characterized by root-
dependent pathways, and dyeing obviously. In contrast, areas
with inconspicuous flow dyeing had no or few plant roots.
The preferential flow dyeing depth of the conduit-type near-
surface fissure profile (Fig. 2f) reaches 70 cm. In the yellow
clay layer below 80 cm, it is difficult to observe the dyed
part. Unlike other types, the W +rocks-type near-surface fis-
sure contains gravel and is not in contact with the rock-soil
interface. The rock—soil interface is dyed but the gravel is
not dyed, and the soil interface is also less deeply dyed. This
type of near-surface fissure indicates that the preferential
flow at the rock—soil interface is faster than that of the soil,
allowing water to bypass the soil and preferentially move
down through the rock—soil interface path.
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Fig. 3 Variation in the dyed area ratios of profiles with soil depth for different near-surface fissures. (CK) No fissures, (V) V-type fissure, (W)
W-type fissure, (WR) W +rocks-type fissure, (IV) inclined V-type fissure, (F) conduit fissure

Characteristics of the dyed area ratio of preferential
flow in rock-soil interface

Figure 3 shows the coverage ratios of the dyed area in each
profile of the near-surface fissures. With the increase in soil
depth, the dyed area ratio of each profile of CK generally
increases at first and then decreases (Fig. 3a). The dyed area
ratio of each profile is quite different. It decreases sharply
at a depth of approximately 7 cm and approaches approxi-
mately 0 at 25 cm. There are smaller differences in the dyed
area ratio of each profile with the V-type fissure (Fig. 3b).
They show a uniform and monotonous sharp decrease in
the range of 20-30 cm depth, and then, the dyed area ratio
rebounds and tends to zero. The dyed area ratio rebounds at
depths of 40-50 cm and subsequently tends to O where the
rock of rocksoil interface is dyed in this range of soil depths.
The changing trend of the dyed area ratio of each profile of
W-type near-surface fissure is very different from that of
other profiles (Fig. 3c), which related to the distribution of
tree roots and gravel in soil (Fig. 2c, there is a peach tree,
but the image is not shown due to excavation). Complex
soil conditions affect the behavior of water flow, resulting
in the complexity of the dyed area ratio of each profile. The
dyed area ratio of each profile of W +rock-type near-surface
fissure decreases as the soil depth increases (Fig. 3d), but

a double peak rebound appeared in profile 3 at depths of
25 cm and 30 cm. The dyed area ratio of profiles 1 and 2
for the inclined V-type near-surface fissure is obviously dif-
ferent from that of profile 3 within 10 cm in the soil depth,
and there is a large difference between each profile (Fig. 3e).
The profile 3, which had a downward trend, rebounded at
19 cm and then continued to decline. This is related to the
proportion of rock in the profile. In detail, the dyed area of
rock is limited to its surface. The three profiles in the image
divide the dyed rock area into three parts. In the image field
of view, the proportion of rock of profile 1 is the largest,
followed by profile 3. In profile 2, because the dyed part of
the rock is linear in the profile field of view, the proportion
is the smallest. It can be said that the difference of dyed
area ratio of each profile is the difference of the dyed area
ratio of rock. Differing from the other near-surface fissure
conditions, profile 1 of the conduit-type fissure (F) presents
a multipeak-valley change obviously within 30 cm in the soil
depth (Fig. 3f., The reason for this difference is the same as
Fig. 3e). The variation trend of the dyed area ratio for other
profiles is gentle in smaller values, which is related to the
inclination of the rock and the position of the yellow clay
layer (below 70 cm).

The variation characteristics of the average dyed area
ratio for each near-surface fissure are presented in Fig. 4.
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Fig.5 Evaluation index of preferential flow for the different near-
surface fissures. (CK) no fissures, (V) V-type fissure, (W) W-type fis-
sure, (WR) W +rocks-type fissure, (IV) inclined V-type fissure, (F)
conduit fissure

Evaluation index of preferential flow /%

The higher the dye area ratio is, the more developed the
preferential flow. The average dyed area ratio of CK is 46%,
and the average dyed area ratio of W-type near-surface fis-
sure is 0.45, respectively, which indicates a relatively higher
development degree of soil preferential flow. Contrarily, the
average dyed area ratios of WR-type, IV-type and conduit
(F) fissures are the lowest, indicating a weaker develop-
ment degree of soil preferential flow. However, that of the
preferential flow at the rock—soil interface is well developed
(Fig. 2d, e and f).

The variation characteristics of the evaluation index of
the degree of preferential flow for each near-surface fis-
sure are shown in Fig. 5. The smaller the evaluation index
is, the higher the development of preferential flow. The
evaluation index of the degree of preferential flow for each
near-surface fissure is in the order of WR (140.63%) > 1V
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(113.00%) > CK (94.53%) >V (91.44%)>F (52.55%)>W
(43.89%). Evidently, the development degree of preferential
flow for the conduit (F) and W-type near-surface fissures is
the highest.

The role of preferential flow in the rock-soil
interface

The "soil" and "rock" in the near-surface fissures are further
distinguished and calculated based on MATLAB program.
The dyed area ratio of the rock + soil profile, only the soil
profile and only the rock profile is shown in Fig. 6. The
variation trends of the rock + soil profile and soil profile of
the W-type near-surface fissure are quite different, while the
other types have little difference. The variation trend of the
dying area ratio of the rock—soil interface of various types
of near-surface fissures is very different from that of the
rock + soil profile and the soil profile. With the increase in
soil depth, the variation range of the dyed area ratio of the
rock—soil interface is smaller (dyed area ratio < 0.2, except
for W type), while the variation range of rock + soil profile
and soil profile is larger (except for F type, dyed area ratios
are between 0 and 1). The variation trend of rock + soil pro-
file, soil profile and rock—soil interface dyeing area ratio
of conduit type (F) surface fissure is small, indicating that
the preferential flow of rock—soil interface plays an impor-
tant role in this type. Combined with the characteristics of
the actual excavation profile (Fig. 2), the difference in the
staining area ratio between the soil profile and the rock—soil
interface shows that the main migration mode of preferential
flow at the rock—soil interface is vertical infiltration. As soil
depth increases, preferential flow at the rock—soil interface
dominates water movement in near-surface fissures.

Table 2 shows the statistical characteristics of the dyed
area ratio of the rock + soil, soil profiles and rock—soil
interface. The dyed area ratio of preferred flow for each
rock + soil profile varies from 0.12 to 0.48, that of the soil
profile varies from 0.06 to 0.37, and that of the rock—soil
interface varies from 0.02 to 0.16. The rock—soil interface
consistently presents the smallest values in the dyed area
ratio and lowest variation range for preferential flow. The
evaluation indexes of the degree of preferential flow in the
rock + soil profile, the soil profile and the rock—soil inter-
face change in the ranges of 43.9%-113%, 74.1%-144.4%
and 49.3%-105.7%, respectively. Obviously, the rock + soil
profile ranks highest in the variation of evaluation index,
followed by the soil profile; the rock—soil interface is still
the smallest. Although the proportion of rock—soil interface
in the dyed area of the profile is very small, the preferential
flow of rock—soil interface is still the main form of prefer-
ential flow in the near-surface fissures.
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Table 2 Statistical characteristics of the dyed area ratio of profiles of different near-surface fissures

Near-surface  Rock +soil profile Soil profile

Rock—soil profile

EZ:;HC fum- The dyed area ratio Evaluation index of The dyed area ratio Evaluation index of The dyed area ratio Evaluation index of

of preferential flow the degree of pref-  of preferential flow the degree of pref-  of preferential flow the degree of prefer-
erential flow (%) erential flow (%) ential flow (%)

\% 042a 94.5b 0.37 a 100.0 b 0.04 be 493 ¢

' 045a 914b 0.29 a 839c 0.16 a 59.4 be

WR 0.12b 439¢ 0.09 ¢ 169.3 a 0.02¢ 80.8 ab

v 0.48 a 1120a 0.15b 1444 a 0.06 b 105.7 a

F 0.13b 113.0a 0.06 ¢ 74.1¢ 0.07b 78.0b

LSD (Least Significant Different) method was used for multiple comparisons. Different lowercase letters in the same column showed significant
difference (P <0.05), while the same letters showed no significant difference (P >0.05)

Discussion

Pathway analysis of preferential flow in rock—soil
interface

Water in soil usually infiltrates downward with a form of pis-
ton flow in the soil matrix (Sukhija et al. 2003). Therefore,
the depth of soil water infiltration mainly depends on rainfall
and soil bottom conditions in control (CK). The clay layer at

the bottom of the soil hindered the movement downward of
water, and the dyed area decreased sharply at the junction of
the clay layer and the tillage layer, approaching 0. However,
the mosaic distribution of rocks and soils is the largest fea-
ture on the surface in rocky desertification areas. This results
in the formation of hard and soft interfaces between rock
and soil (Ackermann et al. 2013). These interfaces provide
a preferential channel for water movement by connecting
the tillage layer with good permeability and the clay layer
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with poor permeability (Zhao et al. 2020). As this study
shows, water flows preferentially at the rock—soil interface,
which dominates the water movement in near-surface fis-
sures (Sohrt et al. 2014). The depth of water infiltration at
rock—soil interface is more than that in the soil interface.
Caves of animals in soil and holes of plant roots are also the
reasons for preferential flow of water in soil (Li et al. 2017;
Zhang et al. 2016). In this study, the soil at the plant roots
showed root-related dyed characteristics (Fig. 2e), but the
traces of caves were not obvious. Roots provide preferential
access and promote water infiltration (Helliwell et al. 2017).
Studies have shown that the content of organic carbon at the
rock—soil interface is higher, while the content of clay is far
lower than that of the soil far away from the rock—soil inter-
face (Sohrt et al. 2014). This is one of the reasons for the
deep infiltration of water at the rock—soil interface. But this
is the contribution to the water leakage only at the rock—soil
interface. In contrast, plant roots act on soil near-surface
fissures. The effect of root system on preferential flow was
limited to a part (Fig. 2e) when the range of root system is
small. Peach is one of the plant types in W-type near-surface
fissure. The root system of peach changed the physical prop-
erties of soil (e.g., increasing soil aggregates and organic
carbon) (Cerda. 1998; Hartemink et al. 2006). It can increase
the soil porosity (Benegas et al. 2014) and increase soil per-
meability. Combined with the preferential flow pathway of
rock—soil interface, the water movement of this type (W) fis-
sure is very different from other types. The variation of dyed
area ratio is very irregular for each profile of W-type near-
surface fissure (Fig. 3c). The dyed area ratio is the largest,
and the evaluation index of preferential flow is the smallest
(Figs. 4 and 5). Preferential flow of this type of near-surface
fissure is well developed. However, the dyed characteristics
of water infiltration are discontinuous in conduit fissure (F).
On the one hand, it may be related to the narrow area, thin
soil cover and deeper clay layer (Zhao et al. 2018), on the
other hand, it may be related to the almost vertical dip angle
of rock (Fleury et al. 2007; Zhang et al. 2011a, b), which
increases the role of water flow in the vertical direction.
These reasons lead to the underground infiltration speedy of
preferential flow in this type of near-surface fissure, which
greatly shortens the time of water infiltration (Romanov
et al. 2011). Although the dyed area ratio of preferential flow
is the smallest in this type, the depth of dyed characteristics
(up to 70 cm deep) indicates that the preferential flow at the
rock—soil interface is very developed.

Influencing factors of the formation of rock-soil
interface flow

Previous studies (Nobles et al. 2010; Zhao et al. 2020; Guo

et al. 2019; Fu et al. 2015) have studied the water flow
behavior of karst slopes by simulating rainfall, dye tracing,
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and ground-penetrating radar. The results show that water
flow behavior mainly occurs at the rock—soil interface in
the form of preferential flow, which is mainly affected by
the fluctuation of underlying bedrock, structure of soil and
rock, etc. Previous studies have shown that if the rainfall is
large and the runoff is fully accumulated, and the infiltration
rate is lower than the production rate, surface runoff and soil
flow will occur at the same time (Zhang et al. 2011a, b). In
this study, the rock—soil interface changed the continuity of
the yellow clay layer, the soil preferential flow infiltrated
along the channel of the rock—soil interface, and the pref-
erential flow of the rock—soil interface dominated the water
transport form of near-surface fissures, which also proved
this conclusion. The continuity of soil matrix was changed.
Because of the agglomerative nature of the soil, it is easy
to dry and shrink to form fissures (Haria et al. 1994). The
rock—soil interface becomes a preferential channel for water
transport in near-surface fissures. The fissure changes the
generation mechanism of flow and pathway characteristics of
near-surface fissures and provides an opportunity for water
leakage to the bottom of soil. Researchers found that plant
roots and caves are involved in the process of preferential
flow at the rock—soil interface (Zhao et al. 2018), which has
a significant contribution to the development of preferential
flow. The fissures of rock—soil interface and the process of
water leakage to the bottom of soil and provide the condi-
tions for plant roots and other living beings to expand to
the bottom of soil, such as air and water (Ackermann et al.
2013). Biological activities increase the porosity of the soil
in near-surface fissures, thus increasing the permeability of
soil (Beven and Germann 2013). This is a process of positive
correlation. In this study, it is found that the continuity and
leakage direction of flow of rock—soil interface affected by
the size and direction of rock. There are few related studies.
In fact (Fig. 2e and f., Fig. 3e and f., described in the text
above), the rock is confined to its surface because of water
repellency, and the dyed area is divided into three parts by
each profile be excavated. In the image field of view, the rock
dyed area ratio determined the dyed area ratio in each pro-
file. Therefore, we consider rock shape, inclination, and size
as influencing factors of the formation of rock—soil interface
flow. There are gravel, longitudinal and transverse large-
scale rocks distributed in the near-surface fissure of WR
type. These factors have different meanings to the rock—soil
interface flow. The role of gravel should be characterized by
local water infiltration, and the larger longitudinal rock at the
bottom will transfer water to the bottom of soil. The dyeing
characteristics of transverse rocks indicate that the transverse
flow occurs at the rock—soil interface (Li et al. 2017; Zhao
et al. 2020; Cerda 2010; Abrahams and Parsons 1991). This
is related to the hydrophobic effect of the rock, where the
water is blocked, flows along the rock until it meets the leak-
age pathway, and then leaks to the bottom of the soil. The
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dyed characteristics of pipe fissure F (up to 70 cm depth, the
deepest one in all near-surface fissures) (Fig. 2f) showed that
the development of rock—soil interface flow is related to the
distribution of clay layer below the depth of 70 cm and the
area ratio of rock and water redistribution (Dai et al. 2017).
Due to less soil and high permeability, large rock and dip
angle, etc., the water quickly infiltrates into the underground
space. The retention time of water in soil and rock verti-
cally distributed in the profile of 30 cm—70 cm is too short,
or it directly bypasses the pathway. As a result, the dyeing
of rock and soil in 30 cm—70 cm is not obvious, while that
in 0-30 cm and 70 cm depth is obvious. Therefore, under
certain rainfall conditions, the development degree of pref-
erential flow at rock—soil interface depends on the bottom
conditions of soil of the near-surface fissures (rock, plant
roots, etc.).

Influence of preferential flow at the rock-soil
interface on underground leakage of water

There is a special dual surface and underground structure
in the karst rocky desertification area. The special rock—soil
interface makes the surface and underground hydrological
processes more complex and unique in karst areas (Li et al.
2016). Compared with CK, the preferential flow of soil in near-
surface fissures has the advantage of downward leakage, when
rainfall water infiltrates past the rock—soil interface, it produces
lateral preferential flow along the interface. The interaction
of the preferential flow in the horizontal and vertical direc-
tions causes rapid water infiltration through the cracks at the
rock—soil interface (Germann and Zimmermann 2005). The
depth of water movement is much deeper than CK. This indi-
cates that the rock—soil interface provides a fast channel for sur-
face water to move into the underground space system, and the
water enters the underground space along the rock—soil inter-
face (Cao et al. 2007). Therefore, preferential flow at rock—soil
interface is considered to be the dominant type of water move-
ment in hillslope (Jaromir and Tomas 2018). Essentially, the
reason for the preferential leakage of water at the rock—soil
interface is that the carbonate rocks are easily dissolved and
have significant differential dissolution (Herman et al. 2012).
In addition, the boundary of the rock—soil interface is clear and
abrupt (Zhang et al. 2011a, b; Walter et al. 1995), forming a
rapid channel for water migration. Moreover, rock is imperme-
able, and the water flows along preferential channels, forming
the preferential flow and rapidly leaking into the underground
space. Compared with CK, preferential flow infiltrates rapidly
at the rock—soil interface with fewer paths and even contrib-
utes to a higher water leakage (Sohrt et al. 2014). In other
words, there is an evident difference in the water infiltration
rate between the rock-soil interface in near-surface fissures and
the soil in Ck. The characteristics of preferential infiltration of
the rock-soil interface of WR-type near-surface fissure indicate

that the infiltration characteristics of the rock-soil interface in
near-surface fissures are different from that of the surround-
ing soil (Zhao et al. 2018). As a result, the infiltration rate of
rock-soil interface is higher than that of surrounding soil and
CK, preferential flow at the rock—soil interface penetrates faster
and deeper, which raises the water leakage rate from the karst
area. In this study, a sudden decrease in dyed area appears
in the fissure F. It is certain that the infiltration speed of this
type of rock-soil interface flow is faster and the infiltration
depth is deeper than other types of near-surface fissures. The
water movement directly bypasses the soil near the surface
fissure and is guided to the 70 cm position where the yellow
clay layer is located. The preferential flow of ultrafast infiltra-
tion reduces soil water storage (Wang et al. 2014). Rainfall is
introduced into the ground in the form of preferential flow, so
the surface runoff is rarely observed in karst areas. Rock—soil
interface is widely distributed in karst rocky desertification
area, and soil distribution is fractured. Preferred flow at rock-
soil interface is also widely distributed, and migration capacity
of preferential flow is stronger than that of matrix flow (Kan
et al. 2019). However, whether preferential flow at the rock-soil
interface drives soil downward leakage remains to be studied.
As a result, on one hand, water leakage rapidly in karst rocky
desertification area significantly reduces soil water-holding
capability in this area, where the rapid loss of water causes spe-
cial rocky desertification drought in this area, which makes it
difficult for plants to use water (Li et al. 2016; Kan et al. 2019).
On the other hand, preferential flow at the rock—soil interface
increases the water supply at the bottom of soil in near-surface
fissures, which is good for the growth of plant at the bottom of
soil (Lesschen et al. 2008; Danin 1999; Zhao et al. 2020). Plant
roots increase soil pores, form a new pathway of preferential
flow, and cause rapid infiltration of rainwater (Valverde et al.
2015; Kai et al. 2012). Rock—soil interface has advantages in
guiding preferential flow and replenishing groundwater. In
the karst rocky desertification area, the soil exhibits a strong
infiltration capacity, and the rock surface can rapidly produce
runoff (Li et al. 2011). Both of these conditions enhance rapid
infiltration into the underground space at the rock—soil inter-
face. This unique preferential flow is much faster than tradi-
tional macropore preferential flow in soil (Sidle et al. 2001).
Therefore, the preferential flow at the rock-soil interface may
be one of the reasons for driving the surface erosion and soil
leakage in the near-surface fissures and further aggravate the
process of rocky desertification in karst areas (Yang et al. 2011;
Chen et al. 2012; Peng et al. 2016).

Conclusions
In the present study, we have shown that the water flow at the

rock-soil interface is the main preferential flow type in the
near-surface fissures. The variation range of the staining area
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ratio of the rock + soil profile was 0.12 ~0.48, the soil profile
was 0.06 ~0.37, and the rock—soil interface was 0.02 ~0.16.
The dyed area ratio and variation range of the rock-soil inter-
face are the smallest. However, the rock-soil interface pro-
vides a transport pathway for the development of preferential
flows in the region. Soil preferential flow can pass through
poorly permeable clay layers along the rock—soil interface.
In this study, the W-type near-surface fissure had the most
developed soil preferential flow, with a staining area ratio
of 0.45, and the soil preferential flow evaluation index was
43.9%. The dyeing area ratio of other types of near-surface
fissures is between 0.04 and 0.07, and the evaluation index
of preferential flow degree is between 49 and 106%. These
types of preferential flows are underdeveloped in soil, but
very well developed at the rock-soil interface. The soil pref-
erential flow flows to the deeper soil layer through the pref-
erential channel of the rock—soil interface in the form of
rock—soil interface flow. This is one of the important factors
of water leakage in this area.
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