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Abstract: The environmental quality of the sediments in karst areas is a common concern, and it
is of great significance to analyze the sources of the sediments. This study investigates the sources
and its temporal variations of catchment sediments in a typical small karst watershed area. Toxic
metal concentrations in the catchment area were monitored via three geochemical baseline projects in
China. The sediment identification fingerprint tool (SIFT) was used to establish a geochemical model
for tracing the main source contributions and its temporal variations of catchment sediments over the
past 28 years (1992-2019). The catchment sediments in the small karst catchment area were mainly
sourced from the background lithologies, among which limestone contributed the most, followed by
dolomite, sand-shale, and mudstone; however, the anthropogenic lead—zinc tailings contributed the
least. The contributions and temporal variations of each source were closely related to the lithology,
topography, and landform, as well as the change in land-use and vegetation cover and the degree of
rocky desertification. Moreover, the implementation of vegetation restoration and control of rocky
desertification decreased the contributions of the upstream geological bodies, and the toxic metal
content of the catchment sediment decreased accordingly. This study is of great significance for
environmental governance in karst areas.
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1. Introduction

In Southwest China, large-scale carbonates are distributed over a total area of 550,000 km?.
Because carbonate rock is highly soluble, it commonly leads to the formation of karst areas.
In most karst areas of Southwest China, the soil has been severely eroded, exposing the
bedrock, resulting in rocky desertification. Studies suggest that karst areas suffer from many
problems, such as soil erosion, frequent disasters, ecological system degradation, and land
productivity decline [1-3].

During the weathering process, carbonates exposed in a surface karst area are easily
broken down, and most toxic metals in the carbonates will be adsorbed by, and concentrated
in, secondary clay minerals, resulting in elevated toxic metals in the surface karst area [4-6].
The low-temperature metallogenic domain of Southwest China, which forms a production
base for metal minerals, is mostly located within a karst area. Extensive mining, disordered
tailings, sewage, and waste gas emissions may introduce toxic metals into soil, water,
and other environmental medium [7]. Therefore, karst areas are at risk of serious toxic
metal pollution, due to multiple factors. Toxic metal pollution is not only irreversible, but
also does not degrade over time, seriously endangering human health [8,9]. The unique
geological setting of karst areas commonly results in toxic metal pollution being spread over
a wide area. As such, it is difficult to manage and can result in great harm to inhabitants of
the area [10].
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In order to continuously monitor changes in the geochemical environment and elemen-
tal spatial distributions in China, three geochemical baseline projects were implemented
in 1992-1996, 2008-2012, and 2015-2019, respectively. From 1992 to 1996, the Environ-
mental Geochemical Monitoring Networks and Dynamic Geochemical Maps (EGMON) project
was implemented, 845 topsoil samples were collected, and 39 geochemical indexes were
analyzed [11,12]. In 2008-2012, the first round of China’s Geochemical Baselines project (CGB1)
was conducted, and a nationwide geochemical baseline network was established with a
total of 3382 surface samples collected in the catchment area. In 2015-2019, the second
round of China’s Geochemical Baselines project (CGB2) was completed with 1589 representa-
tive surface samples collected. A total of 81 geochemical indexes were analyzed in CGB1
and CGB2 [13]. Accordingly, through the successful implementation of these three projects,
China has realized the dynamic monitoring of national scale environmental changes to
surface catchment sediments.

Catchment sediments may originate from multiple sources, reflecting changes in
natural sources and anthropogenic activities. Studies on the provenance of fine-grained
sediments began in the 1970s [14]. An unmixing model was introduced to quantitatively
calculate the contributions of different sources. Many physical, chemical, and biological
properties of sediments have been used as tracers, including color and grain size, clay
mineral characteristics, the characteristics of magnetic minerals, geochemical indicators,
radioisotopes, cosmogenic radionuclides, and soil enzymes and pollens [15-17].

Geochemical tracing has been used to determine the source and evolution of elements,
minerals, and rocks in geological and geochemical processes, and is an important means
of exploring material sources and revealing geochemical processes. Elemental geochem-
ical tracing is based on the varying proportions and properties of elements in different
geological bodies [18]. In the process of rock weathering, alkali and alkaline earth metal
compounds that are more reactive, such as K,O and NayO, are easily released to the dis-
solved phase, while other elements or oxides that are more stable such as SiO,, TiO,, Al,O3,
and Fe; O3, the high field strength elements Nb, Ta, Zr, Hf, and rare earth elements, behave
conservatively. These conservative elements and oxides can reflect the characteristics of
parent rock weathering products, which are often used as geochemical tracers [19-23].

This study examined a typical small karst catchment area in Guangxi Province as an
example. Catchment sediment samples were collected from the same site as part of the
three geochemical baseline projects (EGMON, CGB1, and CGB2). These samples likely
reflect the temporal variations in the catchment sediments. In order to trace the sources
of the sediments, representative rock and soil profile samples were collected from the up-
stream catchment, and geochemical indexes were calculated for each one. Accordingly, the
dynamic variations of toxic metal concentration in the small karst catchment were studied.
Moreover, a geochemical provenance model was established for the catchment, using the
Sediment Identification Fingerprint Tool (SIFT) [24] to explore temporal variations of sedi-
ment provenance in a typical small karst catchment area over the past 28 years (1992-2019).
In this research, temporal variations of sediment provenance in a karst watershed supply
for a long period of time was explored, aiming to provide information on the sources and
changing trends of sediments and a geochemical basis for the prevention and controlling of
toxic metal pollution in Guangxi.

2. Methodology
2.1. Study Area

The Huanjiang River catchment, upstream of the Pearl River, is located between the
Yunnan-Guizhou Plateau and the Guangxi hilly region and includes parts of Libo County
and Congjiang County of Guizhou Province, as well as Huanjiang County, Jinchengjiang
district, and Yizhou City of Guangxi Province, with a total area of 2819.88 km? (Figure 1).
The study area has a transitional monsoon climate, with the region ranging from south
subtropical to middle subtropical zone. There are various geomorphic features including
mountains, hills, peak forest valleys, and feather shaped valleys. The strata in the study
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area are mainly Carboniferous and Devonian, with a small proportion of Lower Cambrian,
Sinian, and Permian units. The main lithologies are limestone, dolomite, sand shale, and
mudstone. Moreover, the study area is known as the hometown of nonferrous metals in China,
as it contains many lead-zinc deposits in the upstream region, which may be the potential
toxic metal sources.
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Figure 1. Study catchment area and the location of sampling sites.

2.2. Sampling and Analysis Methods
2.2.1. Sampling

In view of recognizing the need of global-scale geochemical baselines against which
can quantify future human-induced or natural changes to the chemistry of the Earth,
based on Global Reference Network grid sampling of the Earth’s surficial materials (Darn-
ley et al., 1995) [25], China initiated the Environmental Geochemical Monitoring Networks
(EGMON) project from 1992 to 1996 [9]. Most of the samples were collected in 1995. Alluvia
soil samples formed by flood sediments were collected from 529 locations in eastern plains
of China and steam sediment samples from 314 locations in western mountainous terrains.
The sampling locations were mostly located on the floodplains of large-catchment basins
ranging from 1000 to 10,000 km?.

The first China Geochemical Baselines Project (CGB1), as a part of the Global Geo-
chemical Baselines project [25], was carried out from 2008 to 2014 [13,26], most samples
were collected in 2010-2012. China mainland was divided into many grids, the size of
which is 80 km x 80 km, and two typical alluvial soil samples were collected from each
grid. Sample locations are designed at outlet plains of drainage catchments ranging in area
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from about 1000 to 5000 km?, with most being 2000-3000 km? in area. Finally, alluvial soils
formed by drainage sediments were collected from 3382 locations according to A Global
Reference Networks (GRN) grid cell in the whole mainland China (9.6 million km?).

The second China Geochemical Baselines Project (CGB2), as a part of the Global
Geochemical Baselines project [25], was carried out from 2015 to 2019 [13,26]. Samples were
collected based on the same grids as CGB1. Alluvial soils formed by drainage sediments
were collected from 1741 locations from the typical catchments.

Surface samples ranging from 0 to 25 cm were collected, and three sub-samples were
collected at each sampling site for combination, which the litter was scraped. The three
sites were roughly equilateral triangles, and each of the two sites was within 50 m (usually
within 5 m) apart. The weight of each combined sample was about 5 kg. The alluvial soil
samples studied in this paper are located at the outlet of watershed, which are marked by
triangles in the Figure 1.

The temporal change of toxic metal concentrations may increase or decrease, a major
issue is whether these changes are detectable by soil monitoring taking. Sampling materials
and monitoring sites have to be indicate that contaminations can build quickly enough
to be revisited on a second and subsequent occasions [27]. The sample media from the
EGMON and the CGB are the same, both of them are alluvial soils formed from catchment
sediments (overbank/floodplain/delta sediments) by river transportation. All runoff
materials are transported to the same outlet or plains to form soils through the drainage
network channels. The transported samples collected from the outlet of large drainage
catchments are excellent media representing the natural background and anthropogenic
emission. Contamination in catchment sediments can build relatively quickly. Pollution
comes from diffuse sources such as natural weathering, mining, industries, residents,
pesticides and fertilizers. Rain falling on the land picks up pollutants into watercourses
and deposited in the low-reach plains or overbank or fluvial terrace.

In June and July of 2020, 6 profile samples (profile YDK, LMG, XRD, BX, SHL and DA
in Figure 1) as well as lead-zinc tailings (BS in Figure 1) were collected from upstream of
the Huanjiang River. The sampling sites of the soil profiles are shown as black circles in
Figure 1. In the field, typical representative profile samples were collected according to
the color of profiles, cracks or joints, particle morphology and physical properties, which
mainly includes regolith, saprock, weathered rock and bedrock.

The bedrock of profile YDK is a thick layer of grayish-white dolomite, and the height
of the profile is about 3 m. A total of 8 profile samples were collected. The bedrock of
profile LMG is composed of limestone. The profile is about 4.2 m, a total of 7 samples were
collected. The bedrock of profile XRD is gray-black limestone mixed with argillaceous
limestone. The profile is 5 m high, a total of 6 representative profile samples were collected.
The bedrock of profile BX is a gray-black dolomitic limestone with a height of 2 m and
5 samples were collected. The bedrock of profile SHL is a gray-black thin layer mudstone
mixed with siliceous rocks and shale with a height of 2.3 m and a total of 6 samples were
collected. Profile DA consists of gray-black mudstone and sandstone with a height of 2.6 m
and 7 samples were collected.

2.2.2. Laboratory Analysis

The samples were air-dried and passed through a 10 mesh (2 mm) nylon sieve to
remove stones, plant roots and litter and homogenised, each raw sample is split into two
sub-samples, one by sieving to less than 10 mesh (<2 mm) for laboratory analysis and the
other for storage and future investigation. A sieved sample is ground to less than 200 mesh
(<74 um) in an agate mill for laboratory analysis.

An aliquot of 0.25 g was weighed and placed into test tube and a 10 mL HF, 5 mL
HNOs;, 2 mL HCIO4 was added for degestion the samples. The test tube was heated in a
boiling water bath until dryness. After cooling, 8 mL of 1:1 aqua regia [aqua regia (1 HNOs3
+ 3 HCl): pure water = 1:1 vol.] was added for decompose the residue. Then the solution
was diluted with 2% HNOj [28]. The analysis method and detection limit (DL) are listed in
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Table 1. The accuracy of the method was assessed by analysing the soil reference materials
(GSS-1, GSS-2, GSS-17, GSS-19, GSS-25, GS5-26, GSS-27) 34 times, respectively, and the
AlgC is less than 0.10 (AlgC =11gCi — IgCs |, C; is the average of measured values; Cs is the
standard reference value). Detailed sample collection and analysis methods were described
in [11-13].

Table 1. Element analysis method and detection limit.

Analysis Method Detection Limit
As Hydride atomic fluorescence spectrometry 1
Cd ICP-MS 0.02
Cr X-ray fluorescence spectrometry 5
Cu X-ray fluorescence spectrometry 1
Hg Cold Vapour Atomic Fluorescence Spectrometry 0.0005
Ni ICP-MS 2
Pb X-ray fluorescence spectrometry 2
Zn X-ray fluorescence spectrometry 4
B Emission spectrometry 1
Be ICP-MS 0.5
Co X-ray fluorescence spectrometry 1
Ga X-ray fluorescence spectrometry 2
La ICP-MS 1
Li ICP-MS 1
Mo Emission spectrometry 0.2
Nb ICP-MS
Ni ICP-MS 2
Th X-ray fluorescence spectrometry 2
8) ICP-MS 0.1
\% X-ray fluorescence spectrometry 5
Y X-ray fluorescence spectrometry 1
Zr X-ray fluorescence spectrometry 2

Unit: mg/kg.

2.3. Catchment Sediment Provenance Discrimination Method

The sediment source provenance method was proposed based on the assumption that
tracers are measurable, stable, and representative, and can provide robust estimates of
different sediment sources [29-31].

Collins et al., 2018 developed SIFT using the software R; the main processes involved
in implementing this method are as follows: (1) setting of model parameters; (2) selection
of tracers with strong identification abilities using initial discriminant analysis, evaluation
of misclassified samples, tracer conservatism, and the percentage difference of tracers for
each source evaluation; (3) linear discriminant analysis to select combinations of three
tracers (basic, conservative, and high variability tracers) based on their conservatism and
discriminant abilities; (4) creation of a diagram of two maximum discriminant functions for
tracers from different sources and sediment samples, followed by testing of the SIFT for
accuracy using virtual mixing samples, testing the model weights to improve the accuracy,
evaluating their goodness-of-fit, and rejecting those with poor results; (5) evaluating the
results of sediment source provenance analysis and the associated model uncertainty, and
finally combining the results of all acceptable models to give the contributions of each
source. For a detailed explanation of the model, see Pulley and Collins 2018.

3. Results
3.1. Properties of Catchment Sediments

The catchment sediment samples collected in different periods were all very fine-
grained and brownish-yellow in color. The CGB1 and CGB2 catchment sediment samples
had pH values of 4.83 and 4.64, respectively (pH was not measured in EGMON). The en-
richment factor (EF) of toxic metals of catchment sediments (Figure 2) were calculated using
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the mean contents of toxic metals in catchment sediments in China [32] as denominator,
with Al as the reference element to eliminate the grain-size effect. Concentrations of Cr in
all three periods were below the background level, while Ni and Cu were depleted and
other elements, including As, Cd, Hg, Pb, and Zn, were enriched. In EGMON (1992-1996),
Hg and Cd were enriched to a relatively high level with enrichment factors of 3.3 and 5.4,
respectively. In CGB1 (2008-2012), Pb, Hg, and Cd showed strong enrichment and in CGB2
(2015-2019), Hg and Cd were moderately enriched. In general, the environmental quality
of soil in the study area, in terms of toxic metals, was the best during 1992-1996, followed
by 2015-2019, and the worst during 2008-2012.
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Figure 2. Degree of enrichment of toxic metals in catchment sediments.

3.2. Properties of Profile Samples

The LMG, BX, and XRD profiles were situated in limestone. The LMG profile comprises
7 samples, including 4 rock and 3 soil samples, BX comprises 2 rock and 3 soil samples,
and XRD comprises 3 rock and 3 soil samples. The rocks were gray-black, while the soils
were red in color with a mean pH of 4.52. YDK is a dolomitic profile, comprising 4 soil
and 4 rock samples. In YDK, the rocks were gray-white, and the soils were yellow brown
with a mean pH value of 4.79. The SHL and DA profiles were taken from mudstone and
sand-shale, respectively. SHL comprises 4 soil and 2 rock samples, while DA comprises
3 soil and 4 rock samples. The rocks were gray-black and the soils were red with a mean
pH value of 6.4. The statistical parameters of toxic metals were listed in Table 2.
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Table 2. Statistical parameters of toxic metals.

As Cd Cr Cu Hg Ni Pb Zn
Min 10.26 0.036 48.8 5.7 40.2 6.7 10.5 219
Soil Median 27.17 0.902 101.5 16.4 174.0 31.7 39.0 75.1
- Max 16.66 0.151 63.9 9.9 81.4 12.1 20.0 51.9
% Ccv 33.2 108.8 26.7 31.3 46.7 54.3 45.5 41.6
2]
§ Min 0.57 0.036 3.0 6.8 14.9 4.4 2.3 18.7
® Rock Median 11.00 0.279 48.6 12.6 33.7 12.7 21.2 344
Max 24.39 1.267 57.0 19.3 104.0 324 96.2 208.0
Ccv 66.7 98.9 45.5 419 70.6 58.9 90.8 107.6
Min 410 0.011 31.0 5.5 36.3 5.0 7.9 20.5
Soil Median 4.64 0.026 43.5 6.6 43.6 5.6 10.6 224
. Max 6.41 0.064 55.9 9.8 61.2 7.4 12.7 27.2
% Ccv 21.2 76.9 23.4 26.1 22.9 17.7 23.2 12.4
% Min 1.46 0.028 17.0 6.7 16.1 2.8 4.4 12.5
® Rock Median 2.50 0.037 47.7 8.3 20.6 8.8 15.7 20.3
Max 3.57 0.070 57.6 9.7 43.3 13.8 26.1 27.3
Ccv 349 45.6 43.0 14.9 48.9 53.4 59.9 35.8
Min 9.54 0.036 36.4 7.9 59.4 5.7 13.4 17.5
Soil Median 19.57 0.101 58.2 10.1 88.3 74 20.8 59.9
o § Max 44.06 0.827 110.2 219 124.1 55.9 325 104.9
Q
5_ g’: CV 50.1 122.9 39.9 41.8 27.4 92.7 30.0 65.1
:? 7 Min 14.10 0.080 35.9 9.5 26.0 6.5 13.1 23.3
& % Rock Median 19.87 0.311 64.8 14.9 62.8 253 227 68.9
Max 50.20 0.349 88.8 20.1 106.5 39.3 39.7 93.7
cv 56.6 49.0 31.8 29.5 40.5 62.7 39.2 447
Pb-Zn Tailings Content 1485 27.69 48.2 144.4 342.6 30.6 1168 1890.0

Unit: mg/kg; CV: Coefficient of variation.

3.3. Sediment Provenance Process

From the geological background of the study area, four major sources (limestone,
dolomite, sand-shale and mudstone, and lead-zinc tailings) were identified as possible
contributors of catchment sediments. Based on the elements/oxides identified in the
sources, and those measured in all three baseline projects, 28 geochemical indexes were
selected as tracers, namely: Al,Os, B, Ba, Be, CaO, Ce, Co, Cr, Cu, Fe;O3, Ga, La, Li, MgO,
Mn, Mo, Nb, Ni, P, Rb, S, SiO,, Th, Ti, U, V, Y, and Zr. Through a series of evaluations
described in Section 2.2, 16 elements (Al, B, Be, Co, Ga, La, Li, Mo, Nb, Ni, Si, Th, U, V,
Y, Zr) were identified as conservative tracers. The mean contents of geochemical tracers
in the four major sources (limestone, dolomite, sand-shale and mudstone, and lead-zinc
tailings) are shown in Figure 3. The average element concentration characteristics of tracers
in the lead-zinc tailings (shown in green line) were significantly different from others,
while the limestone, dolomite, and sand-shale and mudstone as background lithologies
exhibited relatively similar tracer variations trends, with some obvious differences in typical
element contents.
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Figure 3. Mean tracer concentrations of different sources.

The selected tracers exhibited an identification accuracy of 100% by testing the SIFT
for accuracy using virtual mixing samples (step 4 as described in 2.2), so the geochemical
tracers were used for sediment provenance. Because there were slight differences between
each fitting result, the average result of 5 fittings was used as the final result of this research.
The goodness-of-fit of the model reached 93.5%, indicating that the selected tracers can
indeed trace the sediment sources with high reliability. Figure 4 shows the contributions of
individual tracers to the model’s goodness-of-fit. Li, Co, Nb, Al,O3, and Be were the major
contributors to the model’s goodness-of-fit, with the sum of these accounting for more than
50% of all tracer contributions.
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Figure 4. Contributions of individual tracers to the goodness-of-fit of the sediment provenance model.

3.4. Sediment Provenance Results

The contributions of the four sources to the catchment sediment samples, in each
of the baseline project periods, were shown in Figure 5. Overall, the contributions of
limestone and dolomite weathering were the most significant in the three periods, and the
sum of their contributions was more than 80%. In EGMON, the contributions of limestone
and dolomite were 48.5% and 41.9%, respectively, 49.9% and 30% in CGB1, and 42% and
41.6% in CGB2. By comparison, in EGMON and CGBI1, the contributions of limestone
was significantly higher than that of dolomite, although the contributions of the two were
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almost equal in CGB2. The contributions of limestone and sand-shale and mudstone
increased between EGMON and CGBI1, and then decreased from CGB1 to CGB2, while the
opposite trend was exhibited by dolomite. The contributions of lead-zinc tailings pollution
(5.9%) reached its highest level in CGB2. Since the contributions from all sources add
up to 100%, the reduction of background lithology contributions leads to an increase in
the contributions of lead-zinc tailings from CGB1 to CGB2. However, the results show
that catchment sediments in the catchment mostly originated from regional background
lithologies, while the contributions of lead-zinc tailings was relatively small.
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Figure 5. Contributions of each source to the catchment sediment samples collected during the three
baseline project periods.

4. Discussion

Ref. [33] studied the spatial correlations between lithology and rocky desertification
in the karst area of Guizhou, and found that the degree of rocky desertification was
obviously correlated with lithology, but did not consider the influence of human factors.
The incidence of rocky desertification is highest for continuous carbonate rock, and the
degree of desertification is serious [34]. With an increase in argillaceous content of carbonate
rock, the percentage of acid-insoluble content in rock increases, the rate of soil formation
speeds up, the occurrence rate of rocky desertification declines, and the degree of rocky
desertification is gradually lessened. Continuous limestone bodies are the most prone to
rocky desertification, followed by dolomite, and the sand-shale and mudstone units [35].

Relevant studies have been carried out on the temporal and spatial variation charac-
teristics of rocky desertification in Guangxi [36,37]. The largest area of rocky desertification
occurred in Hechi, Guangxi Province in 2002, the second in 1988, and the smallest in 2015.
In the past 32 years, the area of rocky desertification in Guangxi exhibited an increasing
trend, followed by a decreasing trend [38]. This study shows that the contribution of back-
ground lithologies (limestone, dolomite, sand-shale and mudstone) to the entire catchment
area was the highest in CGB1 (2008-2012), followed by EGMON (1992-1996) and CGB2
(2015-2019), which may closely related to the degree of rocky desertification in the region
during these periods. Therefore, the results of this study could also be interpreted as
indicating that, after years of governance in China, the degree of rocky desertification in
karst areas has been greatly reduced. In the last ten years, the contribution of background
geology to the sediments in the catchment area has decreased.

Generally, limestone is very easily weathered compared to other rock types [39,40].
More importantly, as shown in Figure 1, most limestone in this region is located in moun-
tainous areas with strong hydrodynamic conditions, where a large amount of sediment will
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be carried downstream by water flow. Limestone therefore makes the largest contribution to
the catchment sediments. In addition, 45% of the total study area is comprised of limestone
(Figure 1), which certainly leads to a greater contribution. The second largest contributor
is dolomite, whose weathering capacity is lower than that of limestone but higher than
that of sand-shale and mudstone. Although dolomite accounts for only 12% of the total
study area, it occupies the steepest areas with the strongest hydrodynamic conditions; thus,
its contribution is relatively high. Although sand-shale and mudstone occupy about 45%
of the study area, they are more resistant to weathering. Moreover, as can be seen from
the topographic map (Figure 1), these lithologies are located in a region with relatively flat
terrain and poor hydrodynamics, so they contribute less to the catchment sediments than
other rock types in the catchment.

In addition to the background geology and geomorphology already discussed, land-
use/vegetation change also plays an important role in the source changes of catchment
sediments in karst areas. [41] studied the spatial and temporal variation of vegetation in
the Guangxi Xijiang River catchment from 2007 to 2016, using MODIS EVI data, and found
that the elevated vegetation index (EVI) generally declined during 2007-2011. One reason
for this trend may be that during this time period, many severe natural disasters caused
serious destruction of vegetation and crops, resulting in lower vegetation coverage. The
EVI increased during 2011-2016, mostly due to vegetation protection measures such as
afforestation and rocky desertification control projects in Guangxi (as shown in Figure 6).
While human activities have little impact on high-altitude and steep terrain, soil loss
in low-lying areas is vulnerable to changes caused by human activities involving land-
use and vegetation [42]. Therefore, the contributions of the sand-shale, mudstone, and
limestone, which are situated in relatively flat and moderately steep terrain, changed
consistently with the land-use/vegetation in the study area, but the contribution of dolomite
in the steep terrain areas did not. Consequently, the changes in sediment contributions
between different time periods are closely correlated with the change in local land-use and
vegetation cover.

NDVI

0.90—1

0.85-0.90
0.83-0.85
0.800.83
0.75-0.80

0.70-0.75

Figure 6. EVI of the study area (a): EGMON 1992-1996; (b): CGB1 2008-2012; (c): CGB2 2015-2019.

Karst areas are facing another environmental problem, that of elevated toxic
metals [4,43]. Many studies have examined the status of toxic metal pollution in karst areas
and its possible causes [44,45]. In this study area, all catchment sediment samples from the
three projects were found to be enriched in Cd, Hg, Pb, and Zn, with a clear order in the
degree of toxic metal enrichment: CGB1 > CGB2 > EGMON. Catchment sediment samples
from EGMON showed the most enrichment (in Hg, Cd, As, and Zn) followed by CGB1
samples, enriched in Pb, Cd, Hg, As, and Zn, while CGB2 samples contained elevated Hg,
Cd, Pb, As, and Zn. Figure 6 shows the degree of toxic metal enrichment in each source
lithology (relative to the average contents of elements in Chinese catchment sediments).
Limestone is significantly enriched in Cd, Pb, Zn, Hg, and As (Figure 7), while limestone
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regolith is significantly enriched in Hg, Cd, and As. The dolomite regolith was only slightly
enriched in Hg. Sand-shale and mudstone were significantly enriched in Hg, As, Cd, Ni, Cr,
and Pb, while the regolith of these lithologies showed concentrated Hg, As, and Cd, with
moderately-concentrated Cr, Ni, and Zn. Lead-zinc tailings were significantly enriched in
Cd, Pb, Zn, and Hg, while As and Cu were only slightly concentrated in these sediments.

2

Soil
Rock

Enrichment degree
IS
Enrichment degree

L L 1 1 I 1 )
As Cd Cr Cu Hg Ni Pb Zn

— Lead-Zinc tailings

Enrichment degree
Enrichment degree

As  Cd Cr  Cu Hg Ni Pb  Zn . AsCcd  Cr Cu Hg  Ni o Pb o Zn

c d
Figure 7. Degree of toxic metal enrichment in each sediment source. (a): Limestone; (b): Dolomite;
(c): Sand-shale and mudstone; (d): Lead-zinc tailings (with logarithmic scale).

The background geology contributes more than 95% of the catchment sediments;
in contrast, lead-zinc tailings contribute only a small amount. Therefore, the elevated
toxic metals in the catchment sediments of the study catchment mainly originate from the
contributions of the background geology. In addition, while the highest toxic metal content
was found in CGB1 samples the contribution of lead-zinc tailings to CGB1 catchment
sediments was the smallest, which also indicates that lead-zinc tailings were not the main
source of toxic metals in the catchment sediments of the study area. Furthermore, lead-zinc
tailings are rich in Cu, but the catchment sediments from the different periods were all
depleted in Cu, implying that background lithologies were the more important sources of
toxic metals.

5. Conclusions

The catchment sediments in the small karst catchment area mainly originate from the
background lithologies, of which limestone contributes the most, followed by dolomite,
sand-shale, and mudstone. By comparison, anthropogenic lead—zinc tailings contribute
the least to catchment sediments. The limestone contributed the most to catchment sed-
iments collected during CGB1(2008-2012), followed by EGMON (1992-1996) and CGB2
(2015-2019). Sand-shale and mudstone contributed the most to CGB1 sediment samples,
followed by those of CGB2 and EGMON. Dolomite contributed the least to CGB1 samples.
The contributions and its temporal variations of each source were closely related to the
background lithology, topography and landform, the change in land-use and vegetation
cover, and the degree of rocky desertification. Our study shows that in the past ten years,
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through the implementation of vegetation restoration and control measures, the degree
of rocky desertification in the karst areas of China has been significantly reduced and soil
erosion has been alleviated, which resulted in decreased toxic metal concentrations in the
catchment area.
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