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exhibiting higher average Cd content (2.29 mg/kg) than sub-

soil (0.71 mg/kg). Statistical analyses indicated that Cd in 

subsoil is primarily of geogenic origin. In contrast, approxi-

mately 87% of the total Cd in topsoil originates from atmos-

pheric deposition linked to historical artisanal zinc smelting 

activities. The study found that Cd in topsoil reaches a mod-

erate pollution level and poses a high potential ecological 

risk. Furthermore, the proportion of bioavailable Cd (DTPA-

extractable) was signifi cantly higher in topsoil (26%) than 

in subsoil (13%). This elevated Cd bioavailability in topsoil 

is attributed to atmospheric Cd deposition, lower soil pH, 

and higher organic matter content. These fi ndings provide 

critical insights for managing Cd risks in soils from regions 

with high geochemical backgrounds and smelting activities. 

   Keywords     Karst region    ·  Soil pollution    ·  Caohai Lake    · 

 Heavy metals    ·  Bioavailability  

       1  Introduction 

 Cadmium (Cd) is a widespread toxic pollutant that poses 

signifi cant risks to plants, organisms, and ecosystems (El 

Rasafi  et al.  2022 ; Larison et al.  2000 ; Satarug et al.  2003 ). 

Soil contamination by Cd is a global environmental issue, 

garnering considerable attention due to its adverse impacts 

(Akesson et al.  2014 ; Ma et al.  2021 ). Cd is highly mobile in 

soils, making it readily adsorbable by food crops, transfer-

able to water and sediment systems, and ultimately posing 

potential health risks to the ecosystems and residents (Akes-

son et al.  2014 ; Kubier et al.  2019 ; Liu et al.  2015 ). Rec-

ognizing the sources of Cd and understanding its pollution 

characteristics in soils is essential for developing eff ective 

strategies to mitigate Cd-related risks. 

                     Abstract     Soil cadmium (Cd) pollution is a global environ-

mental issue of signifi cant concern. In southwestern China, 

soil Cd content is notably infl uenced by high geochemical 

background and mining/smelting activities. However, the 

specifi c contributions of these Cd sources to Cd enrichment 

and environmental risks in soils remain poorly understood. 

Therefore, this study investigated the total and bioavailable 

Cd and other metals in the topsoil and subsoils surround-

ing Caohai Lake in northwestern Guizhou Province. This 

research aimed to identify Cd sources, assess pollution 

characteristics, and evaluate the potential environmental 

risks. The results revealed that the carbonate bedrock has 

average Cd content of 0.66 mg/kg, confi rming a naturally 

high geochemical background of Cd in the study area. Soil 

Cd content ranged from 0.14 to 6.69 mg/kg, with topsoil 
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 The sources of Cd in soils can be categorized into geo-

genic and anthropogenic inputs. Geogenic Cd enrichment in 

soils commonly results from the weathering of Cd-rich black 

shale and carbonate rock, driven by geochemical inheritance 

and secondary enrichment processes (e.g., Liu et al.  2021b ; 

Quezada-Hinojosa et al.  2015 ; Wen et al.  2020a ; Yang et al. 

 2021a ). On the other hand, anthropogenic Cd pollution pri-

marily arises from the application of phosphate fertilizer 

(Bigalke et al.  2017 ; Salmanzadeh et al.  2016 ), mining and 

smelting operations (Liu et al.  2022 ; Wen et al.  2015 ), and 

atmospheric deposition (Hernandez et al.  2003 ; Liu et al. 

 2023a ,  2024 ). To eff ectively reduce Cd accumulation in soil 

and mitigate its environmental risks, it is crucial to recognize 

and quantify the contribution of these sources (Xia et al. 

 2024 ; Zhao et al.  2020 ). In addition to total Cd content, 

the environmental risk of Cd in soils is highly dependent 

on its bioavailability (Kim et al.  2015 ). Metals from dif-

ferent sources usually exhibit varying environmental avail-

ability due to diff erences in their chemical forms and input 

pathways (Chlopecka  1996 ; Ding et al.  2022 ; Laveuf et al. 

 2009 ). Generally, geogenic Cd in soils has been reported to 

exhibit lower bioavailability than anthropogenic Cd (Chlo-

pecka  1996 ; Ma et al.  2020 ). For instance, in soils derived 

from carbonate rocks, the 0.01 M  CaCl 2 -extractable and 

exchangeable Cd fractions were found to be negligible 

(Quezada-Hinojosa et al.  2009 ; Wen et al.  2020a ). In con-

trast, these fractions accounted for 5.94% and 48.1% of the 

total Cd, respectively, in soils derived from black shale (Liu 

et al.  2021b ,  2022 ). Furthermore, anthropogenic Cd tends 

to exert higher bioavailability than geogenic Cd (Ma et al. 

 2020 ). Therefore, it is essential to not only apportion Cd 

sources but also evaluate their infl uence on Cd bioavail-

ability in soils. However, the bioavailability of Cd in soils 

subject to both geogenic enrichment and anthropogenic dis-

turbance remains poorly understood. 

 In southwestern China, a vast region spanning approxi-

mately 69000  km 2  exhibits abnormally high soil Cd concen-

trations (> 1.5 mg/kg), primarily attributed to the weather-

ing of carbonate bedrocks (Xia et al.  2022 ). The geogenic 

enrichment of Cd in these areas and its associated envi-

ronmental risks have garnered increasing attention (e.g., 

Liu et al.  2023b ; Wen et al.  2020b ; Xia et al.  2020 ; Yang 

et al.  2021b ). Additionally, southwestern China is one of 

the large-scale low-temperature metallogenic domains in 

the world (Huang et al.  2011 ), with widespread nonferrous 

metal mining activities. Consequently, mining and smelting 

activities have also contributed to Cd accumulation in soils 

in certain regions. Particularly, fi ne particles emitted from 

Pb–Zn–Cd smelters can disperse into the atmosphere and 

deposit onto soils, especially during periods of lax environ-

mental regulations. This process has led to additional Cd 

accumulation in soils with high geochemical backgrounds, 

aff ecting large areas (Luo et al.  2023b ). For example, in 

northwestern Guizhou Province, artisanal Zn smelting 

persisted for over 300 years until its complete cessation in 

2000. The atmospheric deposition of Cd-rich dust caused 

severe Cd pollution in local soils (Bi et al.  2006b ). Such 

atmospheric inputs not only increase total Cd content but 

may also alter its environmental availability in soils. There-

fore, distinguishing between anthropogenic and geogenic Cd 

sources in these regions is critical for eff ective soil pollution 

control. Furthermore, the impact of mining-related activi-

ties on Cd bioavailability warrants greater attention to better 

understand and mitigate the associated environmental risks. 

 In this study, we investigated the total and bioavailable 

content of Cd and other trace metals in both topsoil and sub-

soil around Caohai Lake, located in northwestern Guizhou 

Province, southwestern China. The sources of Cd and related 

metals were quantifi ed by statistical analyses. The potential 

environmental risks were assessed, and the factors infl uenc-

ing the bioavailability of Cd were discussed. The fi ndings 

of this study are expected to provide essential guidelines 

for soil management in the study area, as well as in other 

regions with high geochemical backgrounds and anthropo-

genic contamination. 

     2   Materials and methods 

    2.1   Study area 

 The study area is situated in Weining County, northwest-

ern Guizhou Province, southwestern China (Fig.  1 ). It lies 

within the Wumeng Mountains area on the central Yunnan-

Guizhou Plateau. The lithology of the region is dominated 

by Carboniferous carbonate rocks, and the soils are classifi ed 

as yellow–brown soil, primarily used for upland agriculture. 

The area experiences a subtropical monsoon climate, with a 

mean annual precipitation of ~900 mm and a mean annual 

temperature of ~10 °C. This region is characterized by a 

high geochemical background of Cd (Luo et al.  2023a ; Meng 

et al.  2022 ). Additionally, long-term artisanal Zn smelting 

activities have contributed to the atmospheric deposition of 

Cd and other metals into the soil (Bi et al.  2006b ; Yu et al. 

 2022b ). Caohai Lake, the only natural lake in Guizhou Prov-

ince, is the largest wetland in the area and serves as a critical 

habitat for numerous rare species and a vital resource for the 

local population. Consequently, the soil quality surrounding 

Caohai Lake holds signifi cant environmental signifi cance.         

     2.2   Sample collection and preparation 

 A total of 27 sampling sites were established around Caohai 

Lake. At each site, the topsoil (0–20 cm depth) and corre-

sponding subsoil (> 60 cm depth) samples were collected 

(Fig.   1 ). The land use types of sampling sites included 
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agricultural fi elds, forest, and grassland. Additionally, six 

bedrock samples were collected from four diff erent locations 

within the study area. All bulk soil samples were air-dried 

and ground to remove extraneous materials such as roots and 

stones. Both soil and bedrock samples were initially ground 

to a particle size of <0.85 mm and further to <74 μm for 

subsequent geochemical analysis. 

     2.3   Analysis of geochemical composition and soil 
properties 

 Soil pH was measured using a glass electrode (Harveson pH 

600 pH meter) in a 1:2.5 (w/v) suspension. Soil organic mat-

ter (SOM) content was determined using the  K 2 Cr 2 O 7 -FeSO 4  

titration method (Zhang et al.  2024 ). Bulk mineralogy was 

analyzed using powder X-ray diff raction (XRD, Empyrean). 

Powdered samples (<74 μm) were packed into front-loading 

sample holders, and XRD patterns were collected under the 

following conditions: Cu Kα radiation ( λ  = 1.5406 nm), 

40 kV, 30 mA, with a 2θ angle range of 5–60°, step scan-

ning at 0.02°/step, and scanning speed 2°/min. The major 

elements  (SiO 2 ,  Al 2 O 3 ,  Fe 2 O 3 , CaO, MgO,  Na 2 O,  K 2 O, 

Ti, and Mn) in the soil samples were quantifi ed using an 

energy-dispersive X-ray fl uorescence (XRF) spectrometer 

(ARL Perform’X 4200). 

     2.4   Measurement of heavy metals in samples 

 To determine the total concentrations of heavy metals in 

solid samples, 50 mg of each sample was digested using a 

mixed acid  (HNO 3 -HF) in an automated microwave diges-

tion system (Auto DigiBlock S60 UP) for 3.5 h. The bioa-

vailable metals were extracted with 0.005 mol/L DTPA-0.01 

mol/L  CaCl 2 -0.1 mol/L triethanolamine (TEA) at a solid-to-

solution ratio of 1:10. The concentrations of heavy metals in 

the digested solution and extractants were measured using 

inductively coupled plasma mass spectrometry (ICP-MS, 

Agilent 7700). 

     2.5   Data processing 

    2.5.1   Geo-accumulation factor 

 The geo-accumulation factor ( I  geo ) was applied to evaluate 

the contaminant levels of heavy metals (Müller  1979 ). It was 

calculated as Eq.  1 :

     

where  C   i   is the content of elements in soil samples (mg/kg), 

and  S   i   represents the Cd, Zn, Pb, Cr, Ni, and Cu content in 

the subsoil of northwestern Guizhou Province (Meng et al. 

 (1)Igeo = log2

(
Ci

1.5Si

)
,

  Fig. 1       Location of the study area and soil sampling sites  
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 2022 ), which is 0.244, 116, 27.4, 137.6, 61.3, and 65.1 mg/

kg, respectively. The value 1.5 is the correction constant. 

The  I  geo  was graded into seven levels, as described in 

Table  S1  (Müller  1979 ). 

     2.5.2   Enrichment factor 

 The enrichment factor (EF) was applied to distinguish 

between the infl uence of anthropogenic and geological 

sources on heavy metals in soil. In this study, Al was 

chosen as the reference element as it has been generally 

regarded as a lithogenic element and immobile in soil 

(Wen et al.  2020b ). The background value was 81.8 g/kg 

in the study area (Meng et al.  2022 ). EF is calculated using 

the following Eq.  2 :

     

where  M   i   and  M  Al  are the concentrations of elements  i  and 

Al in samples, respectively.  B   i   and  B  Al  are the background 

values of elements  i  and Al, respectively. In this study, 

the average concentrations of heavy metals in the subsoil 

of northwestern Guizhou Province (Meng et  al.  2022 ) 

were used as the background values. The EF degree was 

divided into fi ve levels from no or low to severe enrichment 

(Table  S2 ). 

     2.5.3   Ecological risk factor 

 Ecological risk factor ( E  r ) was applied to evaluate the 

potential ecological risk of heavy metals in soil and was 

calculated according to Eq.  3  (Hakanson  1980 ):

     

in which  C   i   is the measured concentration of heavy metals in 

the soil,  B   i   is the geochemical background of heavy metals 

in the soil (subsoil of northwestern Guizhou Province, Meng 

et al.  2022 ), and  T   i   is the toxic factor of heavy metals. The 

 E  r  was classifi ed into fi ve grades from low potential eco-

logical risk to very high potential ecological risk (Table  S3 ) 

(Hakanson  1980 ). 

      2.6   Source appointment by PCA-APCS-MLR 

 Principal component analysis (PCA) was applied to extract 

major factors that contribute to heavy metals in soils. The 

mathematical model can be expressed as Eq.  4 :

 (2)EF =

(
Mi

MAl

)
(

Bi

BAl

) ,

 (3)Er =
Ci

Bi

Ti ,

     

where  m  indicates the quantity of heavy metals,  n  indicates 

soil samples,  p  integrated variables can be achieved after 

PCA calculation,  a  is the component loading, and  F  is the 

measured value of the variable. 

 Based on the principal factors obtained from PCA 

analysis, the absolute principal component scores (APCS) 

obtained from the eigenvectors and standardized data were 

further calculated by multiple linear regression (APCS-

MLR) to obtain the contribution rate of each factor to the 

soil heavy metals. The contribution rate  C  j  of each factor to 

the heavy metals is expressed as Eq.  5 :

     

where ( r  0 )  j   is a constant term of multiple regressions for 

pollutant  j ;  r   jk   is the regression coeffi  cient of multiple linear 

regression;  APCS k  is the scale value of the rotated factor  K  
for the considered sample. The combined term  r   jk   ×  APCS k  

represents the contribution of source  k  to  C   j  . 

     2.7   Correlation analysis 

 Pearson’s correlation analysis was used to assess the linear 

relationship among variables of soils. The  r  is Pearson’s cor-

relation coeffi  cient, and the  p  values refer to the signifi cance 

of the linear relationship. 

      3   Results 

    3.1   Geochemical composition of bedrock 

 The XRD patterns of the bedrock are presented in Fig.  S1 . 

Most bedrock samples were predominantly composed of 

calcite (87%–100%), except CHJ3, which contained 82% 

dolomite. The total Cd content in the bedrock ranged from 

0.15 to 2.1 mg/kg, with an average content of 0.66 mg/

kg (Table  1 ). The average content of other heavy metals 

decreased in the order of Zn (11.05 mg/kg) > Cr (7.73 mg/

kg) > Ni (3.35 mg/kg) > Pb (2.19 mg/kg) > Cu (0.45 mg/kg).  

     3.2   Soil chemical composition and selected properties 

 The major chemical composition of the soil samples 

included  SiO 2  (33.9%–68.7%),  Al 2 O 3  (14.2%–27.3%), and 

 Fe 2 O 3  (3.77%–14.0%), and the loss on ignition (LOI) ranged 

from 4.75% to 20.2%. The average content of CaO, MgO, 

 (4)

⎧⎪⎨⎪⎩

X1 = a11 F1 + a12F2+ ⋯ +a1mFm + 𝜀1

X2 = a21 F1 + a22F2+ ⋯ +a2mFm + 𝜀2

⋯

Xp = ap1 F1 + ap2F2+ ⋯ +apmFm + 𝜀p

,

 (5)Cj =

(
r0

)
j
+

n∑
k=1

rjk × APCSK ,
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 Na 2 O, and  K 2 O was generally below 5% (Table   2 ). The 

average content of CaO, MgO,  Al 2 O 3 ,  K 2 O, and  Fe 2 O 3  was 

higher in subsoil than in topsoil. In contrast, the average LOI 

was higher in topsoil than in subsoil.  

 Soil pH ranged from 4.46 to 7.92 in topsoil and from 4.18 

to 8.14 in subsoil; 81.5% of topsoil and 85.2% of subsoil 

samples were acidic (pH ≤ 6.5). The median and average 

pH values were higher in subsoil than in topsoil, and ~74% 

of the sampling sites exhibited lower pH in topsoil than in 

subsoil. Soil organic matter (SOM) content in topsoil ranged 

from 8.89 to 144 g/kg, while in subsoil, it ranged from unde-

tected to 45.9 g/kg in subsoil. The average SOM content 

was higher in topsoil (46.2 g/kg) than in subsoil (14.3 g/kg). 

     3.3   Content of total and bioavailable heavy metals 
in soil 

 The total and bioavailable content of Cd, Zn, and Pb in the 

collected soils is summarized in Table  3 . The total Cd con-

tent  (Cd tot ) in topsoil ranged from 0.47 to 6.97 mg/kg, with 

an average of 2.29 mg/kg, which was signifi cantly higher 

than that in subsoil (0.47–6.97 mg/kg, average of 0.71 mg/

kg) ( p  < 0.01). Similarly, the total Zn content  (Zn tot ) in 

topsoil (average of 193 mg/kg) was higher than in subsoil 

(average of 183 mg/kg). The average Pb content in top-

soil (85.4 mg/kg) was lower than in subsoil (93.2 mg/kg), 

although the median Pb content showed the opposite trend. 

No signifi cant diff erences were observed between the topsoil 

and subsoil in the total content of Cr, Ni, and Cu.  

 The bioavailable Cd content  (Cd DTPA ) in topsoil (0.56 mg/

kg) was signifi cantly higher than in subsoil (0.07 mg/kg) 

( p  < 0.01, Table  3 ). Similarly, the average bioavailable Zn 

content  (Zn DTPA ) in topsoil (3.79 mg/kg) exceeded that in 

subsoil (1.85 mg/kg). The content of bioavailable Pb, Cr, 

Ni, and Cu was generally below 1 mg/kg. The average pro-

portion of bioavailable metals decreased in the order of 

Cd (25.7%) > Zn (2.74%) > Cu (0.6%) > Ni (0.29%) > Pb 

(0.12%) > Cr (0%) in topsoil, and Cd (12.9%) > Zn 

(2.59%) > Ni (0.44%) > Pb (0.32%) > Cu (0.29%) > Cr (0%) 

in subsoil. The proportion of bioavailable Cd in topsoil 

(average of 25.73%) was signifi cantly higher than that in the 

subsoil (average of 12.95%) ( p  < 0.01) (Fig.  2 a). Addition-

ally, 37% of the topsoil in sampling sites had bioavailable 

Cd, accounting for > 30% of total Cd, compared to 14.8% in 

  Table 1       Total content of heavy 

metals in bedrock samples  

 BDL: below detection limit 

  a    Turekian and Wedepohl ( 1961 ) 

  Sample    Cd    Zn    Pb    Cr    Ni    Cu  

  (mg/kg)  

  CHJ1    0.29    5.27    0.32    9.38    4.19    0.68  

  CHJ3    0.83    3.07    0.08    7.32    3.89    0.14  

  CHJ8    0.23    10.2    8.10    4.00    0.91    0.38  

  CHJ12    0.15    BDL    0.21    2.53    1.69    0.13  

  CHJ18    2.10    23.3    1.87    8.34    3.96    0.75  

  CHJ26    0.35    13.4    2.55    14.8    5.48    0.62  

  Carbonate a     0.035    20    9    11    20    4  

  Table 2       Major chemical composition and selected chemical proper-

ties of the studied soil samples  

 SD: standard deviation; BDL: below detection limit 

  Statistics    Min    Max    Median    Average    SD  

  Topsoil (0–20 cm,  N  = 27)  

    SiO 2  (%)    39.9    61.5    53.8    52.8    6.20  

    Al 2 O 3  (%)    15.9    27.3    19.2    19.5    2.89  

    Fe 2 O 3  (%)    5.62    12.9    8.52    8.52    1.75  

   CaO (%)    0.09    8.96    0.41    0.76    1.66  

   MgO (%)    0.78    2.90    1.31    1.42    0.46  

    Na 2 O (%)    0.11    0.55    0.15    0.17    0.08  

    K 2 O (%)    1.05    4.12    1.65    1.92    0.73  

   Ti (g/kg)    4.01    8.46    6.73    6.5    1.32  

   Mn (g/kg)    0.11    1.10    0.39    0.47    0.26  

   LOI (%)    7.25    20.2    14.1    14.1    3.16  

   pH    4.46    7.92    5    5.45    1.04  

   SOM (g/kg)    8.89    144    41.3    46.2    23.5  

  Subsoil (> 60 cm,  N  = 27)  

    SiO 2  (%)    41.2    68.7    50.8    52.2    8.55  

    Al 2 O 3  (%)    14.2    25.1    21.5    20.6    3.45  

    Fe 2 O 3  (%)    3.77    14.0    9.10    8.62    2.32  

   CaO (%)    0.09    13.1    0.25    1.15    2.99  

   MgO (%)    0.79    2.59    1.44    1.51    0.44  

    Na 2 O (%)    0.09    0.55    0.15    0.18    0.09  

    K 2 O (%)    1.12    5.03    1.97    2.28    0.99  

   Ti (g/kg)    3.80    8.71    6.14    6.09    1.45  

   Mn (g/kg)    0.09    2.16    0.36    0.47    0.44  

   LOI (%)    4.75    19.2    12.4    12.7    4.12  

   pH    4.18    8.14    5.36    5.52    0.96  

   SOM (g/kg)    BDL    45.9    12.3    14.3    10.5  
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the subsoil. The proportion of bioavailable Zn accounted for 

< 10% of the total Zn in both soil layers (Fig.  2 b).         

     3.4   Geo-accumulation index and enrichment factors 

 The average  I  geo  value for heavy metals decreased in 

the order of Cd (2.34) > Pb (0.71) > Zn (−0.16) > Cr 

(−0.86) > Ni (−0.86) > Cu (−1.73) in topsoil, and the order 

of Cd (0.46) > Pb (0.21) > Zn (−0.61) > Cr (−0.69) > Ni 

(−0.86) > Cu (−2.01) in subsoil (Fig.   3 a, b). In topsoil, 

70.37% of samples had  I  geo  values above 2 for Cd, com-

pared to 11.11% in subsoil. For Zn and Pb, the proportions 

of samples with  I  geo  > 2 were 3.7% and 7.41% in topsoil, and 

11.11% and 7.41% in subsoil, respectively.         

 The average EF value decreased in the order of Cd 

(7.69) > Pb (2.55) > Zn (1.36) > Ni (0.73) > Cr (0.72) > Cu 

(0.40) in topsoil, and in the order of Pb (2.37) > Cd 

(2.14) > Zn (1.12) > Cr (0.72) > Ni (0.70) > Cu (0.31) in sub-

soil (Fig.  3 c, d). The proportion of samples with EF > 2 for 

Cd was 96.3% in topsoil and 59.3% in subsoil. For Zn and 

Pb, most soil samples had EF < 2, with 85.2% and 66.7% in 

topsoil, and 85.2% and 85.2% in subsoil, respectively. The 

EF values for Cr, Ni, and Cu were consistently below 2 in 

both topsoil and subsoil. 

 The  E  r  of Cd was signifi cantly higher than that of other 

metals. Cadmium exhibited a high potential ecological risk 

in topsoil, with  E  r  values ranging from 58 to 857 and an 

average of 282 (Fig.  S2 a, b). In subsoil, Cd posed a consid-

erable potential ecological risk. In contrast, the average  E  r  
values for other heavy metals were below 40, indicating a 

low potential ecological risk for these elements. 

 The spatial distribution of both total and bioavailable 

Cd content in topsoil revealed elevated content in the 

southwest and northeast regions of the study area (Fig.  4 a). 

  Table 3       Content of total and 

DTPA-extractable heavy metals 

in studied soils  

  a    Background value of Guizhou Province obtained from CNEMS ( 1990 ) 

  b    Background value of northwest Guizhou Province obtained from Meng et al. ( 2022 ). SD refers to standard 

deviation. The subscript tot refers to the total content, and DTPA refers to DTPA-extractable content. The 

DTPA-extractable content of Cr, Ni, and Cu is not listed because their total content was close to the back-

ground values, and the bioavailable content was very low 

  Sample    Statistics    Cd tot     Cd DTPA     Zn tot     Zn DTPA     Pb tot     Pb DTPA     Cr tot     Ni tot     Cu tot   

  (mg/kg)  

  Topsoil ( N  = 27)    Min    0.47    –    57.6    –    32.6    –    77.7    12.6    9.51  

  Max    6.69    2.48    699    34.8    359    1.42    245    115    67.0  

  Average    2.29    0.56    193    3.79    85.4    0.15    121    54.4    31.7  

  Median    2.00    0.45    130    2.14    54.9    0.01    119    53.2    27.3  

  SD    1.48    0.61    157    6.59    80.9    0.35    32.7    19.4    12.9  

  Subsoil ( N  = 27)    Min    0.14    –    18.6    –    18.9    –    91.7    4    7.04  

  Max    3.25    0.39    1126    13.0    1082    19.3    232    142    58.7  

  Average    0.71    0.07    183    1.85    93.2    0.82    131    58.0    27.8  

  Median    0.54    0.05    89.8    0.95    36.6    –    129    51.4    23.2  

  SD    0.70    0.09    254    2.88    207    3.71    33.4    27.7    13.8  

  GZ a       0.66    –    99.5    –    35.2    –    95.9    39.1    32.0  

  NWGZ b       0.224    –    116    –    27.4    –    138    61.3    65.1  

  Fig. 2       Proportion of bioavail-

able Cd ( a ) and Zn ( b ) in topsoil 

and subsoil  
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A similar pattern was observed for total Cd content in 

subsoil, with particularly extreme content detected in the 

southwest (Fig.  4 b). The spatial distribution of total Zn 

and Pb is similar to that of total Cd. However, the content 

of bioavailable Zn and Pb was low in both topsoil and 

subsoil (Fig.  S3 ).         

     3.5   Correlation analysis 

 Pearson correlation analysis revealed distinct relation-

ships among heavy metals and soil properties in topsoil 

and subsoil. In topsoil, Cd showed a significantly positive 

correlation only with Pb. Zn was significantly positively 

  Fig. 3       The  I  geo  values of heavy metals in topsoil ( a ) and subsoil ( b ), and the EF values of heavy metals in topsoil ( c ) and subsoil ( d ) in the study 

area  

  Fig. 4       Spatial distribution of Cd in the study area. Red refers to bioavailable and green refers to total Cd distribution in the topsoil ( a ) and sub-

soil ( b )  
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correlated with Pb and Ni, while Pb was significantly cor-

related with Cr and Ni. Additionally, significantly positive 

correlations were found among Cr, Ni, and Cu (Table  4 ). 

In the subsoil, all analyzed heavy metals exhibited sig-

nificant correlations with one another. For topsoil, the 

total Cd content was significantly correlated with SOM 

( r  = 0.619,  p  < 0.01, Table  S4 ). The DPTA-extractable Cd 

content was positively correlated with both total Cd con-

tent ( r  = 0.635,  p  < 0.01) and SOM ( r  = 0.730,  p  < 0.01), 

but negatively correlated with pH ( r  = −0.481,  p  < 0.05). 

The proportion of DTPA-extractable Cd was also neg-

atively correlated with soil pH ( r  = −0.747,  p  < 0.01, 

Table  S4 ). For subsoil, the total Cd content was positively 

correlated with Mn ( r  = 0.526,  p  < 0.01, Table  S5 ). The 

DPTA-extractable Cd showed a weak correlation with 

total Cd ( r  = 0.184) but a significantly negative correla-

tion with pH ( r  = −0.489,  p  < 0.01). Similarly, the propor-

tion of DTPA-extractable Cd was negatively correlated 

with soil pH ( r  = −493,  p  < 0.01, Table  S5 ). The content 

of residual Cd  (Cd Res  =  Cd Tot  –  Cd DTPA ) exhibited a posi-

tive correlation with residual Pb in topsoil (Table  S6 ). In 

contrast, the  Cd Res  was positively correlated with  Pb Res , 

 Ni Res ,  Cu Res , and Mn in subsoil (Table  S7 ).  

     3.6   Principal component analysis 

 The Kaiser–Meyer–Olkin (KMO) values of the dataset 

were 0.622 for topsoil and 0.869 for subsoil, indicating 

that the data were suitable for PCA (KMO > 0.6). Effec-

tive principal components with eigenvalues greater than 

1 were extracted, resulting in two factors for topsoil and 

one factor for subsoil. The cumulative variance contribu-

tion rates were 84.33% for topsoil and 67.9% for subsoil, 

capturing most information related to major pollution 

sources (Table  5 ).  

      4   Discussion 

    4.1   Enrichment and potential risks of Cd in the soils 

 It is widely accepted that heavy metals in overlying soil in 

unpolluted karst landforms primarily originate from the 

weathering of bedrock (Liu et al.  2023b ; Quezada-Hinojosa 

et al.  2009 ; Wen et al.  2020b ; Yang et al.  2021a ). Conse-

quently, the heavy metal content in bedrock determines 

the local geochemical background. In the study area, the 

average levels of Zn, Pb, Cr, Ni, and Cu in bedrock were 

lower than those in global carbonate rocks (Turekian and 

Wedepohl  1961 , Table  1 ), while Cd levels were higher. Spe-

cifi cally, the Cd content in the bedrock ranged from 0.15 to 

2.1 mg/kg, with an average of 0.66 mg/kg, which exceeds 

the levels found in carbonate rocks from Guangxi in China 

(0.09–1.54 mg/kg, average of 0.45 mg/kg; Wen et al.  2020a ), 

northwestern Guizhou Province (0.12–0.4 mg/kg, average 

of 0.23 mg/kg; Yu et al.  2022a ), and the Jura Mountains 

of Switzerland (0.03–4.91 mg/kg, average of 0.28 mg/kg; 

Quezada-Hinojosa et  al.  2009 ). This confirms the high 

  Table 4       Pearson’s correlation 

coeffi  cients between heavy 

metals in the studied soils  

 * p  < 0.05; ** p  < 0.01. The signifi cant correlation coeffi  cients are in bold 

      Cd    Zn    Pb    Cr    Ni    Cu  

  Topsoil ( N  = 27)    Cd    1            

  Zn    0.258    1          

  Pb     0.520  **      0.793  **     1        

  Cr    −0.147     0.728  **      0.577  **     1      

  Ni    −0.143     0.686  **      0.448  *      0.924  **     1    

  Cu    −0.012     0.557  **     0.377     0.674  **      0.636  **     1  

  Subsoil ( N  = 27)    Cd    1            

  Zn     0.386  *     1          

  Pb     0.499  **      0.635  **     1        

  Cr     0.512  **      0.705  **      0.727  **     1      

  Ni     0.502  **      0.806  **      0.706  **      0.856  **     1    

  Cu     0.459  *      0.553  **      0.456  *      0.639**      0.646  **     1  

  Table 5       Loading of principal components  

 Signifi cant loading (>0.6) is indicated in bold 

  Element    Topsoil    Subsoil  

  PC1    PC2    PC1  

  Cd    0.139     0.934      0.655   
  Zn     0.898     0.214     0.840   
  Pb     0.767     0.541     0.821   
  Cr     0.921     −0.293     0.912   
  Ni     0.874     −0.341     0.929   
  Cu     0.756     −0.223     0.756   
  Variance (%)    59.971    24.362    67.895  

  Cumulative (%)    59.971    84.333    67.895  
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geochemical background of Cd in the study area. The sig-

nifi cant positive correlation between total Cd and total Mn 

content in subsoil ( r  = 0.526,  p  < 0.01, Table  S5 ) suggests 

the co-enrichment of Cd and Mn in carbonate regions, con-

sistent with previous studies conducted in karst regions of 

southwestern China (Liu et al.  2023b ; Wen et al.  2020a ; 

Yang et al.  2021b ). In topsoil, total Cd was positively corre-

lated with SOM ( r  = 0.619,  p  < 0.01, Table  S4 ), likely due to 

the abundance of negatively charged sites (e.g., carboxylates, 

phenolics, and thiols) in organic matter, which enhance Cd 

retention (Loganathan et al.  2012 ). 

 In the study area, 100%, 66.67%, and 100% of topsoil 

samples exceeded the background values for Cd, Zn, and 

Pb, respectively (Meng et al.  2022 ). For subsoil, the exceed-

ance rates were 81.48%, 25.93%, and 85.19%, respectively. 

Compared to the risk screening values for Chinese agricul-

tural land (GB15618-2018), 100%, 22.22%, 25.93%, 7.41%, 

29.63%, and 11.11% of topsoil samples exceeded the screen-

ing values for Cd, Zn, Pb, Cr, Ni, and Cu, respectively. For 

subsoils, the corresponding exceedance rates were 66.67%, 

18.52%, 14.81%, 22.22%, 25.93%, and 7.41%. The average 

Cd content in topsoil (2.29 mg/kg, Table  3 ) was also higher 

than in carbonate regions of Guangxi (1.00 mg/kg; Yang 

et al.  2021b ) and France (1.34 mg/kg; Rambeau et al.  2010 ), 

while the average Cd content in subsoil (0.71 mg/kg) was 

lower. The  I  geo  indicated that Cd and Pb exhibited higher 

pollution levels than Zn, Cr, Ni, and Cu in topsoil (Fig.  3 ). 

Cadmium was classifi ed as moderately polluted ( I  geo  > 2), 

and the  E  r  results confi rmed its high potential ecological 

risk, identifying Cd as the primary pollutant in the stud-

ied soils. In this study, EF ≥ 2 was considered indicative of 

anthropogenic infl uence (Acosta et al.  2009 ). Over 96.3% of 

sampling sites in the study area showed EF ≥ 2 for Cd, sug-

gesting signifi cant anthropogenic pollution. These fi ndings 

indicate that Cd contamination in the study area results from 

a combination of high geological background and anthropo-

genic activities. This aligns with previous studies showing 

severe Cd, Zn, and Pb pollution in soils near Zn smelting 

areas (Bi et al.  2006b ; Li et al.  2022 ) and high spatial vari-

ability of Pb, Cd, and Zn in soils of Bijie City (Yuan et al. 

 2017 ), highlighting the multiple sources of heavy metals in 

the studied soils. 

     4.2   Sources of Cd in soils 

 The heavy metal content in the studied soils is infl uenced by 

both geogenic and anthropogenic activities, making it essen-

tial to quantify the contribution of these sources. The sig-

nifi cantly positive correlation between Cd and Pb in topsoil 

suggests that they may share similar sources, while the posi-

tive correlations among other metals indicate their common 

origins. In subsoil, the strong correlations among all heavy 

metals point to a shared source, most likely of geogenic 

origin. The signifi cantly positive correlation between  Cd Tot  

and Mn, as well as between  Cd Res  and Mn in subsoil, sug-

gest the co-enrichment of Cd and Mn in soils from karst 

regions. This further supports the geogenic origin of Cd, 

likely derived from the weathering of carbonate bedrock in 

the study area. 

 PCA identifi ed two distinct infl uencing metal distribu-

tions in topsoil, while only one component was identifi ed 

in subsoil. In subsoil, PC1 had loading values above 0.6 

for Cd, Zn, Pb, Cr, Ni, and Cu (Table  4 ), confi rming their 

geogenic source (Li et al.  2022 ; Yu et al.  2022a ). In top-

soil, PC1 was dominated by Zn, Pb, Cr, Ni, and Cu, with 

contribution rates of 80.77%, 58.53%, 75.86%, 71.93%, and 

77.22%, respectively (Fig.  5 ). The levels of Cr, Ni, and Cu 

in the studied soils were close to the background values 

in northwestern Guizhou Province (Table  3 ). In contrast, 

Zn and Pb were identifi ed as pollutants in the study area, 

primarily due to artisanal Zn smelting activities, and these 

metals are predominantly found in smelting slag (Bi et al. 

 2006b ; Li et al.  2022 ; Yu et al.  2022b ). Therefore, PC1 for 

topsoil was identifi ed as a mixed source of geological mate-

rials and smelting slag.         

 PC2 was dominated by Cd, with a contribution rate of 

87.05%. Artisanal zinc smelting activities have been preva-

lent in the study area from the seventeenth century until 

2004 (Bi et al.  2006b ; Li et al.  2022 ; Luo et al.  2018 ). The 

smelting process involves burning coal and Zn-bearing min-

erals at high temperatures to produce Zn vapor, which is then 

recovered through condensation. Because the boiling point 

of Cd (767 °C) is lower than that of Zn (907 °C), and Zn 

is the primary product, a signifi cant amount of Cd is emit-

ted into the atmosphere during smelting (Feng et al.  2006 ). 

Additionally, the diff ering boiling points of these metals 

  Fig. 5       Contribution rate of two principal components to heavy met-

als in topsoil  
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result in distinct Zn/Cd and Pb/Cd ratios in the gas and slag 

phases, which can serve as indicators of heavy metal sources 

in soils (Bi et al.  2006b ; Lin et al.  2009 ; Meng et al.  2021 ). 

In the study area, the Zn/Cd ratio in subsoil ranged from 30 

to 1536 (average of 335), while the Pb/Zn ratio ranged from 

21 to 501 (average of 134). In topsoil, the Zn/Cd ratio ranged 

from 25 to 578 (average of 116), and the Pb/Cd ratio ranged 

from 10 to 264 (average of 49). Because the average content 

of Zn and Pb was similar between topsoil and subsoil, the 

lower Zn/Cd and Pb/Cd ratios in topsoil likely refl ect addi-

tional Cd input from atmospheric deposition. Similar fi nd-

ings were reported by Lin et al. ( 2009 ), who observed lower 

Pb/Cd and Zn/Cd ratios in polluted soils than in background 

soils in the artisanal Zn smelting area. These ratio changes 

were also evident in local sediments (Meng et al.  2021 ). A 

mass balance calculation by Bi et al. ( 2006a ) estimated that 

~450 tons of Cd was released into the environment from 

artisanal smelting activities in a small area (< 150  km 2 ) in 

Hezhang County between 1989 and 2001. Atmospheric 

deposition may also contribute to Pb enrichment (~41%) in 

the studied soils (Table  4 , Fig.  5 ), likely originating from 

coal combustion during smelting activities (Bing et al.  2016 ; 

Liu et al.  2023a ; Pan et al.  2021 ). This is supported by ele-

vated Pb content and Pb isotopic fi ngerprints observed in 

the sediment of Caohai Lake (Bi et al.  2007 ). These results 

collectively suggested that atmospheric Cd deposition (PC2) 

from Zn smelting signifi cantly contributes to the elevated Cd 

levels in topsoil in the study area. Although the amendment 

of fertilizers can result in Cd accumulation in agricultural 

soils (Bigalke et al.  2017 ), it may not be a major Cd source 

in the studied soils because Cd inputs from the application 

of mineral fertilizers are usually low (Bigalke et al.  2017 ). 

     4.3   Factors infl uencing Cd bioavailability in soils 

 The environmental risks of heavy metals in soils are highly 

dependent on their bioavailability (Kim et al.  2015 ; Shahid 

et al.  2016 ). In the study area, Cd is the primary pollut-

ant and exhibits greater bioavailability than other metals. 

Therefore, this section focuses on identifying the factors 

infl uencing Cd bioavailability in soils. Previous studies have 

shown that Cd in soils from karst regions commonly exhibits 

low bioavailability (Lin et al.  2024 ; Ma et al.  2020 ; Wen 

et al.  2020b ). Our results revealed that DTPA-extractable 

Cd accounted for 0.002%–48.87% (average of 12.95%) of 

the total Cd in subsoil, where Cd is predominantly of geo-

genic origin (Fig.  3 ). In contrast, this proportion was higher 

in topsoil (average of 25.73%), where Cd is infl uenced by 

both high geochemical background and atmospheric deposi-

tion from artisanal Zn smelting. These fi ndings align with 

previous studies indicating that topsoil generally exhibits 

greater Cd bioavailability than subsoil (Liu et al.  2023b ; 

Quezada-Hinojosa et al.  2015 ). Several factors contribute 

to the diff erence in Cd bioavailability. First, the sources of 

heavy metals play a critical role. Anthropogenic heavy met-

als are generally more labile than geogenic metals (Chlo-

pecka  1996 ; Giráldez et al.  2020 ; Laveuf et al.  2009 ; Ma 

et al.  2020 ). For example, Mao et al. ( 2014 ) demonstrated 

that petrol-derived Pb in rural roadside surface soils had a 

higher isotopically exchangeable fraction (35%) than geo-

genic Pb (27%). Recent studies have also shown that Cd 

from atmospheric deposition is more bioavailable than leg-

acy Cd in soils, and Cd deposition signifi cantly increased the 

bioavailable Cd pool (Liu et al.  2022 ; Zhou et al.  2024 ). In 

the studied soils, atmospheric deposition from artisanal Zn 

smelting contributed 87% of total Cd in topsoil (Fig.  5 ). This 

suggests that atmospheric Cd deposition is a critical factor 

driving the higher Cd bioavailability in topsoil compared to 

subsoil. Once deposited into the soil, Cd from atmospheric 

sources tends to adsorb onto the surface of soil aggregates 

rather than being incorporated into the aggregates or bound 

in stable chemical forms (Liu et al.  2021a ; Sungur et al. 

 2021 ). This surface-bound Cd is more readily available for 

plant uptake and poses greater environmental risks. 

 In addition to the distinct contribution of Cd sources, 

topsoil and subsoil exhibit contrasting chemical properties 

due to weathering, biological disturbances, and agricultural 

activities. Topsoil has lower pH and higher SOM than sub-

soil (Table  2 ), and both properties are correlated with the 

content and proportion of bioavailable Cd (Tables  S4  and  5 ). 

The content and proportion of bioavailable Cd were nega-

tively correlated with soil pH in both topsoil and subsoil. 

Soil pH is a primary factor controlling Cd bioavailability 

(Huang et al.  2021 ; Wen et al.  2020a ), as it infl uences Cd 

adsorption/desorption by soil minerals. Low soil pH reduces 

the surface negative charge of soil colloids, decreasing their 

capacities to adsorb  Cd 2+  (Hou et  al.  2017 ). Addition-

ally, higher concentrations of  H +  can compete with  Cd 2+  

for adsorption sites on soil particles (Young  2012 ). In this 

study, the proportion of bioavailable Cd in soils with pH 

above 7 was less than 1%, consistent with fi ndings by Shahid 

et al. ( 2016 ), who reported that Cd tends to form insoluble 

hydroxides or carbonates in alkaline environments. There-

fore, a decrease in pH in topsoil, caused by factors such as 

the removal of base cations, root and microbial activities, 

accumulation and decomposition of organic matter, and 

fertilization (Weil and Brady  2017 ), can increase Cd bio-

availability. Given this, prevention of soil acidifi cation and 

adjustment of soil pH could be eff ective strategies to combat 

Cd risks in the study area. 

 In topsoil, the bioavailable Cd content was positively cor-

related with both the total Cd content ( r  = 0.635,  p  < 0.01) 

and SOM ( r  = 0.730,  p  < 0.01). However, this strong corre-

lation between bioavailable Cd and SOM was not observed 

in subsoil. SOM plays a complex and dual role in Cd bio-

availability in soils (Azeez et al.  2010 ; Dhaliwal et al.  2023 ). 



252 Acta Geochim (2026) 45:242–255

On one hand, solid organic matter can provide adsorption 

sites, immobilizing Cd and reducing its bioavailability. 

On the other hand, dissolved organic matter (DOM), par-

ticularly low-molecular-weight hydrophilic compounds, 

can form complexes with Cd, enhancing its bioavailability 

(Halim et al.  2015 ; Li et al.  2024 ; Loganathan et al.  2012 ). 

In addition, organic acids from plant root exudates, such as 

citric acid and oxalic acid, have been shown to increase Cd 

bioavailability in soils (Huang et al.  2024 ; Qin et al.  2021 ; 

Rezwan et al.  2024 ; Zhan et al.  2020 ). For example, Wang 

et al. ( 2020 ) reported that DOM derived from straw and 

farmyard manure promoted Cd desorption and increased the 

proportion of exchangeable Cd in soil, leading to higher Cd 

accumulation in Pak Choi. These results implied that the 

application of straw and manure amendments could infl u-

ence Cd bioavailability and thus should be approached with 

caution in the study area. Most of the studied soils were 

collected from farmland and forests, where plant litter and 

manure are primary sources of organic matter. However, the 

eff ects of diff erent plant species and organic acid on Cd bio-

availability remain poorly understood and warrant further 

investigation. 

      5   Conclusions 

 This study delved into the sources and potential environmen-

tal risks of heavy metals in topsoil and subsoil around Cao-

hai Lake, an area characterized by high geochemical back-

ground and artisanal Zn smelting, with a particular focus on 

Cd. The fi ndings indicated that the carbonate bedrock in the 

study area exhibits high Cd content, corroborating the high 

geochemical background of Cd. Cadmium emerged as the 

principal soil pollutant in the study area, presenting a case 

of moderate pollution alongside high potential ecological 

risks. Through the application of PCA-APCS-MLR source 

apportionment, it was discerned that 87% of the total Cd 

in topsoil could be traced back to atmospheric deposition 

associated with historical artisanal zinc smelting activities. 

Conversely, Cd in subsoil was predominantly of geogenic 

origin. Furthermore, the study uncovered that additional 

atmospheric Cd deposition, coupled with lower soil pH and 

higher organic matter content, served to enhance the bio-

availability of Cd in topsoil. The outcomes of this study 

underscore the signifi cant impact of atmospheric Cd depo-

sition on both the total and bioavailable Cd in karst regions 

with a high geochemical Cd background. 

       Acknowledgements     This work was supported by the National Nat-

ural Science Foundation of China (Nos. 42373065; 42330712), the 

Youth Innovation Promotion Association CAS (No. 2021399), and the 

complementary fund from the Department of Science and Technology 

of Guizhou Province.  

  Author contributions     C. Luo: investigation, formal analysis, writing 

original draft, conceptualization; W.W. Zhou: writing original draft, 

methodology, visualization; Y.L. Liu: writing original draft, review & 

editing, funding acquisition; J. Long, supervision, resources; C.S. Liu: 

funding acquisition, resources, review & editing, supervision.  

  Declarations    

   Confl ict of interest     The authors declare that they have no known 

competing fi nancial interests or personal relationships that could have 

appeared to infl uence the work reported in this paper.   

             References 

                                                                     Acosta JA, Cano AF, Arocena JM, Debela F, Martínez-Martínez S 

(2009) Distribution of metals in soil particle size fractions and 

its implication to risk assessment of playgrounds in Murcia City 

(Spain). Geoderma 149(1–2):101–109.   https:// doi. org/ 10. 1016/j. 

geode rma. 2008. 11. 034      

                                                                             Åkesson A, Barregard L, Bergdahl IA, Nordberg GF, Nordberg M, 

Skerfving S (2014) Non-renal eff ects and the risk assessment 

of environmental cadmium exposure. Environ Health Perspect 

122(5):431–438.   https:// doi. org/ 10. 1289/ ehp. 13071 10      

                                                             Azeez JO, Obanla SO, Ojo AO, Shokalu AO (2010) Cadmium sorption 

and desorption characteristics of tropical alfi sols from diff erent 

land uses. Commun Soil Sci Plant Anal 41(1):108–121.   https:// 

doi. org/ 10. 1080/ 00103 62090 33616 66      

                                                                     Bi XY, Feng XB, Yang YG, Qiu GL, Li GH (2006a) Quantitative 

assessment of cadmium emission from zinc smelting and its 

infl uences on the surface soils and mosses in Hezhang County, 

Southwestern China. Atmos Environ 40(22):4228–4233.   https:// 

doi. org/ 10. 1016/j. atmos env. 2006. 02. 019      

                                                                                                     Bi XY, Feng XB, Yang YG, Qiu GL, Li GH, Li FL, Liu TZ, Fu ZY, Jin 

ZS (2006b) Environmental contamination of heavy metals from 

zinc smelting areas in Hezhang County, western Guizhou. China 

Environ Int 32(7):883–890.   https:// doi. org/ 10. 1016/j. envint. 2006. 

05. 010      

                                                                                                                             Bi XY, Feng XB, Yang YG, Li XD, Sin GPY, Qiu GL, Qian XL, Li FL, 

He TR, Li P, Liu TZ, Fu ZY (2007) Heavy metals in an impacted 

wetland system: a typical case from southwestern China. Sci Total 

Environ 387(1–3):257–268.   https:// doi. org/ 10. 1016/j. scito tenv. 

2007. 07. 059      

                                                          Bigalke M, Ulrich A, Rehmus A, Keller A (2017) Accumulation of 

cadmium and uranium in arable soils in Switzerland. Environ 

Pollut 221:85–93.   https:// doi. org/ 10. 1016/j. envpol. 2016. 11. 035      

                                                          Bing HJ, Wu YH, Zhou J, Sun HY (2016) Biomonitoring trace metal 

contamination by seven sympatric alpine species in Eastern 

Tibetan Plateau. Chemosphere 165:388–398.   https:// doi. org/ 10. 

1016/j. chemo sphere. 2016. 09. 042      

                                     Chlopecka A (1996) Assessment of form of Cd, Zn and Pb in con-

taminated calcareous and gleyed soils in Southwest Poland. Sci 

Total Environ 188(2–3):253–262.   https:// doi. org/ 10. 1016/ 0048- 

9697(96) 05182-0      

   CNEMS CNEMC (1990) The soil background value in China. China 

Environmental Science Press, Beijing ( in Chinese ).  
                                                                                                  Dhaliwal SS, Sharma V, Shukla AK, Kaur J, Gupta RK, Verma V, 

Kaur M, Singh VK, Singh P (2023) Interactive eff ect of land use 

systems on depth-wise soil properties and micronutrients minerals 

in North-Western. India Heliyon 9(2):e13591.   https:// doi. org/ 10. 

1016/j. heliy on. 2023. e13591      

                                                                                               Ding S, Guan DX, Dai ZH, Su J, Teng HH, Ji JF, Liu YZ, Yang 

ZF, Ma LQ (2022) Nickel bioaccessibility in soils with high 



253Acta Geochim (2026) 45:242–255 

geochemical background and anthropogenic contamination. 

Environ Pollut 310:119914.   https:// doi. org/ 10. 1016/j. envpol. 

2022. 119914      

                                                                                                                El Rasafi  T, Oukarroum A, Haddioui A, Song H, Kwon EE, Bolan N, 

Tack FM, Sebastian A, Prasad MNV, Rinklebe J (2022) Cadmium 

stress in plants: a critical review of the eff ects, mechanisms, and 

tolerance strategies. Crit Rev Environ Sci Technol 52(5):675–726. 

  https:// doi. org/ 10. 1080/ 10643 389. 2020. 18354 35      

                                                     Feng XB, Li GH, Qiu GL (2006) A preliminary study on mercury 

contamination to the environment from artisanal zinc smelting 

using indigenous methods in Hezhang County, Guizhou, China: 

Part 2. Mercury contaminations to soil and crop. Sci Total Envi-

ron 368(1):47–55.   https:// doi. org/ 10. 1016/j. scito tenv. 2005. 09. 036      

                                                     Giráldez I, Fernández-Caliani JC, Rivera MB (2020) Geochemical 

behavior and fate of trace elements in naturally contaminated soils 

under projected land-use changes. J Soils Sediments 20(3):1413–

1423.   https:// doi. org/ 10. 1007/ s11368- 019- 02514-0      

                                     Hakanson L (1980) An ecological risk index for aquatic pollution 

control a sedimentological approach. Water Res 14(8):975–1001. 

  https:// doi. org/ 10. 1016/ 0043- 1354(80) 90143-8      

                                                     Halim MA, Majumder RK, Zaman MN (2015) Paddy soil heavy metal 

contamination and uptake in rice plants from the adjacent area 

of Barapukuria coal mine, northwest Bangladesh. Arab J Geosci 

8(6):3391–3401.   https:// doi. org/ 10. 1007/ s12517- 014- 1480-1      

                                                             Hernandez L, Probst A, Probst JL, Ulrich E (2003) Heavy metal dis-

tribution in some French forest soils: evidence for atmospheric 

contamination. Sci Total Environ 312(1–3):195–219.   https:// doi. 

org/ 10. 1016/ S0048- 9697(03) 00223-7      

                                                                  Hou DY, O’Connor D, Nathanail P, Tian L, Ma Y (2017) Integrated 

GIS and multivariate statistical analysis for regional scale assess-

ment of heavy metal soil contamination: a critical review. Environ 

Pollut 231:1188–1200.   https:// doi. org/ 10. 1016/j. envpol. 2017. 07. 

021      

                                                                             Huang ZL, Hu RZ, Su WC, Wen HJ, Liu S, Fu YZ (2011) A study on 

the large-scale low-temperature metallogenic domain in south-

western China: significance, history and new progress. Acta 

Mineral Sin 31(3):309–314.   https:// doi. org/ 10. 16461/j. cnki. 1000- 

4734. 2011. 03. 001      

                                                     Huang H, Zhao D, Wang P (2021) Biogeochemical control on the 

mobilization of Cd in soil. Curr Pollut Rep 7(2):194–200.   https:// 

doi. org/ 10. 1007/ s40726- 021- 00180-w      

                                                                                  Huang QX, Chen WZ, Gao JY, Meng FD, Cai YB, Wang Y, Yuan 

GD (2024) Impact of low molecular weight organic acids on 

heavy metal(loid) desorption in biochar-amended paddy soil. 

Environ Geochem Health 46(8):289.   https:// doi. org/ 10. 1007/ 

s10653- 024- 02064-6      

                                                                             Kim RY, Yoon JK, Kim TS, Yang JE, Owens G, Kim KR (2015) 

Bioavailability of heavy metals in soils: defi nitions and practi-

cal implementation: a critical review. Environ Geochem Health 

37(6):1041–1061.   https:// doi. org/ 10. 1007/ s10653- 015- 9695-y      

                                               Kubier A, Wilkin RT, Pichler T (2019) Cadmium in soils and ground-

water: a review. Appl Geochem 108:104388.   https:// doi. org/ 10. 

1016/j. apgeo chem. 2019. 104388      

                                                             Larison JR, Likens GE, Fitzpatrick JW, Crock JG (2000) Cadmium 

toxicity among wildlife in the Colorado rocky mountains. Nature 

406(6792):181–183.   https:// doi. org/ 10. 1038/ 35018 068      

                                                                                             Laveuf C, Cornu S, Baize D, Hardy M, Josiere O, Drouin S, Bruand 

A, Juillot F (2009) Zinc redistribution in a soil developed from 

limestone during pedogenesis. Pedosphere 19(3):292–304.   https:// 

doi. org/ 10. 1016/ S1002- 0160(09) 60120-X      

                                                                  Li XX, Liu HY, Meng W, Liu NT, Wu P (2022) Accumulation and 

source apportionment of heavy metal(loid)s in agricultural soils 

based on GIS, SOM and PMF: a case study in superposition areas 

of geochemical anomalies and zinc smelting, Southwest China. 

Process Saf Environ Prot 159:964–977.   https:// doi. org/ 10. 1016/j. 

psep. 2022. 01. 072      

                                                                                               Li J, Xu Y, Zhang YT, Liu Z, Gong HR, Fang W, Ouyang Z, Li WW, 

Xu L (2024) Quantifying the mitigating eff ect of organic matter 

on heavy metal availability in soils with diff erent manure appli-

cations: a geochemical modelling study. Ecotoxicol Environ Saf 

276:116321.   https:// doi. org/ 10. 1016/j. ecoenv. 2024. 116321      

                                                                     Lin WJ, Xiao TF, Zhou WC, Ao ZQ, Zhang JF (2009) Environmen-

tal concerns on geochemical mobility of lead, zinc and cadmium 

from zinc smelting areas: Western Guizhou, China. Environ Sci 

30(7):2065–2070.   https:// doi. org/ 10. 13227/j. hjkx. 2009. 07. 030      

                                                                       Lin GB, Zhang C, Yang ZF, Li Y, Liu CJ, Ma LQ (2024) High geologi-

cal background concentrations of As and Cd in karstic soils may 

not contribute to greater risks to human health  via  rice consump-

tion. J Hazard Mater 480:135876.   https:// doi. org/ 10. 1016/j. jhazm 

at. 2024. 135876      

                                                                          Liu YZ, Xiao TF, Baveye PC, Zhu JM, Ning ZP, Li HJ (2015) Potential 

health risk in areas with high naturally-occurring cadmium back-

ground in southwestern China. Ecotoxicol Environ Saf 112:122–

131.   https:// doi. org/ 10. 1016/j. ecoenv. 2014. 10. 022      

                                                                       Liu HL, Zhou J, Li M, Obrist D, Wang XZ, Zhou J (2021a) Chemical 

speciation of trace metals in atmospheric deposition and impacts 

on soil geochemistry and vegetable bioaccumulation near a large 

copper smelter in China. J Hazard Mater 413:125346.   https:// doi. 

org/ 10. 1016/j. jhazm at. 2021. 125346      

                                                                       Liu YZ, Xiao TF, Zhu ZJ, Ma L, Li H, Ning ZP (2021b) Geogenic pol-

lution, fractionation and potential risks of Cd and Zn in soils from 

a mountainous region underlain by black shale. Sci Total Environ 

760:143426.   https:// doi. org/ 10. 1016/j. scito tenv. 2020. 143426      

                                                                             Liu HL, Zhou J, Li M, Xia RZ, Wang XZ, Zhou J (2022) Dynamic 

behaviors of newly deposited atmospheric heavy metals in the 

soil-pak choi system. Environ Sci Technol 56(17):12734–12744. 

  https:// doi. org/ 10. 1021/ acs. est. 2c040 62      

                                                                       Liu P, Wu QM, Hu WY, Tian K, Huang B, Zhao YC (2023a) Eff ects of 

atmospheric deposition on heavy metals accumulation in agricul-

tural soils: evidence from fi eld monitoring and Pb isotope analy-

sis. Environ Pollut 330:121740.   https:// doi. org/ 10. 1016/j. envpol. 

2023. 121740      

                                                                                                       Liu YZ, Liu CS, Song CS, Chen ZJ, Guan HY, Xing D, Gao T, Sun J, 

Ning ZP, Xiao TF (2023b) Geochemical factors controlling the 

mobilization of geogenic cadmium in soils developed on carbon-

ate bedrocks in Southwest China. Geoderma 437:116606.   https:// 

doi. org/ 10. 1016/j. geode rma. 2023. 116606      

                                                                                                     Liu HL, Rong XT, Zhao H, Xia RZ, Li M, Wang HT, Cui HB, Wang 

XZ, Zhou J (2024) Bioaccumulation of atmospherically deposited 

cadmium in soybean: three-year fi eld experiment combined with 

cadmium isotopes. Environ Sci Technol 58(40):17703–17716. 

  https:// doi. org/ 10. 1021/ acs. est. 4c079 61      

                                                             Loganathan P, Vigneswaran S, Kandasamy J, Naidu R (2012) Cadmium 

sorption and desorption in soils: a review. Crit Rev Environ Sci 

Technol 42(5):489–533.   https:// doi. org/ 10. 1080/ 10643 389. 2010. 

520234      

                                                                          Luo YF, Wu YG, Xing RR, Yao C, Shu J, Wu ZX (2018) Eff ects of 

plant litter decomposition on chemical and microbiological char-

acteristics of artisanal zinc smelting slag using indigenous meth-

ods. J Geochem Explor 190:292–301.   https:// doi. org/ 10. 1016/j. 

gexplo. 2018. 03. 019      

                                                                                     Luo C, Long J, Liu CS, Gao T, Ning ZP, Song CS, Liu YZ (2023a) 

Study on mechanisms of migration and speciation transformation 

of cadmium in soil profi les in a typical Karst area. Bull Mineral 

Petrol Geochem 42(5):1164–1172.   https:// doi. org/ 10. 19658/j. issn. 

1007- 2802. 2023. 42. 087      

                                                                                  Luo XH, Wu C, Lin YC, Li W, Deng M, Tan JQ, Xue SG (2023b) 

Soil heavy metal pollution from Pb/Zn smelting regions in China 

and the remediation potential of biomineralization. J Environ Sci 

125:662–677.   https:// doi. org/ 10. 1016/j. jes. 2022. 01. 029      

                                                                       Ma Q, Zhao WF, Guan DX, Teng HH, Ji JF, Ma LQ (2020) Com-

paring  CaCl 2 , EDTA and DGT methods to predict Cd and Ni 



254 Acta Geochim (2026) 45:242–255

accumulation in rice grains from contaminated soils. Environ 

Pollut 260:114042.   https:// doi. org/ 10. 1016/j. envpol. 2020. 114042      

                                                     Ma JF, Shen RF, Shao JF (2021) Transport of cadmium from soil to 

grain in cereal crops: a review. Pedosphere 31(1):3–10.   https:// 

doi. org/ 10. 1016/ S1002- 0160(20) 60015-7      

                                                                                  Mao LC, Bailey EH, Chester J, Dean J, Ander EL, Chenery SR, Young 

SD (2014) Lability of Pb in soil: eff ects of soil properties and 

contaminant source. Environ Chem 11(6):690.   https:// doi. org/ 10. 

1071/ en141 00      

                                                                  Meng W, Chen Z, Yu ZL, Wu P, Li XX (2021) Reservoir sediment 

records of polymetallic contamination (Cd, Pb, Zn, As, Hg) in 

the zinc smelting area of Weining County, Guizhou Province, 

China. Environ Earth Sci 80(10):378.   https:// doi. org/ 10. 1007/ 

s12665- 021- 09691-7      

                                                     Meng W, Mo CH, Liu YZ (2022) Geochemical background and man-

agement target values of heavy metals in soil in northwestern 

Guizhou Province. Geophys Geochem Explor 46(1):250–257. 

  https:// doi. org/ 10. 11720/ wtyht. 2022. 1077      

                                  Müller G (1979) Schwermetalle in den Sedimenten des Rheins-

Veränderungen seit 1971. Umschau in Wissenschaft und Tech-

nik. Umschauin Wissenschaft und Technik 79(24):778–783 (in 

German).  

                                                                                          Pan YP, Liu J, Zhang L, Cao J, Hu JB, Tian SL, Li XY, Xu W (2021) 

Bulk deposition and source apportionment of atmospheric heavy 

metals and metalloids in agricultural areas of rural Beijing dur-

ing 2016–2020. Atmosphere 12(2):283.   https:// doi. org/ 10. 3390/ 

atmos 12020 283      

                                                                                     Qin L, Li ZR, Li B, Wang JX, Zu YQ, Jiang M, Li Y (2021) Organic 

acid excretion in root exudates as a mechanism of cadmium uptake 

in a sonchus asper-zea mays intercropping system. Bull Environ 

Contam Toxicol 107(6):1059–1064.   https:// doi. org/ 10. 1007/ 

s00128- 021- 03361-x      

                                                                     Quezada-Hinojosa RP, Matera V, Adatte T, Rambeau C, Föllmi KB 

(2009) Cadmium distribution in soils covering Jurassic oolitic 

limestone with high Cd contents in the Swiss Jura. Geoderma 

150(3–4):287–301.   https:// doi. org/ 10. 1016/j. geode rma. 2009. 02. 

013      

                                                                  Quezada-Hinojosa RP, Föllmi KB, Verrecchia E, Adatte T, Matera V 

(2015) Speciation and multivariable analyses of geogenic cad-

mium in soils at Le Gurnigel, Swiss Jura Mountains. CATENA 

125:10–32.   https:// doi. org/ 10. 1016/j. catena. 2014. 10. 003      

                                                                             Rambeau CMC, Baize D, Saby N, Matera V, Adatte T, Föllmi KB 

(2010) High cadmium concentrations in Jurassic limestone as the 

cause for elevated cadmium levels in deriving soils: a case study 

in Lower Burgundy, France. Environ Earth Sci 61(8):1573–1585. 

  https:// doi. org/ 10. 1007/ s12665- 010- 0471-0      

                                                             Rezwan F, Kashem MA, Hu HQ, Islam MS (2024) Mechanisms of 

metal immobilization in the soil by a phosphate compound with 

low molecular weight organic acids present. Commun Soil Sci 

Plant Anal 55(16):2422–2443.   https:// doi. org/ 10. 1080/ 00103 624. 

2024. 23622 24      

                                                             Salmanzadeh M, Balks MR, Hartland A, Schipper LA (2016) Cad-

mium accumulation in three contrasting New Zealand soils with 

the same phosphate fertilizer history. Geoderma Reg 7(3):271–

278.   https:// doi. org/ 10. 1016/j. geodrs. 2016. 05. 001      

                                                                                     Satarug S, Baker JR, Urbenjapol S, Haswell-Elkins M, Reilly PEB, 

Williams DJ, Moore MR (2003) A global perspective on cadmium 

pollution and toxicity in non-occupationally exposed population. 

Toxicol Lett 137(1–2):65–83.   https:// doi. org/ 10. 1016/ S0378- 

4274(02) 00381-8      

   Shahid M, Dumat C, Khalid S, Niazi NK, Antunes PMC (2016) Cad-

mium bioavailability, uptake, toxicity and detoxifi cation in soil-

plant system. In: Reviews of environmental contamination and 

toxicology, vol 241. Springer International Publishing, Berlin, pp 

73–137.   https:// doi. org/ 10. 1007/ 398_ 2016_8      

                                                               Sungur A, Kavdir Y, Hasan Ö, Remzi İ, Soylak M (2021) Geochemical 

fractions of trace metals in surface and core sections of aggre-

gates in agricultural soils. CATENA 197:104995.   https:// doi. org/ 

10. 1016/j. catena. 2020. 104995      

                                          Turekian KK, Wedepohl KH (1961) Distribution of the elements 

in some major units of the Earth’s crust. Geol Soc Am Bull 

72(2):175.   https:// doi. org/ 10. 1130/ 0016- 7606(1961) 72[175: 

DOTEIS] 2.0. CO;2      

                                                                               Wang PC, Peng H, Liu JL, Zhu ZL, Bi XY, Yu QQ, Zhang J (2020) 

Eff ects of exogenous dissolved organic matter on the adsorp-

tion–desorption behaviors and bioavailabilities of Cd and Hg in a 

plant–soil system. Sci Total Environ 728:138252.   https:// doi. org/ 

10. 1016/j. scito tenv. 2020. 138252      

                                    Weil RR, Brady NC (2017) The nature and properties of soils, 15th 

edn. Pearson Education limited, Harlow.  

                                                                          Wen HJ, Zhang YX, Cloquet C, Zhu CW, Fan HF, Luo CG (2015) 

Tracing sources of pollution in soils from the Jinding Pb–Zn 

mining district in China using cadmium and lead isotopes. Appl 

Geochem 52:147–154.   https:// doi. org/ 10. 1016/j. apgeo chem. 2014. 

11. 025      

                                                               Wen YB, Li W, Yang ZF, Zhang QZ, Ji JF (2020a) Enrichment and 

source identifi cation of Cd and other heavy metals in soils with 

high geochemical background in the Karst region, Southwestern 

China. Chemosphere 245:125620.   https:// doi. org/ 10. 1016/j. chemo 

sphere. 2019. 125620      

                                                                                       Wen YB, Li W, Yang ZF, Zhuo XX, Guan DX, Song YX, Guo C, Ji 

JF (2020b) Evaluation of various approaches to predict cadmium 

bioavailability to rice grown in soils with high geochemical back-

ground in the Karst region, Southwestern China. Environ Pollut 

258:113645.   https:// doi. org/ 10. 1016/j. envpol. 2019. 113645      

                                                                               Xia XQ, Ji JF, Yang ZF, Han HJ, Huang CL, Li Y, Zhang W (2020) 

Cadmium risk in the soil-plant system caused by weathering of 

carbonate bedrock. Chemosphere 254:126799.   https:// doi. org/ 10. 

1016/j. chemo sphere. 2020. 126799      

                                                               Xia XQ, Ji JF, Zhang CS, Yang ZF, Shi HD (2022) Carbonate bedrock 

control of soil Cd background in Southwestern China: Its extent 

and infl uencing factors based on spatial analysis. Chemosphere 

290:133390.   https:// doi. org/ 10. 1016/j. chemo sphere. 2021. 133390      

                                                                                                       Xia YF, Liu YH, Chen T, Xu YD, Qi M, Sun GY, Wu X, Chen MJ, 

Xu WP, Liu CS (2024) Combining Cd and Pb isotope analyses 

for heavy metal source apportionment in facility agricultural 

soils around typical urban and industrial areas. J Hazard Mater 

466:133568.   https:// doi. org/ 10. 1016/j. jhazm at. 2024. 133568      

                                                                                                               Yang Q, Yang ZF, Filippelli GM, Ji JF, Ji WB, Liu X, Wang L, Yu T, 

Wu TS, Zhuo XX, Zhang QZ (2021a) Distribution and secondary 

enrichment of heavy metal elements in karstic soils with high geo-

chemical background in Guangxi, China. Chem Geol 567:120081. 

  https:// doi. org/ 10. 1016/j. chemg eo. 2021. 120081      

                                                                                                     Yang Q, Yang ZF, Zhang QZ, Liu X, Zhuo XX, Wu TS, Wang L, Wei 

XJ, Ji JF (2021b) Ecological risk assessment of Cd and other 

heavy metals in soil-rice system in the Karst areas with high geo-

chemical background of Guangxi, China. Sci China Earth Sci 

64(7):1126–1139.   https:// doi. org/ 10. 1007/ s11430- 020- 9763-0      

                                  Young SD (2012) Chemistry of heavy metals and metalloids in soils. 

Heavy metals in soils. Springer Netherlands, Dordrecht, pp 51–95. 

  https:// doi. org/ 10. 1007/ 978- 94- 007- 4470-7_3      

                                                                                  Yu EJ, Liu HY, Dinis F, Zhang QY, Jing P, Liu F, Ju XH (2022a) 

Contamination evaluation and source analysis of heavy metals in 

Karst soil using UNMIX model and Pb-Cd isotopes. Int J Envi-

ron Res Public Health 19(19):12478.   https:// doi. org/ 10. 3390/ ijerp 

h1919 12478      

                                                                               Yu EJ, Liu HY, Tu Y, Gu XF, Ran XZ, Yu Z, Wu P (2022b) Superposi-

tion eff ects of zinc smelting atmospheric deposition on soil heavy 

metal pollution under geochemical anomaly. Front Environ Sci 

10:777894.   https:// doi. org/ 10. 3389/ fenvs. 2022. 777894      



255Acta Geochim (2026) 45:242–255 

                                                                                          Yuan ZM, Yao J, Wang F, Guo ZW, Dong ZQ, Chen F, Hu Y, Sunahara 

G (2017) Potentially toxic trace element contamination, sources, 

and pollution assessment in farmlands, Bijie City, southwestern 

China. Environ Monit Assess 189(1):25.   https:// doi. org/ 10. 1007/ 

s10661- 016- 5755-8      

                                                                       Zhan J, Huang HG, Yu HY, Zhang XZ, Wang YD, Li TX (2020) 

Characterization of dissolved organic matter in the rhizosphere 

of phytostabilizer Athyrium wardii (Hook.) involved in enhanced 

metal accumulation when exposed to Cd and Pb co-contamina-

tion. Environ Pollut 266:115196.   https:// doi. org/ 10. 1016/j. envpol. 

2020. 115196      

                                                                     Zhang YX, Guo ZH, Xie HM, Xiao XY, Xu R (2024) Impact of migra-

tion and prediction on heavy metals from soil to groundwater in an 

abandoned lead/zinc smelting site. J Cent South Univ 31(4):1136–

1148.   https:// doi. org/ 10. 1007/ s11771- 024- 5626-3      

                                                               Zhao YJ, Deng QY, Lin Q, Zeng CY, Zhong C (2020) Cadmium source 

identifi cation in soils and high-risk regions predicted by geograph-

ical detector method. Environ Pollut 263:114338.   https:// doi. org/ 

10. 1016/j. envpol. 2020. 114338      

                                                                             Zhou J, Xia RZ, Landis JD, Sun YF, Zeng Z, Zhou J (2024) Isotope 

evidence for rice accumulation of newly deposited and soil 

legacy cadmium: a three-year fi eld study. Environ Sci Technol 

58(39):17283–17294.   https:// doi. org/ 10. 1021/ acs. est. 4c006 59       

 Springer Nature or its licensor (e.g. a society or other partner) holds 

exclusive rights to this article under a publishing agreement with the 

author(s) or other rightsholder(s); author self-archiving of the accepted 

manuscript version of this article is solely governed by the terms of 

such publishing agreement and applicable law.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2250
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


		2026-04-06T09:20:34+0530
	Preflight Ticket Signature




