Environmental Earth Sciences (2023) 82:514
https://doi.org/10.1007/512665-023-11200-x

ORIGINAL ARTICLE q

Check for
updates

A catchment scale GPR application potential zonation: case study
from SW China

Qiangshan Gao' - Yawar Hussain® - Le Cao* - Dandan Cheng®

Received: 20 October 2022 / Accepted: 15 September 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

The epikarst together with its soil stocks (subcutaneous structure) are crucial to the fact that they may contribute to the canopy
growth and can significantly influence the ecological restoration and organic carbon sequestration. Geophysical techniques
especially, the ground penetrating radar (GPR) are advantageous for such investigations. However, the complicated karst
environment due to numerous influencing factors (i.e., the forest, epikarst slope, peak-cluster depression, soil humidity,
high voltage power lines) can significantly influence the exploration with GPR. In the past, such applications were limited
to local scales without considering the aforementioned factors together. Hence, the present study analyses the influences of
these factors on the performance and reliability of GPR results considering the central Guizhou plateau of south-west China
as a case study. These site-specific findings are summarized into a GPR application potential zonation map at the catchment
scale. The zones were rated as low, moderate and high potential degree regions, each reflecting results reliability which can
be considered as a cost-effective feasibility reference for the future GPR applications in complex karst terrain characteriza-

tion, as well as the areas having similar karstic conditions.

Keywords Epikarst slope - Peak-cluster depression - Subcutaneous structure - GPR attribute

Introduction

The epikarst resulted from the dissolution of carbonate rock,
is distributed at the intersections of the Earth’s lithosphere,
hydrosphere, biosphere and atmosphere, which plays a vital
role in regulating the natural habitat, supporting the econ-
omy and providing ecological services as vegetation growth
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and organic carbon sequestration at local scale (Yang and
Zhang 2014). In this regard, the karst catchment of south-
west (SW) China is one of the largest karst concentrated
areas in the world, and is special for its high landscape het-
erogeneity, connection between surface morphology and
underground environments (fauna and speleothems) through
dualistic hydrological system, and high vegetative endemism
(Zhang et al. 2017).

A variety of research techniques and methods have
been introduced to study many aspects of karst environ-
ment. Among them, the ground penetrating radar (GPR) is
prominent, especially in the karst subcutaneous structure
investigations such as depth of epikarst and geometry of
soil stocks (Al-fares et al. 2002; Zhang et al. 2011; Li et al.
2015; Han et al. 2016; Gizzi and Leucci 2018; Gao et al.
2020). Previous studies mainly focus on the interpretation of
the subsurface targets, such as analyzing the corresponding
signal responses of epikarst and surface soil in some typical
transections and sites. However, the karst environment is
complicated and there are considerable geomorphological,
geological, climatological and urban factors that can affect
the exploration results.
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Among the geomorphological factors, the tree trucks and
roots are the significant. However, in the literature, these fac-
tors were considered as unnecessary in SW China because
of the rocky desertification which prevailed in the past, most
areas were considered as the non-growing forest. However,
with the growing biomass in the recent years, a major
change in the geomorphology has been observed increasing
the karst value (Brandt et al. 2018; Tong et al. 2018) and
also making it a complicated environment for GPR applica-
tions. Many experts successfully studied tree roots architec-
ture by GPR signal response (Tardio et al. 2016; Zajicova
and Chuman 2019; Alani and Lantini 2020). However, the
signals reflected from the roots can affect interpretation of
the subsurface structures. The influential geological factors
include the uneven tomography (epikarst slope, peak-cluster
depression (PCD) and peak-cluster valley) and the indented
soil-rock interface which can make the propagation paths of
radar waves intricated and cause tilting in the GPR image
and subsurface depression identification become challenging
(Gao et al. 2022). The climate of SW China is tropical with
rainy and dry seasons with a variable soil humidity through-
out the year. The high value of humidity directly related with
the electrical conductivity which decreases the GPR depth
of penetration (Campbell 1990). The traditional interpreta-
tion method is delineating maximum depth of dense strong
amplitude area in GPR image as epikarst depth (Al-fares
et al. 2002; Zhang et al. 2011), which ignores weak ampli-
tude reflected by some epikarst clutters. The anthropogenic
factors, such as houses, bridges and highway can badly affect
the GPR results because of the damages these structures
have done to the original soil-rock structures.

The aforementioned factors reported in the literature
were studied individually and at local scales. Few studies
were reported on catchment scale in USA for soil surveying
using GPR calibrated with field observations (e.g., John-
son et al. 1979; Schellentrager et al. 1988). Doolittle et al.
(2003, 2007, 2010) developed and later revised GPR soil
suitability map using the national soil attribute data, and
GPR results obtained with different antennas of frequency
ranged between 100 and 200 MHz. This GPR soil suitability
map highlights its expected penetrating depth in different
areas of USA into six levels ranges from high to low. The
map just focused on the influence of soil properties on GPR
signal propagation, not considering the influencing factors
generated by the topography and vegetation.

The condition of GPR exploration in karst area is differ-
ent with in non-karst areas. Just considering the GPR soil
penetration is not appropriate to study the complicated karst
environment. More efforts to evaluate the GPR application
potential to karst areas with more known influencing factors
synthetically is necessary. As a case, the present study was
dedicated to map the GPR application potential by consid-
ering the result from five studied sites distributed in the
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Houzhai catchment, a typical karst catchment in SW China.
The catchment is a focus of many investigations because of
its high ecological values. The present study is divided to
two stages, (1) in the first stage, the effects of different fac-
tors on GPR results are assessment and (2) next, the present
study proposes a ranking criterion based on field observa-
tions, digital evolution model (DEM), and vegetation map to
rank the GPR application potential. Finally, the contribution
of the factors to the potential degree evaluation for the catch-
ment has been discussed and some possible combinations of
geophysical methods are recommended for solving problems
that are difficult to assess with GPR data alone. Apart from
the site specification in any GPR manuals, the study can
be seen as a cost-effective feasibility reference for layman
before a karst project starting.

Study area

The Houzhai catchment is located in the south of Puding
county, Guizhou province, and belongs to the heartland of
karst area of SW China. This area has western ocean pacific
subtropical monsoon humid climate, May to October is clas-
sified as the rainy season, accounting for 83-88% of the total
annual precipitation (Cheng et al. 2019). The red clay (terra
rossa) is the main soil type found in the area which is formed
as a result of carbonate dissolution under local climatic
conditions (Zhou et al. 2012). The karst landforms are well
developed leading to the formation of typical karst surface
and subsurface hydrogeological structure in the catchment.

The Houzhai catchment is located in the watersheds of
the Pearl and Yangtze River systems. The catchment ter-
rain presents a southeast-northwest elevation gradient. Both
surface and subsurface rivers originate in the east of the
catchment, flow to the northwest, and eventually merge
into the Sancha River in north of Puding country, eventu-
ally flowing into the Yangtze River. From the upstream to
the downstream, a change in geomorphic features occur as
peak-cluster depression, peak cluster valley, peak forest
basin and peak forest plain (Fig. 1). The surface and subsur-
face rivers have the closure feature, no other exogenous river
passing through, and has independent small karst environ-
ment (Zhang et al. 2018). Therefore, studying the catchment
can give the significant implication of karst process, which
appealed numerous scholars to implement research (e.g., Li
et al. 2010; Barna et al. 2020). For example, analysis of the
material composition of soil samples from the upstream and
downstream in the catchment allows an assessment of the
main types of soil that are mostly eroded away from karst
area (Cheng et al. 2020).

In the initial stage, a detailed investigation based on the
literature and using Google imagery has been carried for the
identification of potential study sites where GPR influencing
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Fig. 1 The red dots on the
DEM of the Houzhai catchment
area marked the GPR acquisi-
tion sites along with important
hydrological features of inter-
ests. The insert shows the SW
China map
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indicators are well exposed and are easily reachable. Based
on these reconnaissances, the GPR experiments have been
executed at the numerous different sites. Through compari-
son, the results of five sites (karst slope, PCD, forest site-
1, forest site-2, paddy land and grass land under HVPL)
reflected the general GPR features under different influenc-
ing factors. The geographic locations of the five sites studies
are marked on the DEM are shown in Fig. 1. The details
about the acquisition and setting for instrument testing are
provided in Table 1.

Methodology

The ReflexW software was used for the processing which
included the direct wave removal, zero drift elimination,
amplitude gain, horizontal signal interference removal,
bandpass filtering, data smoothing. The F-K filtering method
is applied to transform the GPR data into the frequency

Legend
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wave-number domain for suppressing or eliminating the
coherent interference signals (Jol 2009). The processed
details using ReflexW software can be found elsewhere (Gao
et al. 2022). After that the GPR attribute analysis (i.e., aver-
age energy, amplitude and coherence) is carried out as the
last data processing step, each of which can highlight one
aspect/feature of the traditional GPR data and were demon-
strated the unique value in the archaeological prospection
(Zhao et al. 2013) and karst studies (Reis et al. 2014). The
average energy and coherence attributes are extracted to aid
in interpretation of the soil-rock interface through the analy-
sis of important features in the signals. The average energy
attribute was applied to reflect the position of soil and rock
by showing energy contrast of signals (Gao et al. 2020).
The coherence attribute quantitatively describes the wave-
form similarity of the adjacent traces (Bahorich and Farmer
1995). This attribute highlights the waveform information
by excluding the energy/amplitude feature of signals. The
epikarst depth interpreted by coherence attribute is generally

Table 1 GPR acquisition parameters with the details of instrument used at each site

Site Coordinates Antenna Sampling mode Trace/time interval Sampling
rate ( MHz)

Karst slope 26°13'16.6” N, 105°45’'23.2” E 500 MHz shielded Wheel 0.019 m 7695.4
Peak cluster depression 26°14' 01.9” N, 105°46" 10.3” E 500 MHz shielded Wheel 0.019 m 7819.5

50 MHz RTA unshielded Time 0.5s 623.9
Forest site-1 26°16'25.1” N, 105°42' 31.0” E 50 MHz RTA unshielded Time 05s 599.9
Forest site-2 26°16'27.5” N, 105°43' 47.5” E 50 MHz RTA unshielded Time 05s 599.9
Paddy land 26°13'21.5” N, 105°47' 40.1” E 50 MHz RTA unshielded Time 05s 599.9
Grass land under power lines 26°15' 09.5” N, 105°42' 6.0” E 50 MHz RTA unshielded Time 0.5s 599.9
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deeper than that of the traditional method inferred from work
of Gao et al. (2020) and Hussain et al. (2023). The values are
presented over a range from O to 1. Higher values indicate a
strong similarity between the traces, and vice versa.

We applied the conventional/traditional and attribute data
which are commonly used in the GPR interpretation to eval-
uate the exploration results of the following sites. The basis
of forming the quantitative or qualitative experiment is the
extent that GPR data can acquire the subsurface information.
Note that the data are processed by the conventional methods
of GPR manuals. The region where the data interpreting
subsurface without worrying about significant interferences
and all acquired information could be interpret subsurface is
seen as low difficulty and high application potential. We con-
sider the moderate difficulty and application potential region
where just partial data information could be used to inter-
pret subsurface and other possible valid information mixing
with interferences, difficult to filter out dividually. The site
where the data information being contaminated completely
by interferences difficult to eliminate is considered as high
difficulty and low application potential.

Results
Karst slope

We primarily studied the karst slope, whose important fea-
ture is the epikarst that has many fissures filled with soil. The
fissure density of epikarst decreases with depth (Al-fares
et al. 2002). A typical epikarst example including indented
soil-rock interface and undulating bottom of the karst slope
profile is shown in Fig. 2. This profile has been also investi-
gated by geophysical techniques by Tao et al. (2022), which

was further enhanced by including the GPR attributes analy-
sis for the delineation of rock and soil media exposed to the
surface (Gao et al. 2020).

It can be seen in Fig. 3a that the lateral position of soil
exposed to surface is generally corresponding to low energy
value while rock presence reflects high energy value. But
from the vertical perspective, the confirmation of soil depth
and indented soil-rock interface delineation is challenging
and depending on the energy contrast of GPR data (Fig. 3a).
Additionally, the lower boundary of epikarst can be inter-
preted well by the general interface of valid and invalid sig-
nals reflected by the coherence attribute. The reflection sig-
nals of the layer C under the epikarst exclude the possibility
of GPR pulse signal attenuating to zero when propagating
to the epikarst lower boundary (Fig. 3b).

In case of high water content, the reflection signals of
layer C cannot be seen clearly making the interpretation of
epikarst lower boundary obscure. Following two possible
situations can be plausible. First, the pulse signal energy
attenuates to zero or the level of random noise before trans-
mitting to the epikarst bottom, thus the interface of valid and
invalid signal regions just reflects the maximum penetrating
depth of radar wave. Another situation could be the trig-
gered signal attenuates to zero or the level of random noise
as propagating between epikarst bottom and the lower layer
C. Therefore, the incomplete subsurface information about
karst slope can be retrieved from GPR application.

Peak-cluster depression

As one common geomorphic unit in the karst area, PCD
consists of peak cluster hills with steep slope and uneven
relative heights and the depression with different sizes
and different shapes. The soil-rock interface under the
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Fig.2 a The photograph of a typical karst slope found in the region. The upper red dotted curve line is lower boundary of epikarst and the lower
dotted line is bedding layer. b GPR driven cross-section showing epikarst indented soil-rock interfaces (revised from Gao et al. 2020)
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Fig.3 a The average energy attribute and b coherence attribute
acquired on a karst slope adopted after Gao et al. (2020). The bright
shades of purple are high energy value and dull white and grey is low
value. The cyan block mark corresponds to position of the hammer

depression can not be completely vertical or horizontal
because of the great topography variations in karst area as
concluded from numerous previous field observations. On
the other hand, Chen et al (2006) found that the depres-
sion soil moisture content changed greatly in the depth
range of 0-30 cm at a PCD from Guangxi karst area. In
another study, the GPR applicability was tested by forward
modelling and actual data were analyzed in details (Gao
et al. 2022).

The GPR forward research about the depression high-
lighted the effects of surrounding hills, inclined soil-rock
interface and soil conductivity (Fig. 4). Through multiple
numerical modelling with different conductivity parameters
setup, the forward results demonstrated that the tilt signals/
events in GPR image contained the reflection (or linear back-
scattering) waves both from the hills and the underground

Fig.4 a the forward model of
PCD and b its forward result
by FDTD. The annotations ©
represent the air, @ the hill, ®
the bedrock, and @ the soil of
the depression (adopted from
Gao et al. 2022)
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in Fig. 2a and fissure with soil. The upper red dotted curve line in the
right panel draws the epikarst bottom interface interpreted by GPR
attribute

inclined interface with equivalent amplitude over an appro-
priate soil conductivity range.

The field observations of GPR data constitute of acqui-
sition with unshielded 50 MHz RTA on the Zhongba
depression situated in the Houzhai catchment (Fig. 5).
As a result, several tilt signals are emerged on the radar
image (Fig. 6), possibly related with the typical karst hills
and surrounded by ancient vegetation cover (see Yan et al.
2012). However, the real field conditions of the PCD are
much more complex than that of what is depicted in the
forward model. The auger verification demonstrated that
the retained horizontal signals can provide information
of the internal soil layers in depression while informa-
tion about the inclined interface information is lost.
Thus, the accurate source of the tilt signals is difficult to
confirm. Hence, partial or incomplete information about
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Fig.5 Photographs of a
Zhongba depression, red arrow
marks the GPR survey line and
direction and b GPR acquisition
revised according to Gao et al
(2020)
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Fig. 6 a Conventional GPR images of the Zhongba depression and b processed applying F-K filtering revised from Gao et al. (2022). Right tilt
signals can be seen clearly while the left tilt signals have some difficulty to observe in the a

depression soil can be acquired using low frequency
antenna possibly because of the interference coming from
the surrounding hills. The details about GPR processing
workflow and associated challenges can be accessed at
Gao et al. (2020, 2022).

Comparative to the previous studies, for the present
work, data was acquired with 500 MHz shielded antenna
along with the same profile as adopted in previous studied
(Fig. 5). The GPR image obtained with high-frequency
antenna usage is shown in Fig. 7. Though the measured
data is not affected by the reflection from hills, the radar
wave of high-frequency could not penetrate into the bot-
tom of depression soil. The valid signals just occupy the
20 ns, correspond to less than 1 m of soil depth. The
high-frequency antenna is not suitable for interpreting
the depression soil depth.

DISTANCE [METER]
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TIME [ns]

[sum]900=A 3¢ [MALAW] HLIIA

Fig. 7 GPR data image acquired by the shielded 500 MHz antenna
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Tree trunks and roots

The major landuse found in the Houzhai catchment is the
forest, an indicator of large thick soil stocks in the karst
settings. Two such forest sites (referred to as forest site-1
and forest site-2) were chosen for the GPR acquisition with
50 MHz RTA antenna, details are provided in Table 1. The
forest site-2 lies next to a large water reservoir, where the
surface rivers converge, in the catchment (Fig. 8). Most of
the tree trunk diameter is more than 10 cm which is resolv-
able with the GPR usage. The large heights of the trees indi-
cate the existing of well-developed root systems which are
beneficial to reflect radar wave.

Contrasting to the GPR images of these two forest sites
(Fig. 9), the valid signals of the site-1 can last more than
300 ns, while that of the site-2 last less than 200 ns. This
phenomenon also indicates that the site 2 has higher soil con-
ductivity than the site 1, which conforms to usual respected
results. On the other hand, lots of tilt signals can be seen
in the images. According to the analogy derivation of the
forward study result of the peak-cluster depression, we
speculate that the tilt signals include the waves reflected

Fig.8 a Site-1 and b site-2 of
forest land. The site-2 is close to
a water reservoir

DISTANCE [METER]
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TIME [ns]

by the tree trunks, the subsurface inclined interface and the
waves reflected by tree roots. The complicated tree roots
system makes the interpretation of tree land soil structure
and epikarst depth more difficult. Therefore, we deem that
the accurate information of soil distribution in karst forest
land is highly difficult to obtain by GPR due to the mix of
tree trunks and roots reflection signals. The epikarst survey
over the woodland soil layer is challenged by the presence
of more prominent influencing factors as deeper soil with
high moisture contents.

The high-frequency antenna is more convenient in detect-
ing the roots system (Alani and Lantini 2020). Though the
reflection signals of the trunks have been shielded, the com-
plicated roots system can still make the soil and epikarst
interpretation difficult with the data acquired using 500 MHz
antenna.

Rainfall and soil moisture

The effects of soil moisture in delineation its depth was
investigated using a paddy land acquisition with 50 MHz
RTA antenna (Fig. 10). The survey was planned immediately

TIME [ns]

Fig. 9 GPR images of the a site-1 and b site-2. Some tilt signals coming from the reflection of tree trunks and roots may mix with the other tilt

signals from the subsurface inclined interfaces
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Fig. 10 Photograph of investigated paddy land. The surface soil mois-
ture content is ~31.8% by measurements in situ

after the completion of rice harvest which provided a con-
dition where the water had already seeped into the ground,
which increased the soil moisture content along the depth.
The surface soil moisture content was measured as ~31.8%,
which can almost represent the maximum of soil moisture
in karst area (Yang et al. 2019).

Analyzing the measured GPR data and its coherence
attribute (Fig. 11), we found the majority of signals have
weak amplitude and low similarity, which fit the features
of random noise interference (Jol 2009). This suggests that
radar waves almost cannot penetrate soil layer with more
than 30% moisture content.

High-voltage power lines (HVPL)

Three high-voltage power lines pass through the stud-
ied site in the Houzhai catchment. These lines generate
a strong electromagnetic field. The low-frequency GPR
data are affected by these lines within the 100 m range

DISTANCE [METER]
0 10 20 30

by setting GPR survey orthogonal to power lines (Cheng
et al. 2010). For the impact assessment of these lines on
GPR with unshielded antenna is acquired in parallel to the
lines under the lines in the grass land (Fig. 12). Results
showed a highly contaminated data with similar pattern
strong signal interference (Fig. 13). Processing with F-K
filtering suppress the strong amplitude signals but the
interference with high similarity pattern is still present
on the coherence attribute image (Fig. 14). Therefore, the
application potential evaluation of GPR survey must con-
sider the influence of HVPL proximities.

Fig. 12 Photograph shows GPR acquisition on grass land under high
voltage lines
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Fig. 11 GPR data of the a paddy land and b its coherence attribute, the black color is low value and the white is high in the coherence image
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Fig. 13 a Conventional GPR image and b its coherence attribute

DISTANCE [METER]

TIME [ns]
g g

DISTANCE [METER]
0 10 20 30

bt oo s e

1000

DISTANCE [METER]
20 30

e —

-

A w—

b e ————— S e S e S A =

P

Fig. 14 Results of data a near HVPL proximity with b F-K filtering and its coherence attribute image

Application potential evaluation

The catchment scale application potential evaluation of
GPR data acquired using 50 MHz RTA and 500 MHz
shielded antenna in detecting karst surface structure in the
Houzhai catchment is carried out. During the acquisition,
the catchment was divided into three regions as low, mod-
erate and high potentials, based on field observations, the
topography, and vegetation cover map (see the Appendix).
Different potential degrees reflect the reliability of GPR
data interpretation for soil distribution and epikarst depth
by considering surface and subsurface influencing factors.

Table 2 summarizes the findings of the present study as
well as inferred from literature review.

Over the regions of low applicability potential (e.g., for-
est lands and sites under HVPL) the GPR data show multi-
source interferences leading to difficulties in interpretation
of the soil and epikarst. Most of the forest lands are mainly
found in the peak-cluster depression and peak-cluster val-
ley of the catchment. The influencing factors here include
tree trunks, roots system, HVPL, soil depth and moisture
contents. The diameter of tree trunk is usually more than
10 cm, reaching the resolution of the 50 MHz and 500 MHz
antennas. The reflection from trunks and roots are mixed
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with those from subsurface media, making the GPR results
obscure and separation of real sources of either horizontal or
tilt signals challenging. Tall and dense growing trees imply
a large amount of soil with a relatively large thickness. The
limit of depth of soil penetration for high frequency antenna
is questionable. The electromagnetic field generated by the
HVPL resulted in the non-eliminable interference contami-
nation in the GPR data.

The moderate applicability potential regions are the areas
where partial information of the target is retrieved from GPR
while the rest is lost by the attenuation and/or overlapping of
signals. The peak-cluster depression and peak-cluster valley
bottoms and slope without forests can be classified into this
category. The influencing factors include reflections from
hills, soil thickness and moisture content.

The effects of karst slope on GPR results vary with
the frequency of antennas and distribution of soil which
becomes deeper and heterogeneous from upslope to
downslope. The epikarst depth also increases gradually
in downslope direction. The shallow and discontinuous
surface soil is suitable for low-frequency antenna to detect
caves (éeru et al. 2018; Hussain et al. 2020). Generally,
shallow caves or pipelines are deeper than epikarst lower
boundary and could be detected in favorable conditions
such as thinner and dry soil. The reflection from caves or
pipelines can also account for GPR signals penetration
till epikarst bottom. But it is difficulty for 50 MHz data to
interpret the upslope fissure soil distribution due to low
resolution and little soil distribution. As for the 500 MHz
antenna, the interpretation of slope epikarst bottom require

Fig. 15 The conceptual diagram
explaining different aspects of
GPR potential evaluation in
peak-cluster depression study

lower moisture in theory. The GPR coherence attribute
is beneficial in interpreting the valid and invalid signals
interface, which may correspond to the epikarst bottom
(Gao et al. 2020). However, the level of difficulty in inter-
preting epikarst bottom depth increases from upslope to
downslope due to the increase of soil thickness and mois-
ture content.

The use of low-frequency antenna is recommended for
the exploration of soil layer bottoms in peak-cluster depres-
sion and valley. In terms of unshielded 50 MHz RTA, the
signals reflected by hills overlap with the signals reflected
from the subsurface inclined interface due to the depres-
sion and valley close to hills, making difficult to accurately
confirm the exact source of tilt signals. The tilt signals can
be eliminated by F-K filtering, and the retained signals can
reflect the depth of soil lateral layers and soil-rock interface
in the depression and valley by the average amplitude and
coherence attributes (Gao et al. 2022). Unfortunately, the
information of the inclined interface is lost. The surface of
depression and valley is usually entirely covered with the
soil layer which is deeper than that of soil found on slope.
Additionally, the bottom of karst peak-cluster depression and
valley is a sink for the rainfall and runoff from the adjoining
areas. Therefore, these are generally the regions of high soil
moisture contents than that of slope soil. It is challenging
to detect the epikarst depth under the depression and valley
using low-frequency antenna.

Summarizing the above GPR interpreting effects of high
and moderate regions with high and low center frequency
antennas, we summed up above results and drawn the key

HD: high difficulty
MD: moderate difficulty

Difficulty increases
comparing with upslope

) h,
N
- ,%ﬁe MD for 50 MHz to soil | HD for all

HD for 50 MHz to epikarst
Not suitable for 500 MHz

depression

ipeh

- - - -

N
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information into one simple conceptual diagram shown in
Fig. 15.

High application potential is the region where GPR infor-
mation is solely obtained from the subsurface structures
without having any influence from the external factors as
explained above. This region corresponds to the basin and
plain of the catchment, excluding the sites covered by forest.
Results of GPR data acquired from this region have high
reliability in the soil and epikarst delineation. The soil distri-
bution can be interpreted by analyzing the average amplitude
and coherence attributes and results accuracy can be veri-
fied by drilling. However, GPR acquiring the depth infor-
mation of epikarst under relatively thick soil layer is most
difficult. The limited thickness of soil layer can be referred
to the example of the Zhongba depression. The thickness and
water content of soil layer are usually higher than those of
slope. The thickness of soil layer in the Zhongba depression
is~4 m (Gao et al. 2020). The measured data was acquired
in the premise of no rainfall event and hot weather lasting
more than a week. The 50 MHz antenna just detected the
maximum depth of the soil layer and did not receive the
echo signals of the deeper epikarst. Thus, we simply con-
sider the soil thickness close to 4 m is not conducive for
low frequency antenna to obtain the structure information
of epikarst. As for the 500 MHz antenna with high resolu-
tion, its requirement for the soil thickness is much shallower.

The above information is summarized in one rough map
about the GPR application potential evaluation in the Hou-
zhai catchment using DEM, the vegetation data and loca-
tions of HVPL (Fig. 16).

Considering the seasonal variability of climatic condi-
tions in the Houzhai catchment, the soil moisture content

Fig. 16 GPR application
potential categorization for the
Houzhai catchment
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changes from low to high with dry to rainy seasons, recep-
tively. The rainy period is not a good time for GPR survey
because of high soil conductivity. We recommended the
months of October and November as the best time for GPR
acquisition in the catchment. On one hand, this period is at
the end of the rainy season and the soil in dry season has
relatively low moisture content and conductivity (Yang et al.
2019). On the other hand, the most of the places of the low
uncertainty region is the farmland. October and November
are the period between the summer crop being harvested and
the winter crop not fully planted.

Discussion

The application potential evaluation results showed that
GPR technology is beneficial in detection of partial sub-
surface structures in the karst catchment. The application
potential of GPR is a function of the influencing factors.
Different factors give different contribution of the zonation.
Referring to the ideas of GPR suitability index provided by
Doolittle et al. (2003), we tried to assess the contribution
of each factor within the indexes or scores according to the
field experiences. Table 3 shows the assessment results of
the influencing factors. The different index values reflect the
influence degree of different factors. We tried to give a rat-
ing of the three different application potentials based on the
contribution assessment of the influencing factors as shown
in Table 4. The sum of the influencing indices existing in one
site represents the potential levels of the site.

The key thought of determining the numerical values is
to assure the sum of influencing index consistent with GPR

125 25 5 km
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Table 3 the index of each influencing factor

Factors Influenc-
ing index

Tree trunks 2

Tree roots 2

High voltage lines 4

Hills reflection 2

Soil thickness 1

Moisture content (>30%) 4

Moisture content (~20%) 1

Table 4 GPR potential ratings GPR categorization  Potential

based on indices of the .

. . index

influencing factors
<2 High
>2t0<4 Moderate
>4 Low

potential ratings. The influencing factors of soil thickness
and moisture are almost everywhere in the catchment. The
high application potential region usually just influenced
by these two factors. The index value of soil thickness
and ~20% moisture content setting as 1 can assure their
sum being 2 and belonging to high potential index. Due to
the media reserving > 30% moisture content not suitable for
GPR work, its value is determined as 4, making sure that the
sum value with soil thickness as 5 (>4) which belongs to
low potential index. The index of hill reflection setting 2 can
assure it exceed the high potential index and the sum plus
soil and moisture (~20%) be 4, belonging to the moderate
potential index. The previous results let us know that just
the forest can make the application potential to be low, let
alone adding more other influencing factors. Thus, setting
the scores of both trunks and roots as 2 can make sure the
trees index value be 4. The index of forest region is greater
than 4 after adding the influence of soil thickness and mois-
ture content, belong to low potential index. The index value
of HVPL determined as 4 is based on similar thought of the
forest.

The GPR application potential evaluation resulted in
answering the value able questions in the catchment. Some
karst structural features can be reflected by GPR data.
However, some factors limit the position and time of GPR
detection. Combining other geophysical methods, such as
electromagnetic (EM) induction, electrical resistivity tomog-
raphy (ERT) and seismic exploration, can increase the GPR
application value for karst exploration.

GPR, EM induction and ERT all realize the detection pur-
pose based on the electrical difference of subsurface media.
The integrated use of EM induction and GPR can increase the

confidence of interpreters in the interpretive results about karst
structures (Doolittle and Collins 1998). ERT can give the char-
acterization of soil-rock interface and sinkhole from another
perspective comparing with GPR (Carbonel et al. 2014). The
combination of GPR and ERT enhances the delineation of
the soil-bedrock interface and identification of the fracture
network in the karst areas (Tao et al 2022).

Seismic exploration utilizes the elasticity and density differ-
ence of subsurface media to identify the underground structure
by triggering seismic waves, which consist of P- and S-wave
velocities. The P-wave velocity decreases with increasing soil
water saturation and its attenuation is more in dry than in wet
soils (Carcione et al 2003; Ding et al 2014). The seismic explo-
ration methods are more suitable for the high moisture content
conditions and had been successfully applied to monitoring
the subsurface water levels depth (Desper et al 2015; Pasquet
et al 2016). Because of the different soil moisture content,
ERT has higher accuracy detecting soil depth at upslope and
seismic method has higher accuracy at downslope (Coulouma
et al 2012). The field survey results in European karst regions
concluded that the combination of seismic and electromag-
netic methods can be considered as powerful tools for mapping
complex karstic environments (gumanovac and Weisser 2001;
Valois et al 2011), as also demonstrated in Fuling area of SW
China (Guo et al 2021).

Therefore, the integrated use of geophysical methods to
the karst catchment can overcome the spatial and time limi-
tations of electromagnetic methods and provide a detailed
information on the deeper targets. Figure 17 shows an appli-
cation potential paradigm of GPR in the karst catchment.

This is a preliminary study where many of the compli-
cated factors are ignored. The design of GPR antennas is one
of them. The transmitter and receiver antennas have fixed
spacing, which is very convenient for the flat surfaces, such
as the surfaces of highway and tunnel. The uneven surfaces
of karst are not conducive to the layout of GPR survey line
which is not completely designed for karst environment.
Only one receiver is designed to acquire echo resulting that
too much information has been lost. We recommend the
future work should consider the design of GPR for karst sur-
faces. For example, similar to the seismic data acquisition,
design one antenna to transmit signal and several antennas
to receive signals, the spacings of antennas should not be
fixed and could be setup by users’ will. In case where GPR
equipment are specially designed for karst, the application
potential evaluation results will be probably different.

Summary
In view of the lack of macro-evaluation of GPR applied

to karst catchment and facing many influence factors,
this paper summarized the detection effects of GPR field
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Fig. 17 Application potential
paradigm of GPR to shallow

| GPR survey of subcutaneous structure in karst catchment
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observations at different sites in the Houzhai river catch-
ment. We combined with geomorphology, vegetation,
moisture content, high voltage lines and other influenc-
ing factors, and evaluated the application potential of
GPR in detecting surface soil and epikarst at the catch-
ment scale. The degree of application potential evaluation
answers the reliability of GPR data interpretation results
acquired in different regions of the catchment. We devel-
oped initially the corresponding potential degree map of
the Houzhai catchment. We’ve come up with one signifi-
cant conclusion: the potential degree of GPR applied in
the Houzhai catchment can be roughly divided into three
different regions: high, moderate and low. The corre-
sponding evaluation potential map and suggesting factors'
index are expected to help investigators who are unfamiliar
with GPR or the karst environment to have a macroscopic
perspective. Simultaneously, the present study hopes to
throw out a “brick” to attract more “jades” of further stud-
ies of professional GPR experts.
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