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AbstractЕA comprehensive study was conducted in the Jiulong-Fenggang alluvial plain on the southern lakeshore of the Lake 

Poyang polder system to investigate the contamination characteristics and sources of heavy metals in soils. A total of 3799 

surface soil samples were collected and the level of pollution was assessed using three methods: the geo-accumulation index, 

the Nemerow index and the potential ecological risk index. Principal component analysis (PCA) and positive matrix 

factorization (PMF) were employed to analyses the sources of the heavy metals in the soil. The results revealed that the average 

concentrations of arsenic (As), cadmium (Cd), copper (Cu), chromium (Cr), mercury (Hg), nickel (Ni), lead (Pb) and zinc (Zn) 

in the surface soil were 1.06–2.10 times higher than the background soil value in Jiangxi Province. Northern Xinjiang River 

alluvial deposits showed significant Cd-Pb-Zn co-accumulation and southern bedrock weathering zones exhibited As-Cr-Ni 

geogenic anomalies. 83.05% of sampling sites were classified as "unpolluted to slightly polluted" (Igeo <1), and 83.84% 

exhibited pollution levels below the warning threshold (Pn <1). Critical ecological risk hotspots were concentrated in the 

Xinjiang River floodplain and its deltaic inflow zone (RI > 60), covering 10.85% of the total study area. Cd was identified as 

the sole priority control pollutant in these high-risk sectors. PMF source apportionment identified four primary contributors: 

secondary enrichment during red soil formation (49.28%), industrial and mining activities upstream (20.19%), weathering of 

coal-bearing parent rocks (11.91%), and agricultural practices combined with coal combustion (18.62%). This study confirms 
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that Cd contamination primarily originates from upstream mining activities (79.92% via fluvial transport), necessitating targeted 

source control measures within the Xinjiang River watershed. The integrated methodology provides a replicable framework for 

ecological risk management in floodplain agricultural systems. 

KeywordsЕThe positive definite matrix factor decomposition method; Polder area; Heavy metals; Source analysis; Soil  
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Fig.1 Map of the study area and sampling locationŝ a.Land use, b.Siol type, c.Formation lithologỹ 
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Ҭ Ĭgeoҹ ̕Ciҹ i ṿ̕Kҹḱ ( 1.5)̕ Biҹ



i ṿ[32]Ȃ Igeo №ҹΈ ῒ̆Ҭ I̔geo<0̆ 0̕≤Igeo<1̆ 1̕≤Igeo<2̆

Ҭ 2̕≤Igeo<3̆Ҭ- 3̕≤Igeo<4̆ 4̕≤Igeo<5̆ - I̕geo≥5̆ Ȃ 

ῤ ѿ

ᴇ̆ Ὲ №≢ Ҋ̔ 

ὖ ὅ Ὓϳ  

ὖ άὥὼὖ ὥὺὩὖ ςϳ  

Ҭ P̆iҹ Ҭ i ᾝ C̕i i ᾝ S̕i

i ᾝ ᴇ ‰̆ ȇ ῾ ‰( )Ȉ(GB 15618-2018)[33]

Ҭ ṿ P̕nҹ Ȃ №ҹ :P<1̆ 1̕≤P<3̆

̕3≤P<6̆Ҭ ̕P≥6̆ Ȃ 

Hakanson[34] ᴇ ̆ Ὲ Ҋ̔ 

ὙὍ Ὁ Ὕ ὖ  

Ҭ̔RIҹ ̕E
i 

rҹ i ̆Piҹ i ̕

T
i 

rҹ i ̆ №≢ҹ Hg(40)ȁCd(30)ȁAs(10)ȁPb(5)ȁCu(5)ȁ

Ni(5)ȁCr(2) Zn(1)[35]Ȃ ᴨ № [36-37]̆ №ҹԓ ̔E
i 

r

<30̆ ᵞ ̕30≤E
i 

r <60̆ Ҭ ̕60≤E
i 

r <120̆ ̕120≤E
i 

r <240̆

̕E
i 

r≥240̆ Ȃ №ҹԓ ̔RI<60̆ ᵞ ̕60≤RI<120̆ Ҭ

̕120≤RI<240̆ ̕240≤RI<480̆ ̕RI≥480̆ Ȃ 

1.5  

 Excel2021 № ̆ ṿȁ ᶏ̆  Arcgis10.2 № ⱳ

̆ ṿ └̆ №ᵝṿ(10%ȁ25%ȁ50%ȁ75% 90%) № ̆ Ҭ №

Ȃᶏ  SPSS26  PCA № ᶏ̆  USEPA PMF5.0 

Ȃ 

2  ғ  

2.1 ⅎ  

( 1)̆AsȁCdȁCuȁCrȁHgȁNiȁPb Zn

№≢ҹ 12.6ȁ0.21ȁ27.0ȁ77.2ȁ0.10ȁ27.6ȁ37.1 73.2 mg/kğ ԅ ṿ[32]̆№
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Table 1 Characteristics of heavy metal concentrations in the surface soils of the study area 
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As 1.97љ182 12.6 11.62 48.3 10.4 1.21 

Cd 0.02љ8.12 0.21 0.15 183 0.10 2.10 

Cr 14.0љ511 77.2 73.2 33.1 48.0 1.61 

Cu 8.02љ790 26.9 25.9 55.7 20.8 1.30 

Hg 0.017љ0.90 0.10 0.09 29.7 0.08 1.25 

Ni 6.79љ146 27.6 26.4 30.6 19.0 1.45 

Pb 14.2љ101 37.1 35.7 30.8 32.1 1.15 

Zn 20.8љ306 73.2 70.3 30.8 69.0 1.06 
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Fig.2 Spatial distribution of heavy metals and oxides in surface soil of the study area 
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Fig.3 Boxplot of the accumulation index of heavy metals in topsoil  
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Fig.4 Evaluation of heavy metal pollution in topsoil 

5Ҍ Cd  

Fig.5 Box plot of Cd content in different types of topsoil 
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Kaiser-Meyer-Olkin(KMO) Bartlett ̆ №≢ҹ 0.728(̘ 0.7) 0.000(̖ 0.001)̆
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Table 2  Rotating loadings of soil elements and oxides on principal components 

№ PC1 PC2 PC3 PC4 

As 0.67 −0.03  −0.20  0.40  

Cd −0.16  0.64 −0.09  0.54  

Cr 0.78 −0.33  0.03  0.25  

Cu 0.37  0.39 −0.02  0.23  

Hg 0.20  0.03  0.17  0.76 

Ni 0.88 0.02  0.05  0.06  

Pb −0.12  0.88  0.20  −0.02  

Zn 0.21  0.89  0.03  0.23  

N −0.21  0.04  0.92 0.10  

P 0.01  0.08  0.44 0.41 

K −0.37  0.79 −0.04  −0.26  

S 0.14  −0.02  0.86  −0.05  

SOM −0.22  0.06  0.93  0.09  

Al 2O3 0.70  0.58 0.01  −0.28  

Fe2O3 0.88  0.04  −0.27  −0.07  

ṿ 3.88  3.32  2.65  1.24  

№ % 25.89  22.13  17.69  8.27  

% 25.89  48.01  65.71  73.98  
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PM2 CdȁPbȁZnȁCuȁHgȁAs Ni №≢ҹ 79.92%ȁ45.34%ȁ43.34%ȁ26.03%ȁ15.88%ȁ
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ῒ ̆ ȁ ץ ῒז ᵣ ̆ ԍҊ Ҭ[47]̕CdȁPbȁZn Cu

֪ ᾝ ̆ ῍ ԍ Ҭ̆ ᴆҊ Cd ⱬ ̆
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[40]̆Ḥ ⌠ CdҤ [41]̆ ≢ Ḥ Ҭ Һ ԍ

‚ ꜚ[42-43]̆ Ḥ ῀ Ҥ Cd [44]̕Ӟ ̆Ḥ

26.5 ȁ123.39 ȁ24.41 ̆ ῀ ῀ ҈№ӊѿ̆ῒҬ Cd

65.8%[14]Ȃ ̆PM2 ҹ ҉ ֲҹ Ȃ 

 

6 PMF№ № ῒ №  

Fig.6 PMF analysis of heavy metals in soil pollution sources and its contribution rate 

 

PM3 HgȁCdȁCrȁPbȁNiȁCuȁZn As №≢ҹ 33.14%ȁ18.20%ȁ16.56%ȁ15.91%ȁ

13.23%ȁ11.43%ȁ6.52% 0.98%̕ PC3 ԅ 17.69% ̆NȁS SOMΐ ȂS
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ᵬ ᵠ ̕ ῀ NȁP ᾝ ̆ ≢ֲҹ ꜚ ῒ ῾ҙ ֟ ̆ ⁞ №

PMF Ẓ ̆ᶏ ⱴ ̆ Ӟ ѿ ῒז ȁ

Ȃ 

4  

(1) Wei FS, Chen JS, Wu YY, et al. Study on the background contents on 61 elements of soils in China. Chinese Journal of 

Environmental Science, 1991, 12(4): 12-19. [ , , . Ҭ ṿ . , 1991, 

12(4): 12-19. ] 

(2) Alexakis D E, Bathrellos G D, Skilodimou H D, et al. Spatial distribution and evaluation of arsenic and zinc content in the soil 

of a Karst Landscape. Sustainability, 2021, 13(12), 6976.   

(3) Hu PJ, Zhan J, Liu J, et al. Research progress on the causes, risks, and control of high geological background of heavy metals 

in soils. Acta Pedologica Sinica, 2023, 60(5): 1363–1377. [ , , ↔ . ȁ ҍ

. , 2023, 60(5): 1363–1377. ] 

(4) Ḡ , . ῃ ’ Ὲ .  ֤, 2014. 

(5) Wen BY, Jiang HY, Gao Y, et al. Source analysis and bioavailability of soil cadmium in Poyang Lake Plain of China based on 

principal component analysis and positive definite matrix factor. Minerals, 2024, 14(5), 514.   

(6) Yu DY, Wang YH, Ding F, et al. Comparison of analysis methods of soil heavy metal pollution sources in China in last ten 

years. Chinese Journal of Soil Science, 2021, 52(4): 1000-1008. [ԍ , , Ҁ . 

. , 2021, 52(4): 1000-1008. ] 

(7) , ᴯ. SPSS № ( 3 ). ֤: ₮ , 2018: 1-525. 

(8) Paatero P, Tapper U. Positive matrix factorization: A non-negative factor model with optimal utilization of error estimates of 

data    values. Entronmetrics. 1994. 5(2). 111-126.   

(9) Chen YL, Wong LP, Ma J, et al. Review on the last ten years of research on source identification of heavy metal pollution in 

soils. Journal of Agro-Environment Science, 2019, 38(10): 2219-2238. [ Ҽ, , . Ҭ

. ῾ҙ , 2019, 38(10): 2219-2238. ] 

(10) Duan WL ,Bin H, Daniel, et al. Water quality assessment and pollution source identification of the eastern Poyang Lake Basin 

using multivariate statistical methods.Sustainability, 2016, 8(2), 133.      

(11) Chu XD, Wu DS, Wang H, et al. Spatial distribution characteristics and risk assessment of nutrient elements and heavy metals 

in the Ganjiang River Basin. Water, 2021, 13(23), 3367.   

(12) Zhang DW, Zhang L, He JH, et al. Spatial distributions and risk assessment of dissolved heavy metals in Poyang Lake. Acta 

Ecologica Sinica, 2015, 35(24): 8028-8035. [ , , ᵥḍ . № ᵀ. 

, 2015, 35(24): 8028-8035. ] 

(13) Ma MZ, Gao Y, Song X W, et al. Transport characteristics and risk assessment of heavy metals in multi-scale watersheds in 

the Poyang Lake area. China. Acta Ecologica Sinica, 2019, 39(17): 6404-6415. [ , , . 



ᵣ ῒ ᴇ. , 2018, 39(17): 6404-6415. ] 

(14) Li WM, Yang ZF, Zhou L, et al. Geochemical characteristic and fluxes of heavy metals in water system of the Poyang Lake. 

Geoscience, 2014, (3): 512-522, 536. [ , , . ᾝ ῀ ף .

, 2014, (3): 512-522, 536. ] 

(15) Rao Z, Chu XD,Wu DS, et al. Health risk assessment of groundwater heavy metal pollution in the Poyang Lake Plain. 

Hydrogeology and Engineering Geology, 2019, 46(5): 31-37. [ , Ữ қ, ף . Ҋ

ҍẫ ᵀ. , 2019, 46(5): 31-37. ] 

(16) He ZK, Chen HY, Chen RH, et al. Pollution assessment and source apportionment of heavy metal pollution in sediments of 

Le’an River. Journal of Beijing Normal University(Natural Science), 2020, 56(1): 78-85. [v , , . ӏ

ᴇҍ . ֤ : , 2020, 56(1): 78-85. ] 

(17) Chen JH, Zhang YH, Shen W, et al. Distribution characteristics and source analysis of heavy metals in Nanchang section of the 

Fuhe River. Environmental Science, 2020, 40(11): 4936-4944. [ ḍ , , . №

№ .Ҭ , 2020, 40(11): 4936-4944. ] 

(18) Zeng FP, Xiao HY, Zhou WB. Environment significance and research of heavy metal in the sediments of Poyang Lake basin. 

Jiangxi Chemical Industry, 2007(2): 21-23. [ ₄ , Ԑ, . Ҭ ӈ. 

, 2007(2): 21-23. ] 

(19) Cao BD,Li WM, Zhou YF, et al. Geochemical characteristic and fluxes of trace metal in water system of the Poyang Lake. 

Northwestern Geology, 2022, 55(4): 343-353. [ ᶀ , , ѿ₄ . Ҭ ᾝ №

. , 2022, 55(4): 343-353. ] 

(20) Chen M, Liao YQ, Zheng XJ, et al. Assessment of heavy metal pollution in sediments of the Ganjiang River: Using pollution 

assessments and multivariate statistical techniques. Environmental Chemistry, 2021, 40(12): 3861-3874. [ , , 

ḍ . ԍ ᾝ ᴇ. , 2021, 40(12): 3861-3874.] 

(21) Kuang H F, Hu C H, Wu G L, et al. Combination of PCA and PMF to apportion the sources of heavy metals in surface sediments 

from Lake Poyang during the wet season. Journal of Lake Sciences, 2020, 32(4): 964-976. [ , , . 

Һ №№ (PCA) № (PMF) ү . , 2020, 32(4): 

964-976. ] 

(22) Dai LJ, Wang LQ, Li LF, et al. Multivariate geostatistical analysis and source identification of heavy metals in the sediment of 

Poyang lake in China. Science of the Total Environment. 2018, 621, 1433–1444.    

(23) Zhao J, Luo ZJ, Zhao Y, et al. Spatial distribution and pollution assessment of heavy metals in farmland soils in Poyang Lake 

area. Acta Scientiae Circumstantiae,2018, 38(6): 2475-2485. [ , ´, , . ῾ №

ᴇ. , 2018, 38(6): 2475-2485. ] 

(24) Li J, Teng YG, Wu J, et al. Source apportionment of soil heavy metal in the middle and upper reaches of Le'an River based on 

PMF Model and Geostatistics. Research of Environmental Sciences, 2019, 32(6): 984-992. [ , , ꞊, . ԍ

PMF ӏ Ҭ҉ . , 2019, 32(6): 984-992. ] 

(25) Jiang Y, Guo X. Multivariate and geostatistical analyses of heavy metal pollution from different sources among farmlands in 

the Poyang Lake region, China. Journal of Soils and Sediments,2019, 19, 2472–2484.    

(26) Li YH, Kuang HF, Hu CH, et al. Source apportionment of heavy metal pollution in agricultural soils around the Poyang Lake 

region using UNMIX model. Sustainability, 2021, 13(9), 5272. 

(27) Jian MF, Li LY Xu PF, et al. Spatiotemporal variation characteristics of heavy metals pollution in the water, soil and sediments 

environment of the Lean River - Poyang Lake Wetland. Environmental Science, 2014, 35(5): 1759-1765. [ , , 

, . -ӏ Ҭ № . , 2014(5): 1759-1765. ] 

(28) . DOM ῒ [ ᵝ ]. : , 2024.  

(29) Zeng H, Zhang H, Ding MJ, et al. Enrichments, migrations, and conversions of heavy metal in the soil/sediment-plant system 

rowards the lake in typical Poyang Lake wetland. Environmental Science, 2023, 44(2): 781-795. [ , , Ҁ ´, . 



ῖ - № . , 2023, 44(2): 781-795. ] 

(30) ≠ , ⱲῈ . . ֤: Ҭ ῾ҙ ₮ , 1991. 

סּ֟ (31) . Ҭ • . ֤: ₮ , 2017. 

(32) ᵥ ⱬ, ᾣ , . ṿ . ֤: Ҭ ₮ , 2006. 

(33) GB 15618-2018 ῾ ‰( ) . 

(34) Hakanson L. An ecological risk index for aquatic pollution control - A sedimentological approach. Water Research, 1980, 14(8): 

975-1001.  DOI: 10. 1016/0043-1354(80)90143-8. 

(35) Xu ZQ, Ni SJ, Tuo X G, et al. Caleulation of heavy metalstoxicity coefficient in the evaluation of potential ecological risk 

index. Environmental Seience and Technology,2008, 31(2): 112-115.  [ Ԉ , ṭ ´, ᾢ . 

ᴇҬ . ҍ ,2008, 31(2): 112-115. ] 

(36) Ma J H, Han C X, Jiang Y L. Some problems in the application of potential ecological risk index. Geographical Research, 2020, 

39(6): 1233-1241.  [ , , . Ҭ ѿ֓ . , 2020, 39(6): 1233-

1241. ] 

(37) Wu M, Liu S L, Yuan Y Y, et al. Optimization of potential ecological risk index method for soil heavy metals—a case study of 

Chengkou County, Chongqing City. Chinese Journal of Soil Science, 2023, 54(2): 473-480.  [ , ↔ , ᵩ . 

ᴨ ץ− ҹᶛ. , 2023, 54(2): 473-480. ] 

(38) Ҭ . Ҭ ֲ ῍ ̔ . ֤̔ ₮ ,2010. 

(39) , ᴋ , . Ҭ . ֤̔ ₮ ,2012. 

(40) Zhang J, Chen X, Liu QC, et al. Distribution and potential risk assessment of heavy metals in the main estuaries of lake Poyang´s 

tributaries. Resources and Environment in the Yangtze Basin, 2014, 23(1): 95-100.  [ , , ↔Ṭ . Һ ῀

№ ᴇ. ҍ , 2014, 23(1): 95-100. ] 

(41) Wu JF, Wang HM, Tian ZQ. The tracing and evaluation of heavy metals in sediment of Xinjiang River Basin. Journal of Jiangxi 

Normal University(Natural Science), 2023, 47(6): 599-604.  [ ẫ , , . Ḥ ҍ ᴇ. 

( ), 2023, 47(6): 599-614. ] 

(42) ᾢ, , . Ḥ ( ) Ҭ . ,  2012(4): 89-92. 

(43) Fang Z, Mo ZF, Huang QW, et al. Enrichment sources and ecological risk assessment of heavy metals in sediment of Xinjiang 

River .Ground water, 2023, 45(1):116-121.  [ , , ᴯ . Ḥ ᵀ. Ҋ

, 2023, 45(1): 116-121. ] 

(44) Ge Q, Gao B, Lin CY, et al. Sources of heavy metals and related health risk of surface water in Xinjiang River Basin. Science 

Technology and Engineering, 2023, 23(12): 4984-4994. [ ҙ , ,אל . Ḥ

№ . ҍ , 2023, 23(12): 4984-4994. ]   

(45) Zheng DM, Wang QC, Li ZB, et al. Comparative study of mercury pollution in two different typical cities of northern 

china:coal-consumer and industrial cities. Earth and Environment, 2007, 35(3): 273-278.  [ ‏ , , . Ҭ

ҙ . ҍ , 2007, 35(3): 273-278. ]  

(46) Chen B Y. Assessment of heavy metal pollution and method comparison: a case study of the shallow-sea sediments in Fujian. 

Geology and Resources, 2008, 17(3): 213-218.  [ ᴿ . ᴇ ץ- ҹᶛ. ҍ

, 2008, 17(3): 213-218. ] 

(47) ↔ ḍ, ꞉ , ᾠ , . ᾝ . ֤: ₮ , 1984. 

(48) Zhou  QQ, Wen BY, Zhang J, et al. Migration rules of soil Cd in typical small watershed of Western Jiangxi. Journal of East 

China University of Technology (Natural Science), 2019, 42(4): 385-391. [ ῖ . ,שּׂ ,

ᾝ . қ ( ), 2019, 42(4): 385-391. ]  

(49) Cheng HX, Yang ZF, Xi XH, et al. Strategies and strategies for tracing and source of Cd anomalies along the Changjiang river 

basin. Quaternary Sciences, 2005, 25(3): 285-291.  [ , , . ҍ

ҍ . , 2005, 25(3): 285-291. ]  



(50) Wang F, Zhu YJ, Lu L. Sulphur in soil and its transformation. Chinese Agricultural Science Bulletin, 2007, 23(5): 249-253.  

[ ₄, Ԑ , . Ҭ ῒ . Ҭ ῾ , 2007, 23(5): 249-253. ]  

(51) , , ≢֦֦. ᾝ ҹ ₃ . қ , 2013, 40(22): 69-70. 

(52) , , ᾝ . ⅞ҍ ⅞ ῖ[M]. ֤:Ҭ ≠ ₮ , 2012. 

(53) Lavergren U, Åström M E, Falk H, et al. Metal dispersion in groundwater in an area with natural and processed black shale:  

Nationwide perspective and comparison with acid sulfate soils. Applied Geochemistry, 2009, 24: 359-369.  

(54) Rimmer SM. Geochemical paleoredox indicators in Devonian-Missis sippian black shales, Central Appalachian Basin(USA). 

Chemical Geology, 2004, 206: 373-391.   

(55) Zhao WF, Song YX, Guan DX, et al. Pollution status and bioavailability of heavy metals in soils of a typical black shale area. 

Journal of Agro-Environment Science, 2018, 37(7): 1332-1341.  [ ҆ᴟ, ᾢ, ‏ῐ . ῖ №

ҍ . ῾ҙ , 2018, 37 (7): 1332-1341. ] 

(56) Yang XY, Liu XZ, Du X, et al. Distribution of heavy metal element of coal powder in Jiangxi. Environmental Science & 

Technology, 2009, 32(1):115-117.  [ ,↔ , , . Ҭ ᾝ № . ҍ , 2009, 

32(1):115-117.] 


