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Quantitative Evaluation of Heavy Metal Pollution and Its
Influencing Factors in Water Bodies of Karst Areas
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Abstract At present, there is relatively little research on the synergistic effects of heavy metals in soil, sediment, and bedrock on heavy metal pollution
in water bodies. In this paper, heavy metals in soil, sediment, bedrock, and water of a typical karst watershed in southwest China were investigated. The
results indicated that the average values of heavy metals in soil and sediment were relatively higher than those in bedrock except for Ni and As. During the
research period, As and Cd were the main heavy metal elements polluting the soil and sediment in the study area, while water bodies were mainly polluted
by Ni, As, and Cd. The pollution assessment indicated that there were instances of poor or very poor water quality in the study area during the study peri-
od; the soil as a whole was slightly polluted by Cd and As; sediment was subject to moderate Cd pollution and mild As pollution. Analysis of geochemical
form for heavy metals showed that heavy metals in soil and sediment were mainly in residual form, and the proportions of exchangeable As and Cd were
and 16.2% of the chan-

ges in heavy metals of water, respectively. The research results can provide scientific basis for the prevention and control of heavy metal pollution in water

relatively high. Multiple statistical analysis showed that heavy metals in sediment, soil, and bedrock explained 23.8% , 16.8%

s

bodies.
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With the development of industries such as mining, metallur-
gy, and electroplating, serious heavy metal pollution has been

caused worldwide!' .

Heavy metals have toxicity and persist-
ence, and can be transferred and enriched into human bodies
through direct exposure or indirect food chain, ultimately posing a
risk to human health' ™. For example, long-term exposure to Cd
may lead to kidney damage and have adverse effects on the lungs,
cardiovascular system, and musculoskeletal system'®’. China is
one of the world’s largest producers and consumers of metals'’
and the continuous development of industry has caused serious pol-
lution of soil, water bodies, and sediments in many places™® ™.
Therefore, it is necessary to conduct comprehensive pollution as-
sessments in areas with intensive industrial activities.

Research has shown that in terrestrial ecosystems, the excess
infiltration or saturation-excess runoff generated by precipitation
separates heavy metals from the soil surface in dissolved or partic-
ulate form and deposits them in rivers or lakes, achieving the mi-

[10]

gration of heavy metals Extensive research on the sources of

heavy metals in water bodies has been conducted, and sources in-

clude surface runoff™’ | sewage discharge'”’, atmospheric depo-

[13]

sition and sediment activation'*’. However, due to the distri-

s

bution of heavy metals in soil'™ | the properties of heavy met-

1) "and the characteristics of riparian zones''”’ | the entry of

als
heavy metals from soil into water bodies is highly uncertain. In ad-

dition, there are few studies that quantify the impact of heavy met-
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als in bedrock on water bodies.

Based on this, a typical karst watershed was selected as the
research area to study the quantitative effects of 9 heavy metals
(Cr, Mn, Ni, Cu, Zn, As, Cd, Sb, and Pb) in soil, sediment,
and bedrock on heavy metals in the watershed water. This study
aims to; (1) evaluate the degree of heavy metal pollution in water,
soil, and sediment in the study area through water quality index
(WQI') and geo-accumulation index (1,,,) ; @study the availabil-
ity of heavy metals in soil, sediment, and bedrock through se-
quential extraction method; (3) use multivariate statistical analysis
to quantify the contribution of heavy metals in soil, sediment, and
bedrock to heavy metals in water bodies. The research results can
provide scientific basis for the prevention and control of heavy

metal pollution in water bodies.

1 Materials and methods

1.1 Research area The research area is a typical karst basin
in southwest China, with mainly exposed strata from the Carbonif-
erous and Permian periods. The lithology is mainly limestone,
with a small amount of quartz sandstone interbedded with shale.
The karst landform is very developed'™'. The soil types in the re-
search area include paddy soil, lime soil, yellow lime soil, coarse
bone soil, red soil, etc. It is dominant by agricultural activities in
the middle and lower reaches of the watershed, and a large amount
of industry has been developed in the upstream. The research area
belongs to the subtropical monsoon humid climate zone, with an
average annual temperature of 16. 5 °C and an average annual
rainfall of 1 313 m.

1.2 Sample collection and analysis According to field and
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historical data investigations, no entrance to the underground river
was found in the southern tributaries and middle reaches of the
study area. Therefore, river water samples were collected at 12
sampling points using a water sampler in November 2022 (Fig. 1),
loaded into a 100 ml of polyethylene bottle, and acidified with
concentrated nitric acid. A grapple-type of mud collector was used
to collect 0 =5 cm of sediment of the river bottom. After discar-
ding any debris, it was packed in a polyethylene bag for sealed
storage. According to the Technical Specification for Soil Environ-
mental Monitoring (HJT 166 —2004) , soil sampling is the process
of collecting 5 soil samples from the surface layer of 0 — 10 c¢m in
each sampling unit and combining them into a mixed soil sample.
A geological hammer was used to collect bedrock with soil and riv-
er development. Except for rock samples, all samples were stored

in portable ice boxes.
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Fig.1 Situation of research area and sampling point

The pH of water was measured in situ using a multi-parameter
water quality analyzer (Ponsel, France) with a measurement ac-
curacy of 0.01. The concentrations of 9 heavy metals (Cr, Mn,
Ni, Cu, Zn, As, Cd, Sb, Pb) in water samples were analyzed
using inductively coupled plasma mass spectrometry ( ICP-MS,
Thermo Fisher Scientific, USA) under standard operating condi-
tions. The detection limits for these metals were 0. 11, 0. 12,
0.06, 0.08, 0.67, 0.12, 0.05, 0. 15, and 0. 09, respectively
weg/L. After removing plant residues and stones from soil and sed-
iment samples, they were placed in a cool place of the laboratory
for natural air drying. After grinding, they passed through a 0. 15
mm of nylon sieve, and then were packed in a clean polyethylene
bottle for sealed storage and future use. The rock sample was first
crushed. After grinding with a ball mill, it passed through a 0. 15
mm of nylon sieve, and then was packed in a clean polyethylene
bottle for sealed storage and future use. The pH values of soil and
sediment were measured using a pH meter at a solid — liquid ratio
of 1 :2.5 (w/v)™, with a measurement accuracy of 0.01. Soil,
sediment, and rock samples were digested with aqua regia accord-
ing to the protocol provided by HJ 803 —2016, and metal concen-
trations in the samples were analyzed using ICP-MS. The detection

limits for using this method were 2, 0.7, 2, 0.5, 7, 0.6, 0.07,

0.3, and 2 mg/kg, respectively. The metal forms of soil, sedi-
ment, and rock samples were extracted using sequential extraction
method ™. By this fractionation method, metal elements were di-
vided into exchangeable state (F1), carbonate bound state (¥2),
iron manganese oxide bound state (F3), organic matter bound
state (F4), and residual state (F5) in sequence. Metal concen-
trations of all extracted samples were measured using ICP-MS.
Quality assurance and control used reagent blank controls,
duplicate samples, and standard substances ( soil standard sub-
stance GBW07404a and sediment standard substance GBW07310,
Hebei, China, Institute of Geophysical and Geochemical Explora-
tion, Chinese Academy of Geological Sciences). The response
value of the internal standard during the sample testing process
was between 70% and 120% of the standard curve response val-
ue, and the recovery rate of the added standard was between 70%
and 110% .
1.3 Assessment of heavy metal pollution Based on aggrega-
tion function, the WQI model allows for the conversion of a wide
range of water quality data into individual values or indices, and
enables a more comprehensive evaluation of water quality ( surface
water and groundwater) according to local water quality standards.
1., evaluates environmental pollution by comparing pollutant con-
centrations with local environmental background values, which is
suitable for heavy metal pollution assessment in soil and sedi-
=2 In this study, the calculation formulas for WQI and

1., are as below.
C
WQI:Z[Wix(S‘)XIOO] (1)
[geni ZIng[Cn/(kXBn)] (2)

where W, =w,/ Y w, is relative weight of each parameter on

ment

the overall water quality ; w, shows assigning different weight levels
of 1 (minimum impact on water quality) to 5 ( maximum impact
on water quality) to each parameter based on their relative impor-
tance to human health and drinking water; Y w, is the sum of the
weights of all elements; C; is the concentration of each heavy met-
al; S, is drinking water limit for each heavy metal element ™ .
WQI is composed of 5 categories shown in Table 1. C, is actual
measured concentration of heavy metals (mg/kg); B, is back-
ground value of heavy metals (mg/kg)™"; k is the coefficient
chosen due to differences in rocks in different regions that may
cause changes in environmental background values, typically
taken as 1.5. I, is composed of 7 categories shown in Table 1.

1.4 Multivariate statistical analysis Multivariate statistical
analysis method was used to analyze the characteristics and influ-
encing factors of heavy metal pollution in the watershed. Firstly,
Pearson correlation analysis was used to test the relationship be-
tween heavy metal concentration in water and heavy metal concen-
tration in soil, sediment, and rock. In order to systematically ana-
lyze the impact of heavy metals in various media on the concentra-
tion of heavy metals in water, this paper used redundancy analysis
(RDA) to quantify the contribution of heavy metals in each media
to heavy metals in water. Then, gradient boosting machine
(GBM) analysis was used to quantitatively evaluate the relative

impact of each medium on heavy metals in water. In addition,
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Mantel testing was used to further verify the significance of the im-

Table 1 Classes of I, and WQOI

pact of heavy metals in various media on metals in water bodies.

Lyeo Sediment and soil quality WwQI Water quality

L=< 0 Mildly uncontaminated WQI <50 Excellent

0< [ =<1 Uncontaminated to moderately contaminated 50<WQI <100 Good

1< /l,,<2 Moderately contaminated 100 < WQI <200 Poor

2<1,,<3 Moderately to heavily contaminated 200 =<WQI <300 Very poor

3< <4 Heavily contaminated 300<WQI Undrinkable
4<l,,<5 Heavily to extremely contaminated

5< 1y, Extremely contaminated

2  Results heavy metal content in bedrock, most heavy metals in soil exhibi-

2.1 Characteristics of heavy metal concentration in the re-
search area The soil pH in the study area ranged from 4.4 to
7.8 (with an average of 5. 8), and the soil was mainly acidic
(Table 2). Table 2 listed the characteristics of heavy metals in
soil, bedrock, and sediment. The average concentrations of heavy
metals in soil were Mn (624.8 ppm), Zn (77.9 ppm), Cr (59.7
ppm), As (41.9 ppm), Pb (31.4 ppm), Ni (14.0 ppm), Cu
(12.0 ppm), Cd (1.9 ppm), and Sb (1.2 ppm), respectively.
The average concentrations of heavy metals in the bedrock were As
(127.4 ppm), Ni (34.9 ppm), Mn (19.0 ppm), Cr (14.0
ppm), Zn (12. 1 ppm), Cu (4.4 ppm), Pb (4.2 ppm), Cd
(1.5 ppm), and Sb (0.1 ppm) , respectively. Compared with the

ted significant enrichment, especially Mn (32.95 times) and Sh
(13.12 times). It was worth noting that the content of As in rocks
was higher than that in soil. The concentration of most heavy met-
als in sediment was similar to that in soil, and it exhibited similar
patterns compared with heavy metals in bedrock. However, Cd in
sediment showed significant enrichment, with a concentration 5. 6
times higher than that in soil and 7. 1 times higher than that in
bedrock. The analysis of coefficient of variation showed that the
spatial differences of Cr, Cu, and As in soil were relatively small;
except for Zn, Cd, and Sb, the spatial differences of other heavy
metals in rocks were relatively small; the spatial differences of

heavy metals in sediments were significant.

Table 2 pH and heavy metal conditions of soil, bedrock, and sediment ppm
Item pH Cr Mn Ni Cu Zn As Cd Sh Pb
Soil Minimum 4.10 24. 60 22.50 2.50 4.60 23.40 17.50 0.10 0.70 11.80
Maximum 8.02  126.70 3559.80  40.30 29.20  196.00 74.70 6.60 4.90 101.70
Mean 5.74 59.70 624.80 14.00 12.00 77.90 41.90 1.90 1.20 31.40
Median 5.51 57.60 182.30  11.20 10. 60 71.40 40.20 1.40 1.00 28.20
SD 0.86 21.30 861.20 9.10 4.80 40. 80 14.50 1.60 0.70 16.70
CV// % 14.40 35.60 137.80  65.10 40.30 52.30 34.70  86.10 59.10 53.10
Rock Minimum - 6.80 9.30 32.70 4.00 4.40 90.50 0.60 0 2.80
Maximum - 21.70 28.70  38.00 4.90 41.80  160.40 3.10 0.20 5.80
Mean - 14.00 19.00  34.90 4.40 12.10  127.40 1.50 0.10 4.20
SD - 5.90 6.40 1.90 0.40 14.70 23.30 0.90 0.10 1.30
CV// % - 41.80 33.80 5.40 8.80 122.20 18.30  58.90 95.90 30.40
Sediment Minimum 7.29 15.90 52.90 5.20 2.60 28.40 7.30 0.90 0.10 6.90
Maximum 8.57 104.90 1567.20 44.10 38.70  252.00 83.00 46.60 2.20 70.30
Mean 8.03 43.30 609.70  17.00 11.70  106.50 38.30 10.60 0.80 25.50
SD 8.12 31.00 462.30 12.80 11.50 90. 00 25.10 15.40 0.80 22.90
CV//% 5.20 71.60 75.80  75.10 98.70 84.40 65.60 144.90 105.00 89.70
Soil background of Guizhou - 95.90 794.00 39.10 32.00 99.50 20.00 0.70 2.20 35.20
Soil standard value - 250.00 - 190.00 100.00  300.00 40.00 0.60 - 100. 00
Compared with soil background value // % - 4.88 26.83 2.44 0 26.83 97.56  75.61 4.88 26.83
Compared with soil standard value // % - 0 - 0 0 0 78.05  92.68 - 2.44

Note; SD is standard deviation; CV is coefficient of variation.

Compared with the regional soil background value, the con-
tent of As (2.1 times) and Cd (2.8 times) in soil samples was
higher, while the average concentration of other heavy metals was
lower than the background value. In addition, the concentrations

of As in 97.56% of soil samples and Cd in 75.61% of soil sam-

ples were higher than the regional background values. The average
total concentrations of As and Cd in soil samples were 1.01 and
3.12 times of the standard values of the corresponding metals in
the Soil Environmental Quality — Risk Control Standard for Soil
Contamination of Agricultural Land (GB 15618 —2018). 78.05%
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of As and 92.68% of Cd in soil exceeded the standard, indicating that the study area was mainly polluted by As and Cd.
Table 3 pH and heavy metal situations of water body ppb
Item pH Cr Mn Ni Cu Zn As Cd Sh Pb
Minimum 7.40 0.60 0.40 469.50 59.30 6.00 9.00 0.80 0.10 0.70
Maximum 8.30 3.00 145.70  1726.00 213.50 46.40 178.00 9.60 1.50 4.30
Mean 7.80 1.50 22.60 957.10 119.50 23.60 38.50 3.00 0.60 1.70
SD 0.30 0.70 44.60 380. 60 46.30 9.70 47.30 3.00 0.50 1.00
CV// % 4.20 48.10 197.80 39.80 38.80 41.20 122.80 101. 60 82.50 56.20
Water body standards 6.50 -8.50 50.00 80.00 70.00 2 000.00 3 000.00 10.00 3.00 20.00 10.00
Water body/standard - 0 0.30 13.70 0.10 0 3.80 1.00 0 0.20
Comparison with water body standards // % 0 0 16.67 100. 00 0 0 83.33 33.33 0 0

Note: SD is standard deviation; CV is coefficient of variation.

The pH value of the water in the watershed ranged from 7. 4
to 8.3, with a coefficient of variation of 4. 2% , indicating that the
water in the watershed was weakly alkaline and the spatial differ-
ences were small (Table 3). The average concentration of heavy
metals in the watershed water was Ni (957.1 ppb), Cu (119.5
ppb), As (38.5 ppb), Zn (23.6 ppb), Mn (22.6 ppb), Cd
(3.0 ppb), Pb (1.7 ppb), Cr (1.5 ppb), and Sb (0.6 ppb).
The average concentrations of Ni and As were 13.7 and 3.0 times
of the standard values of the World Health Organization, respec-
tively, and they were the main heavy metal pollutants in the water-
shed water (100% and 83.33% ). In addition, 33.3% of the wa-
ter in the watershed was also polluted by Cd, which should be not-
ed. The coefficient of variation of heavy metals in the watershed
was between 38. 8% and 197. 8% , with particularly significant
spatial differences in Mn, As, and Cd, which may be greatly in-
fluenced by human activities.

2.2 Evaluation of heavy metal pollution in the research area
Based on the standard limits and relative weights of each parame-
ter, the WQI for each sampling point was calculated using formula
(1) (Fig.2). The WQI values of the rivers in the study area
ranged from 61.1 to 290. 8. Within the study area, the WQI val-
ues of G3, G4, G6, and S4 water samples were relatively high
( >100), with values of 290.8, 168.6, 108.9, and 162.8, re-
spectively. According to the classification of WQI, the water qual-
ity of G3 was very poor, while the water quality of G4, G6, and
S4 was poor, and the water quality of the other water samples was
good. Obviously, G3 may be affected by human activities, leading
to severe heavy metal pollution in the water, which directly affect-

ed the downstream water quality.

400

G1 S1 S2 G2 G3 G4 G5 G6 S3 sS4 G7 S5
Sampling point

Fig.2 Distribution of WQI in water bodies of the research area

The average I,., values of heavy metals in soil samples were
Mn ( -2.40), Ni ( -2.35), Cu ( -2.10), Sb ( -1.59), Cr
(-1.35),7Zn (-1.12), Pb ( -0.90), Cd (0.29), and As
(0.40) in order (Table 3). The overall soil quality in the study
area was good. Except for the average values of Cd and As show-
ing mild pollution, other heavy metals all showed no pollution.
Further analysis of all soil samples in the study area showed that
Cr (100% ), Ni (100% ), and Cu (100% ) were all pollution-
free, while Cd (9.8% ) had moderate pollution, which should be

noted. The average I, values of heavy metals in sediment samples

were Sb ( —=2.68), Cu ( =2.54), Ni ( -2.08), Cr ( -1.87),
Pb (-1.53), Mn ( =1.26), Zn ( —0.82), As (0.12), and
Cd (1.88) in order (Table 4). This indicated that the sediment
in the study area generally exhibited moderate Cd pollution and
mild As pollution, especially some sediments in rivers had severe
(9.1% ) or serious (9.1% ) Cd pollution.

2.3 Geochemical morphological characteristics of heavy
metals Nine soil samples, seven sediment samples, and five
bedrock samples were selected based on land use types and bed-
rock layers for continuous extraction of heavy metal element forms.
The analysis on the morphological characteristics of heavy metal
elements in various media in the study area (Fig.3) showed that
the geochemical morphological characteristics of heavy metals in
soil and sediment were relatively similar. In soil samples, Cr, Ni,
Cu, Zn, and Sb were mainly in residual form. In sediments, the
residual state was the main carrier of Cr, Cu, Zn, and Sh. In ad-
dition, the exchangeable states of As and Cd in soil and sediment
were relatively high. The geochemical forms of metals in bedrock
were significantly different from those in soil and sediment. Ni,
Cu, and As in bedrock were mainly in iron manganese oxide
bound states.

2.4 Influencing factors of heavy metals in water bodies
The correlation analysis results showed that there was a significant-
ly positive correlation between Cr, Ni, Cu in water and Cr, Ni,
Cu in soil, with correlation coefficients of 0. 605 (P =0.037),
0.598 (P =0.040), and 0. 648 (P =0.023), respectively.
There was a significantly positive correlation between Mn, Sb, and
Pb in water and Mn, Sb, and Pb in sediment, with correlation co-
efficients of 0. 666 (P =0.001), 0.648 (P =0.001), and 0.634
(P=0.001), respectively. There was a correlation between Ni in

water and Ni in bedrock (R =0.435, P =0.038). These results
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Table 4 1,,, means of different heavy metals and proportions of risk levels in the research area %
Item Cr Mn Ni Cu Zn As Cd Sh Pb
Soil Mean -1.35 2.40 -2.35 2.10 -1.12 0.40 0.29 1.59 -0.90
Non-pollution 100. 00 75.60 100. 00 100. 00 92.70 19.50 39.00 97.60 90.20
Slight pollution 0 19.50 0 0 7.30 68.30 29.30 2.40 9.80
Intermediate pollution 0 4.90 0 0 0 12.20 22.00 0 0
Moderate pollution 0 0 0 0 0 0 9.80 0 0
Heavy pollution 0 0 0 0 0 0 0 0 0
Severe pollution 0 0 0 0 0 0 0 0 0
Serious pollution 0 0 0 0 0 0 0 0 0
Sediment Mean -0.34 -0.51 -0.60 -0.55 -0.18 0.33 0.44 -0.53 -0.14
Non-pollution 100. 00 81.80 100. 00 100. 00 63.60 36.40 27.30 100. 00 90.90
Slight pollution 0 18.20 0 0 36.40 54.50 18.20 0 9.10
Intermediate pollution 0 0 0 0 0 18.20 27.30 0 0
Moderate pollution 0 0 0 0 0 0 9.10 0 0
Heavy pollution 0 0 0 0 0 0 9.10 0 0
Severe pollution 0 0 0 0 0 0 9.10 0 0
Serious pollution 0 0 0 0 0 0 9.10 0 0
0 10 20 3 40 50 60 70 80 90 100 ment, while the remaining metals were mainly affected by the ex-
gg changeable and carbonate bound states of the corresponding metals
g(sl in sediment and soil. The Mantel test further proved that metals in
Bedrock (Z:{ll sediment and soil had a significant impact on metal changes in wa-
ﬂ[il ter bodies (Fig.5).
Cr
Pb
& 3 Discussion
Sediment %ﬁ 3.1 Characteristics of heavy metal pollution in the research
glil area The water body in the research area was mainly polluted by
Ié[rrl As and Cd, and the spatial differences of As and Cd in the water
gb body were significant. According to the survey, the metal industry
. g(si developed in the upper reaches of the research area will generate a
Soil Zn . Lo . .
ﬁllj large amount of waste residue and liquid, which contain Cd and
ré{r; As'® 7' 1t may enter the groundwater of the watershed through

HlF Nr2 F3
Fig.3 Geochemical forms of various metals in soil, sediment, and
bedrock

F4 IMF5

indicated that the concentration of heavy metals in water was influ-
enced by soil, sediment, and bedrock. Further use of RDA indica-
ted (Fig.4) that metals in sediment, soil, and bedrock jointly ex-
plained 79. 3% of the changes in heavy metal values in water.
Among them, heavy metals in sediment (23.8% ) had the highest
explanatory power, and it was worth noting that heavy metals in
sediment and soil jointly accounted for 13.8% of the heavy metal
changes in water bodies. In addition, the different geochemical
forms of heavy metals in sediments, soil, and bedrock had varying
interpretations of heavy metals in water bodies. For example, soil
(36.8% ) and sediment (33.5% ) had higher interpretations in
the exchangeable state, while bedrock had the highest interpreta-
tion in the carbonate bound state (48.9% ).

In order to further evaluate the impact of specific factors on
heavy metal changes in water bodies, GBM and Mantel signifi-
cance tests were conducted on heavy metals and their geochemical
forms in all media. In GBM (Table 5), Cr, Ni, and Cu in water

were mostly affected by the corresponding heavy metals in sedi-

rainwater leaching or direct input. Research has shown that acidic
wastewater entering karst areas is buffered by carbonate rocks, and
metals in acidic wastewater are adsorbed and co precipitated by

2728 .
: . Therefore, sediments were also

some secondary minerals
contaminated by As and Cd in this paper, and the contaminated
areas were consistent with the water bodies. In addition, As and
Cd were also the main elements that pollute the local soil. Previous
studies have shown that long-term exposure to the environment with
high concentration of As may cause skin cancer, lung cancer,
bladder cancer, kidney cancer, liver cancer and other disea-
ses'™ | and long-term exposure to the environment with high Cd
may damage respiratory organs, renal function, immune dysfunc-
tion, metabolic disorder, bone loss, endocrine disorders and other
symptoms ™" . Therefore, further attention needed to be paid to As
and Cd in the research area.

3.2 Migration of heavy metals in the research area The en-
richment of heavy metals in soil relative to bedrock is consistent with
previous studies”™’. This is because the weathering rate of carbonate
rocks is relatively high, and heavy metal elements in carbonate rocks
are rapidly released and enriched in the soil™’. This may be one of
the reasons for the high background values of heavy metals in soil of

karst areas, and the soil in karst areas is more susceptible to heavy
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metal pollution. Research has shown that heavy metals in soil are
closely bound to soil colloids and organic matter, and enter the envi-
ronment in the form of particulate matter through water erosion,

a Stone Soil b Stone
0.168 10.013 | 0.162 0. 229
0. 075 \
0.138
0.238 0.335
Sediment Residuals=0.288  Sediment
d Stone Soil e Stone
[ \ f 0. 351
0. 393 0. 296 “
0.201
0.262 0. 399
Sediment Sediment

Residuals=0. 281
Note: a. Total heavy metal content; b. Exchangeable state; c.

f. Residual state.
Fig.4 RDA analysis

Carbonate bound state; d. Iron manganese oxide bound state; e.

leading to sedimentation. Therefore, heavy metals in sediments are

usually similar or enriched in their surrounding soil .

Soil C Stone Soil
0.489 | 0.281
L
0. 400
0.033
0. 288
Residuals=0. 232 Sediment Residuals=0. 224

Soil £ Stone Soil

0. 264 \
0.235
0.261
0.078

0.243

Residuals=0. 167 Sediment Residuals=0. 270

Organic bound state;

Table 5 Relative effects of different parameters on heavy metals in water bodies %
Parameter Cr Mn Ni Cu Zn As Cd Sh Pb
Bedrock - - 17.00 - - 2.00 - - 5.00
Soil 3.00 18.00 - - - - 12.00 - 17.00
Sediment 22.00 - 38.00 24.00 - 19.00 - - 4.00
Bedrock F1 - - - - - - - - -
Bedrock F2 - 13.00 - - 11.00 - - - -
Bedrock F3 - - - - - - - - -
Bedrock F4 - - - 13.00 - - - - -
Bedrock F5 - - - - - - - - -
Soil F1 14.00 7.00 11.00 13.00 - 1.00 - - 52.00
Soil F2 22.00 14.00 - - - 13.00 11.00 29.00 -
Soil F3 - 23.00 - - - - - - -
Soil F4 - - - 3.00 5.00 11.00 - 26.00 -
Soil F5 - - - - - - - - 9.00
Sediment F1 16.00 9.00 10.00 20.00 3.00 7.00 47.00 13.00 4.00
Sediment F2 4.00 - - 12.00 9.00 18.00 19.00 12.00 -
Sediment F3 10. 00 5.00 - 15.00 - - - 15.00 -
Sediment F4 - 11.00 - - 33.00 29.00 - 5.00 9.00
Sediment F5 - - 24.00 - 39.00 - 11.00 - -

In this paper, the average pH value of the soil was 5. 8,
which was higher than the pH value of the surface soil in areas
such as Quaternary (5.58), clastic rocks (5.25), and acidic ig-
neous rocks (5.00)"*'. Research has found that the higher pH
value in karst areas was mainly controlled by Ca’* in the surface

soil ™. It also found that pH is the most important factor affecting

soil metal availability. Lower pH increases the availability of heavy
metals in surface soil, thereby promoting the migration of heavy
In addition, due to the
buffering effect of widely distributed carbonate minerals in the wa-

metals from the soil to other media'”’.

tershed, the water samples in the research area were all alkaline,
which was beneficial for some metals (such as Cd, Pb, Zn, etc. )
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in the water to form insoluble substances and then settle’ %",

Therefore, a portion of heavy metals entering the water were en-
riched in sediment, indicating that heavy metals of sediment had a
high degree of interpretability for metals in the water. In addition,
hydrochemical characteristics can affect the geochemical behavior
of heavy metals in water by affecting the adsorption and desorption
of sediments, thereby affecting the characteristics of the water en-
vironment""*’. Therefore, higher metal concentrations in sediment

may pose a risk to water bodies.

Ct Mn Ni Cu Zn As

Cd Sb Pb

. \:‘ ]| Cr
:|. MnMantel’sp

Ni 01005

Soil

Sediment

(]

O
.DDHLE.
5

1

Pb

Fig.5 Mantel significance test of heavy metals in different media
on heavy metals in water bodies

In this paper, heavy metals in soil and sediment were mainly
in the residual state, while heavy metals in bedrock were mainly in
Iron manganese oxide bound state and residual state. The geo-
chemical morphological characteristics of heavy metals in the study
area slowed down the migration of heavy metals to some extent and
reduced the load of metals in the water. However, the proportions
of exchangeable states of As and Cd in soil and sediment were rel-
atively high, which posed certain risks and required further atten-
tion to these two metals.

4 Conclusions

With the development of industry, the world has been ex-
posed to a wide range of heavy metal pollution sources, posing a
serious threat to human health. However, there is limited research
on the synergistic effects of heavy metals in soil, sediment, and
bedrock on heavy metal pollution in water bodies. Therefore, this
paper investigated heavy metals in soil, sediment, bedrock, and
water body of a typical karst watershed in the southwest region.
The results indicated that the heavy metal concentrations in the
soil and sediment of the research area were similar. Except for Ni
and As, the average values of other metals were higher than those
in the bedrock. During the research period, the soil and sediment
in the study area were mainly polluted by As and Cd, while the
water body was mainly polluted by Ni, As and Cd. WQI analysis
showed that the water quality in the research area was affected by
heavy metal pollution during the study period, resulting in both
poor and very poor conditions. [, analysis showed that the overall
soil in the research area was subject to mild Cd and As pollution,
while sediment was subject to moderate Cd and mild As pollution.
Analysis on geochemical forms of heavy metals showed that heavy

metals in soil and sediment were mainly in residual state, and the
proportion of exchangeable As and Cd was relatively high. Multi-
ple statistical analysis showed that heavy metals in sediment, soil,
and bedrock explained the changes in heavy metals in water by
23.8,16.8, and 16.2,
and sediment (33.5) had higher interpretability in the exchangea-

respectively. In addition, soil (36.8)

ble state. The research results can understand the pollution situa-
tion of local soil, sediment, and water, providing scientific basis
for the prevention and control of heavy metal pollution in water
bodies.
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