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Modeling the fate and transport of heavy metals, and their response to climate change at the watershed scale
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Abstract: Modeling heavy metal behavior in soil and water will provide a better understanding of the potential adverse impacts on human
and ecological system. A heavy metal transport and transformation module was combined with the well-established Soil and Water Assess-
ment Tool (SWAT) model to simulate the fate and transport of metals at the watershed scale. The heavy metal module accounts for sorption
and slow reactions among categorized metal species. Heavy metal transport in the upland is modeled based on water percolation,rising, run-

off, and soil erosion; while in the water body, heavy metal undergoes settling, resuspension, diffusion and burial processes. The SWAT mod-
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el combined with heavy metal module (SWAT-HM) was used to simulate zinc(Zn) and cadmium(Cd) dynamics in the upper Liuyang Riv-

er basin. The simulations were reasonably accurate, with 94.5%(Zn) and 94.2%(Cd) of the prediction—to—observation ratio below a factor of

10.1t also agreed well with other monitoring data by reproducing the high metal concentrations and their drop before and after the Baoshan—

Daxi confluence, and by revealing the dominance of precipitation events in terms of watershed metal exports. To account for the effects of cli-

mate change on heavy metal pollution, we also simulated the Zn and Cd output from the studied watershed under nine meteorological scenari-

os, each with either the temperature or the precipitation intensity adjusted from recorded values. We found that the metals were more sensi-

tive to precipitation than temperature, and that particulate metals responded more strongly than dissolved metals. Our results showed that

SWAT-HM is a powerful tool for watershed—scale environmental risk analysis and pollution control in the context of climate change.

Keywords : watershed scale; heavy metal behavior; model simulation; scenario analysis
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Figure 1 Upper Liuyang River basin in Hunan Province
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Figure 2 Graphical descriptions of the watershed heavy metal transport and transformation model (SWAT-HM )
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Table 2 Meteorological scenarios for upper Liuyang river basin
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Figure 3 Comparison of simulated and observed dissolved Zn and Cd concentrations in the river
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Figure 4 Model simulation of the dissolved Zn and Cd concentrations in the river and environmental quality assessment (Chinese
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Figure 5 Simulated temporal sequences of outputs at the watershed outlet, including streamflow , dissolved Zn, Cd and particulate Zn,Cd



PV % O IR BE T RAT VBB R L CR T W R AR5

1119

850

— p=9.0E-4 p=1.6E-4

o}

(=

S
T

IS

PV an
~J
W
(=]
:

Evapotranspiration/mm

700

650

600

Q/\QQ;}Q (‘X’L QX\ Q ‘i’\ {‘/'L

% 5% Scenarios

p=0.93

S}
d
=
by
S
T
A~

—
oo
T

AR

IR
x

N N

W f#HH Zn Dissolved Zn/x10° kg
N

1
Q XFLQQ X\Q 0?/\0? B\ Qx% QX\ Q Q/\ (‘/'L

15t Scenarios

200 1

— p=2.4E-4 p=2.9E-4

150

100

Hb A% i Surface runoff/mm

50

IO R SIS W

5% Scenarios

p=2.4E-4

1

N\ (‘x'L (‘)(\

W% B AH Zn Particulate Zn/x10° kg

O N 7

SEEQ .
[# %% Scenarios

Blo REISKERTHMK HMRER AHEE Zo FORMIAE Zo 1T AR MM Z S

Figure 6 Responses of evapotranspiration, surface runoff, dissolved Zn and particulate Zn behavior under

simulated meteorological scenarios

& B ARG TE L1 KU 2SR AL ALEL A 8l
2R I A5 G K SCAC R A S 3K 8l R 7, AT L
R A 4 JE AT B 2 REAE I BE 1 5 SWAT-HM
o F R TR BRI S e R 4 SR A T AR S K
SCHF o ANAHFFESE TR , I T 58 3 %t T 5 IX B
& Je i A AR R B , ELG T B A 4 5
M) B 35 A M T 4 i [ T2 K 30T (4—6 7 ) W B AH Zn A1
W B AH Cd A s 5 o ) R S B 77.7% AN
78.9%]. X FMAH" X AY AR 1k By s % F B 1R A X
EaJEE R HAEARKEM, XS Gozzard >
P [E I Zn 5 X OB IE 2518 — 3K

TSR 4 B LA A AR AR R AR ek, =
B FERE R ZEAE i A KO S5y T AR5 A T
W 4 s AL B =S R AL R T e 2 T
WA ZSAFAE I R 52 28 i B, SWAT A6 750 o (83 B 8 4
TRA B AN BETC A1 T S A By T, A6 A b
FEHORE 4 UCRAE- BB AE R a5 IR A, 208 T 55
PR B T) AR Ak | AT BIR - S A5 A S 50 1 Ay T
(A 4 SR AR T DR 2 1) oy St . BTRLL A
Ji I 2 — A F I 3 S 4 i A AR (18 A R T A T
WEFE BRI Al e A FREE T X 8 4 @ 1B RS S AL A

gL R Oy I s ik DB 2 2 SR
GG S ORI AR BRI K 25 G 20 B,
TR B G 7 G e AU 16 55, TN o R 75 e A i
A B 30T T 52 H <G 1 U R R M DX 3 XL T
fili FREGE BT S GeRIIA AR AT B2

3 #ig

AW 5T K Sk RO 4 )R A B8 i Ak A
SWAT—-HM X 3 e 90 BH-E 52 1L ™ DX 5 i 3 St A 7 1
T FPEEM T TARIES = 4B X FARRS L
DR 7 BRI R L AR A, B EEAS 3 LR LS 2538

(1)SWAT-HM RE 4 4 1 AL FULAF 5% [X 5 42 @ Zin
A Cd B3 B S5 AL FRAE , G B 2R R n] 1 P4 X
T YRR A R AT LR, BB T R AT

(2) 13 PN 4 Ja 15 Yo /K590 BEAR XS L I X
M IR B R R R SR K S R R E 24, SWAT-HM
FERIFFT DX ASEHDLRI 23000 2 BH SR F I 35S AR S 400 1
s TP 4 8 T Y X A T3 TS YK T
e,

(3)SWAT-HM 7EFFE X 55481 2 BH e SR AR AF R
JEE I B S v VA A A RN BREAE L AR 22 3R



1120

URIEIRCX iy F38EF5H

K AHFEIKIA (4—6 J1 ) W B AR 8 4 J i o o ol 3 3
o, BRI - S A s 6 B YA X 4 T e il
HAHEREZ Y.

(4)SWAT-HM [ G185t B4 R 3R W, BN
B AR A 4 s i e 0 R ) 3 S, LM A
4 X RA TR RIS AR b 114 ) 0 L S A T 4 R
% . SWAT-HM =k nf ] F R AB 1L 1% 5 T
4 S i o o ALY

S 3Lk

(R PN =SB S ESB N 22 S ok N RN =S el R R S (R N B
HETG ReRBURAT AR P IE R0, 2014, 36(5) : 1689-1692.
State Environmental Protection Administration of China, State Land
and Resources Administration of China. Report on the national general
survey of soil contamination[J]. China Environmental Protection Indus-
try, 2014, 36(5) : 1689-1692.

[2] Simunek J, Jacques D, Genuchten M T, et al. Multicomponent geo-
chemical transport modeling using Hydrus—1D and HP1[J]. Journal of
the American Water Resources Association, 2006, 42 :1537-1547.

[3] Trakal L, Kodesova R, Komarek M. Modelling of Cd, Cu, Pb and Zn
transport in metal contaminated soil and their uptake by willow (Salixx
smithiana) using HYDRUS=2D program[J]. Plant and Soil, 2013, 366
(1/2):433-451.

[4] Mallmann F J K, dos Santos D R, Ceretta C A, et al. Modeling field—
scale vertical movement of zinc and copper in a pig slurry—amended
soil in Brazil[]J]. Journal of Hazardous Materials, 2012, 243:223-231.

[5] Velleux M L, Jr J F E, Julien P Y. TREX: Spatially distributed model
to assess watershed contaminant transport and fate[J|. Science of the To-
tal Environment, 2008, 404(1):113-128.

[6] Velleux M L, Julien P Y, Rojas—Sanchez R, et al. Simulation of metals
transport and toxicity at a mine—impacted watershed : California Gulch,
Colorado[]J]. Environmental Science & Technology, 2006, 40 (22) :
6996-7004.

(717 . % & FRE S et K Bl X R 4

J i ORI T Y BEA (I, A IR B R R A 4R, 2013, 32(12)
2384-2394.
LI Qian, QIN Fei, JI Hong—bing, et al, Contents, sources and contami-
nation assessment of soil heavy metals in gold mine area of upstream
part of Miyun reservoir, Beijing, Chinall|. Journal of Agro— Environ-
ment Science, 2013, 32(12) :2384-2394.

[8] Chen H Y, Teng Y G, Lu S J, et al. Contamination features and health
risk of soil heavy metals in China[]]. Science of the Total Environment,
2015, 512-513:143-153.

(9] ABhaR, KB —, 142, A5 . o T T A B AN S 1 )

Bt « LAVT AR IH B 58 1 e S 19 (0], VIRt 8 950 5 B 05, 2012, 21
(9):1112-1118.
LIN Zhong-rong, ZHENG Yi, XIANG Ren—jun, et al. Simulation of the
nonpoint sources load of heavy metals and its uncertainty analysis: A
case study of cadmium pollution at the Xiangjiang River in the Zhu-
zhou City[]]. Resources and Environment in the Yangize Basin, 2012, 21
(9):1112-1118.

[10] Meng Y B, Zhou L F, He S L, et al. A heavy metal module coupled

with the SWAT model and its preliminary application in a mine-im-

pacted watershed in China[]]. Science of the Total Environment, 2018,
613:1207-1219.

[11] Arnold J G, Srinivasan R, Muttiah R S, et al. Large area hydrologic
modeling and assessment part |: Model development[J]. Journal of the
American Water Resources Association, 1998, 34(1):91-101.

[12] & 5, AL, L2, 46 RUDH X 7= BEIR I KO0 B 1 5
Wi[R]. Kb KV ITPRIR A7 23, 1985,

MA Qiang, YANG Jing—quan, SHI Xi—zhen, et al. Environmental im-
pact of mineral resources development[R]. Changsha: Changsha Soci-
ety for Environmental Sciences, 1985.

[13] AR, X A0, BE TR I . 35 0 B L 5 1L X 5 LA [ B S B

BEIG R HLBRFE(I]. 07 7R AR, 2005, 25(6) :9-13.
DAI Ta-gen, LIU Xing—hui, TONG Qian—ming. Comparison of envi-
ronmental pollution at different period of time Qibaoshan mine area,
Liuyang, Hunan[J]. Mining and Metallurgical Engineering, 2005, 25
(6):9-13.

[14] Rauret G, Lopezsanchez J F, Sahuquillo A, et al. Improvement of the
BCR three step sequential extraction procedure prior to the certifica-
tion of new sediment and soil reference materials[J]. Journal of Envi-
ronmental Monitoring, 1999, 1(1) :57-61.

(5] WL, B 7, 8 A, & T SWATBERI B {1705 R

B TR SIS RS AL IR, 2011, 30(4) : 704~
710.
YIN Gang, WANG Ning, YUAN Xing, et al. Non—point source pollu-
tion of nitrogen and phosphorus nutrients using SWAT model in Tu-
men River Watershed, ChinalJ]. Journal of Agro— Environment Sci-
ence, 2011, 30(4) : 704-710.

[16] Holvoet K, Griensven A V, Gevaert V, et al. Modifications to the
SWAT code for modelling direct pesticide losses[J]. Environmental
Modelling & Software, 2008, 23(1):72-81.

[17] Neitsch S L, Williams J, Arnold J G, et al. Soil and water assessment
tool theoretical documentation (Version 2009) [R]. Texas: Texas Wa-
ter Resources Institute, 2011.

[18] Degryse F, Smolders E, Parker D. Partitioning of metals (Cd, Co, Cu,
Ni, Pb, Zn) in soils: Concepts, methodologies, prediction and applica-
tions: A review|[]]. European Journal of Soil Science, 2009, 60: 590—
612.

[19] Buekers J, Degryse F, Maes A, et al. Modelling the effects of ageing
on Cd, Zn, Ni and Cu solubility in soils using an assemblage model[J].
European Journal of Soil Science, 2008, 59:1160-1170.

[20] Malmstrom M E, Destouni G, Banwart S A, et al. Resolving the scale—
dependence of mineral weathering rates[J]. Environmental Science &
Technology, 2000, 34(7) : 1375-1378.

[21] Abbaspour K C, Yang J, Maximov I, et al. Modelling hydrology and
water quality in the pre—alpine/alpine Thur watershed using SWAT[J].
Journal of hydrology, 2007, 333(2/3/4) :413-430.

[22] %005, 55, & %, 5 W 21K R As Rl Cd 45 5 4x )
TR I ATRHAE B k)], BRACHA R, 2008, 22(6) :897-908.
YANG Zhong—fang, XIA Xue—qi, YU Tao, et al. Distribution and flux-
es of As and trace metals in the Dongting Lake water system, Hunan
Province, ChinalJ]. Geoscience, 2008, 22(6) : 897-908.

[23] Gozzard E, Mayes W M, Potter H A B, et al. Seasonal and spatial vari-
ation of diffuse (non—point) source zinc pollution in a historically met-
al mined river catchment, UK[J]. Environmental Pollution, 2011, 159
(10):3113-3122.



