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• A distributed trace metal transport and
transformation module was coupled
with TOPKAPI-ETH.

• The model simulates transport of
suspended sediment and associated
trace metals.

• The model is used to explore the effect
of human intervention on C-Q relation-
ships.

• High amount of trace metal with
suspended sediment may not imply a
high ecological risk.
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A spatially distributed tracemetal transport and transformationmodulewas developed and implementedwithin
thehydrologicalmodel TOPKAPI-ETH. The newmodule canbe used to better understand, at high spatial and tem-
poral resolution, the transport and reactions of trace metals as they move through a catchment from upland
sources to downstream areas and water bodies. The newly developed module takes into consideration solid
metal in multiple chemical phases with different reactivity and simulates their mutual transformation over
time, which gives the possibility to analyze the fraction of different solid metal phases present in the river
suspended sediment. The characteristics and potential of the model are demonstrated by simulating Zinc (Zn)
and Cadmium (Cd) dynamics in a headwater catchment of the Xiang River in South China, which has been highly
perturbed bymining activities. The developedmodule is shown to reasonably reproduce the observed dynamics
of dissolved and total tracemetalsflux for 14months at twomonitoring stations. The distributed solute transport
model was proved to be capable of explaining the reasons underlying the spatial variability of C-Q relationships
that are driven by the combined effect of point and non-point pollution sources, as well as identifying the spatio-
temporal hotspots of trace metal pollution. By means of synthetic numerical experiments, a limited impact of
slow reactions on dissolved Cd transport from upland to river over short-temporal scales was demonstrated,
while for longer scales, e.g. >5 years, this effect becomes more relevant, highlighting potential long-lasting
sources of trace metal pollution and their impacts.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Humankind extracts valuableminerals from the Earth's crust to sup-
port the manufacturing of different products. However, mining activi-
ties produce waste such as tailings, waste rocks, dust and treated or
untreated industrial wastewater, often causing significant adverse im-
pact on the local environment and population healthwhen properman-
agement or mitigation strategies are not in place (Duruibe et al., 2007;
Bhuiyan et al., 2010; Li et al., 2014; Oberholster et al., 2017; Atangana
andOberholster, 2021; Zhou et al., 2020). Demand formineral resources
is continuously increasing driven largely by population and economic
growth, which leads to a corresponding increase of environmental
costs (GAIN, 2020). There is a need to handle historical mine pollution
issues and concurrently to learn from these cases forminimizing the en-
vironmental impacts of new mining activities in the future. In order to
achieve this goal, it is necessary to understand how mine pollution is
transported from its source through a catchment. Many studies note
the importance of trace metal transported by suspended sediment in a
catchment and highlight that this might be an important path for pollu-
tion transport from the mine area to the downstream aquatic system
(Song et al., 2010; Thorslund et al., 2012b; Hu et al., 2015). However,
the total metal concentration measured in soil or suspended sediment
provides limited information regarding the mobility and bioavailability
of these trace metals as only a small portion of the solid phase is geo-
chemically active and able to rapidly exchange with solutes in water
(Degryse et al., 2009; Jeng and Singh, 1993; Guzman-Rangel et al.,
2020). Although a relatively large fraction of metal is in a non-active
state it may undergo slow reactions and weathering, becoming re-
activated especially under relatively acid aquatic or soil environments
(Thornton, 1995; Rieuwerts et al., 1998; Hamon et al., 2002; Degryse
et al., 2009). A key concern is to what extent the non-active phase
metal in suspended sediment can (potentially) become bio-available
under a changing environment over time. Therefore, the quantification
of the fraction of labile and non-active phase trace metal (TM) is crucial
for pollution riskmanagement, but very few studies have dealtwith this
separation at the catchment scale.

TMmigration from upland sources to the catchment outlet involves
both physical movement (with water and sediment) and geochemical
transformation processes, in addition to complex interactions among
hydrological processes, soil erosion, sediment transport and geochemi-
cal reactions (Bilotta and Brazier, 2008; Kirchner and Neal, 2013; Li
et al., 2019; Charlesworth et al., 2011; Yang et al., 2014). To fully quan-
tify the complex mechanisms of TM transport at catchment scale
through observation, a large number of measurements would be neces-
sary. However, somemeasurements are intrinsically difficult and highly
demanding of time and resources. Therefore, models become an inter-
esting surrogate of measurements to characterize pollution dynamics
across catchments and can be used as virtual laboratories to support
the evaluation of potential risks and management practices in improv-
ing regional water quality (Borah and Bera, 2004; Daniel et al., 2011;
Yuan et al., 2020; Botter et al., 2021). Various catchment-scale TM trans-
port models were developed since the 1970s, which have their own ad-
vantages and weaknesses. These models are characterized by different
levels of complexity in relation to their ability to quantify hydrological
and geochemical processes, as well as in terms of spatial variability of
input parameters and temporal scales of model application. L-THIA
(Lim et al., 1999) and N-SPECT/OpenNSPECT (Carter and Eslinger,
2004) are two representative simple models, which are built on empir-
ical and statistical relationships between TM pollution loads, land use,
rainfall, and runoff volume. They require very limited input data and
simple calibration, but they cannot simulate detailed hydrological and
physicochemical processes of TM transport. A group of more advanced
models is characterized by coupling a simple geochemical transforma-
tion module to a process-based (semi-)distributed hydrological
model. Two representative cases that specifically simulate TM are
TREX, which combines a spatially distributed hydrological
2

representation with a simple conceptual metal partitioning process
(Velleux, 2005), and SWAT-HM (Soil Water Assessment Tools – Heavy
Metal), which is a conceptual semi-distributed hydrological model to
which a metal transformation module was added (Meng et al., 2018).
However, the model structure of TREX limits its applicability as it can
only be applied at event scale (Velleux et al., 2008). Due to its semi-
distributed nature, SWAT-HM could not explicitly simulate TM trans-
port pathways and connectivity across the catchment. Therefore, it
may not easily be used for investigations when spatially variable soil
erosion and hydrological processes influence polluted sediment redis-
tribution on the hillslope through erosion and deposition. Moreover,
the finest temporal resolution of SWAT-HM is daily scale whereas, de-
pending on the spatial scale, the dynamics of some key processes are
characterized by finer temporal resolutions. Furthermore, both models
lack a TM transport component in the groundwater making them un-
suitable to evaluate the aquifer TM contribution to a river. These two
models are thus difficult to apply to catchments where aquifers play a
dominant role in river discharge and solute contribution. At a higher
level of complexity, catchment solute transportmodels are often a com-
bination of a physically-based distributed hydrological model and a
complex geochemistry model withmulti-component reactions and rig-
orous thermodynamics and kinetics representations as, for example, the
RT-FLux-PIHM model (Bao et al., 2017). Such models typically show a
good capability in mechanistically reproducing the effect of individual
process on hydrological or geochemical aspects of solute transport.
However, large data input requirements and computational costs limit
their applicability to medium-size and large catchments and to cases
where extensive observational data is lacking.

Accordingly, the overall scope of this article is to introduce a state-of-
the-art catchment scale hydrology-sediment-chemical modeling
framework for better understanding the characteristic of TM pollution
transport in highly perturbed catchments where both point and non-
point pollution sources exist. For achieving this goal, a new spatially dis-
tributed chemical transport and transformation module was developed
and integrated into the existing hydrological and sediment transport
model TOPKAPI-ETH, where TOPKAPI stands for ‘TOPographic Kine-
matic wave APproximation and Integration (Battista et al., 2020;
Fatichi et al., 2015). To avoid over-parameterization and preserve a
high computational efficiency that enables application to large catch-
ments, the newly developed metal transformation module was de-
signed to include only essential processes. Although simple, it still
includes the most important physical and chemical processes for simu-
lating TM transport in both hillslopes and river channels, and at short
and long temporal scales. To demonstrate the model characteristics
and its range of possible applications, we applied the model to a head-
water catchment under the influence of long-term mining activities in
the Hunan province of South China. The specific research questions
we address are: 1) To what extent can a physically explicit fully distrib-
uted model simulate the dynamics of observed river metal flux in the
dissolved and total phase as well as explain the spatial variability of C-
Q relationships? 2)What is the chemical phase distribution of exported
metal from the case study catchment at annual-scale? 3) Can themodel
identify the spatial hot spots of metal pollution sources and their key
drivers in both the short and long term?

2. Materials and methods

2.1. Hydrological and sediment transport model

A distributed trace metal transport and transformation module was
developed and integrated with the hydrological model TOPKAPI-ETH
(Fatichi et al., 2015; Battista et al., 2020). TOPKAPI-ETH was chosen be-
cause of its spatially distributed nature and physically explicit represen-
tation of the major hydrology-sediment processes as well as a
reasonable computational efficiency, which makes possible long-term
simulation (several decades) with a relative high resolution (0.0025–1
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km2 grid cell size, hourly time step) even for relatively large catchment
(>1000 km2). Themodel is based on a regular square grid discretization
in space and, by default, three vertical layers in the subsurface, concep-
tualizing a shallow and a deep soil layer as well as a groundwater stor-
age (see Fig. 1-a). In TOPKAPI-ETH, surface and subsurface flow is
simulated using the kinematic wave approximation, with resistance to
flow given by surface roughness and soil transmissivity which is a func-
tion of soil hydraulic properties. Overland flow is generated by the sat-
uration excess mechanism when soil water exceeds maximum soil
water storage capacity (Dunne runoff) or by the infiltration excess
mechanisms when rainfall intensity exceeds saturated hydraulic con-
ductivity of the surface soil (Horton runoff). Soil moisture is depleted
by evapotranspiration, lateral drainage and percolation to lower storage
layers. The sediment module simulates soil erosion and transport of the
mobilized sediment by overland flow on the hillslopes and is based on a
transport capacity approach at the cell level. The sediment erosion/de-
position rate is determined by the local transport capacity, which de-
pends on the overland flow discharge and topographic properties
(Battista et al., 2020). The suspended sediment transport in the river
channel is simulated as purely advective and can account for sediment
exchange between the riverbed and the water column through a user-
controlled threshold of settling velocity. Bothwater and sediment trans-
port related variables are solved analytically (Liu and Todini, 2002;
Battista et al., 2020). A more detailed description of the model is avail-
able from Liu and Todini (2002), Liu et al. (2005), Fatichi et al. (2015),
and Battista et al. (2020).
2.1.1. Trace metal transformation module
The general conceptual model of trace metal partitioning and

transformation in soil layers is adapted from Degryse et al. (2009)
with the simplification of lumping the free ions,Mn+, and dissolved
complexes, ML, together as total metal in solution phase, Msol (see
Fig. 1-b). In this study, we are indeed more interested in
catchment-scale TM mobility rather than its speciation in the solu-
tion phase. In this module, we consider two types of reactions
based on their relative reaction rate and importance in modeling
TM mobility at catchment scale. The first type of reaction is sorp-
tion, which is the most important and relatively fast process that
Fig. 1. a) Illustration of the conceptual scheme used by TOPKAPI-ETH to model trace metal flow
transformation processes considered in the river compartment (b) and in the soil compartm
respectively,Msol is trace metal in aqueous phase including free ion and complex forms.

3

affects metal mobility in the natural environment (Fetter, 2018;
Krupka et al., 1999). The sorption process is simulated with the lin-
ear Freundlich adsorption isotherm that balance between TM labile
solid phase and solution phase (see Fig. 1-b and c) (Bradl, 2004;
Degryse et al., 2009). The second reaction type accounts for slower
processes, namely fixation/slow releasing and inert parent material
weathering, which are modeled with kinetic constants. Integrating
several complex biochemical reactions into two general types al-
lows keeping the modeling of reactions simple enough, so that
the model remains parsimonious in terms of parameters, but it
can still reproduce the major dynamic of TM mobility for both
short- and long-term simulations. Specifically, the solid-liquid
partitioning coefficient Kd

lab [m3/kg] of sorption is defined as:

Klab
d ¼ Ml

Msol
, ð1Þ

and expresses the ratio between the labile metal concentration in the
solid phase, Ml [kg/kg], and the total metal concentration in the
aqueous phase, Msol [kg/m3]. The model of slow reactions between
metal in non-labile and labile solid phase (see Fig. 1-b) follows Crout
et al. (2006) and Buekers et al. (2008), who described these reactions
as empirical, reversible, first-order kinetic processes according to equa-
tions:

dMl

dt
¼ −k1Ml þ k2Mn, ð2Þ

dMn

dt
¼ k1Ml−k2Mn, ð3Þ

k1 ¼ 1

Tf
c

−
a1−a2 � pH

Tf
c

, ð4Þ

k2 ¼ a1−a2 � pH
Tf
c

ð5Þ

where Mn [kg/kg] is the metal concentration in non-labile phase, k1
[day−1] is the constant reaction rate of transformation from labile to
non-labile solid metal phase, k2 [day−1] is the constant reaction rate of
s by water and sediment in one grid cell. b) and c) Conceptual framework of trace metal
ent (c), where Mi, Mn and Ml are trace metal in inert, non-labile, and labile solid phase
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transformation from non-labile to labile solid metal phase,
pH is the soil pH value, and Tc

f [day], a1, a2 are respectively the
measured response time for the fixation reaction and the optimized
regression coefficients to account for pH, based on the long-term incu-
bation experiments data in diverse soils conducted by Crout et al.
(2006) and Buekers et al. (2008). The weathering process of metal in
the inert parent material of soil/waste rock is simulated with a constant
rate, kw [day−1], that is assumed to slowly convert the inert phase TM,
Mi [kg/kg], into non-labile phase, Mn [kg/kg], through the equation:

dMn

dt
¼ kwMi: ð6Þ

In the groundwater compartment, no specificmetal solid phase clas-
sification is considered. Only a simple partitioning between TMs in a ge-
neric solid phase and dissolved phase is simulated by a user defined
partitioning coefficient, Kd

gw.

2.1.2. Solute transport module in the hillslope and channel
The solute transport module of TOPKAPI-ETH computes the dy-

namic mass balance of solute within each storage compartments
(i.e. channel, surface, soil, and groundwater) of a grid cell, which
is driven by the hydrological and sediment transport processes
(see Fig. 1-a). External sources can add or remove solutes in each
storage compartments of each gird cell. The solute transport is
modeled by the advection equation along topographically
predefined flow directions identified by a D8 flow direction method
in both surface and subsurface layers (O'Callaghan and Mark,
1984). The detailed numerical implementation of the solute trans-
port module is discussed in Supplementary material Section 1. The
model assumes that the solute concentration in dissolved or in
solid phase is well mixed within each storage compartment of
each cell and no residual or passive storage is considered in the
model. In other words, the model only calculates the average con-
centration of a given solute in each compartment and for each
time step. The specific solute transport continuity equations of dif-
ferent storage compartments in one grid cell, i.e. solute transport in
the surface layer, soil layers, groundwater layer and river channel
compartments, are elaborated in the next section and correspond
to the transport processes depicted in Fig. 1-a.

2.1.2.1. Solute infiltration and lateral transport in surface layer. The dis-
solved solute in the rainfall or surface water can enter into the top soil
layer through infiltration as well as flows to downstream cell through
overland flow, which is governed by the following solute continuity
equation:

∂ Csurf ,iVsurf ,i
� �

∂t
¼ ∑Fsurf ,i þ Esurf ,i− Qsurf

latout,i þ Qinfil,i

� �
Csurf ,i ð7Þ

where Csurf,i [kg/m3] and Vsurf,i [m3] are respectively the dissolved solute
concentration in surface water and surface water volume,∑Fsurf,i [kg/s]
is the total incoming solute mass rate entering the active cell i from its
upstream cells through surface runoff, Esurf,i [kg/s] is the external
source/sink term in the surface layer including the solute mass rate
through precipitation, Qlatout,i

surf [m3/s] and Qinfil,i [m3/s] are the average
lateral outflow rate and infiltration rate in the current calculated time
step given by the hydrological module.

2.1.2.2. Soil solute percolation and lateral transport. The dissolved solute
concentration in the soil layers can be altered by the incoming solute
through percolation from its upper soil layer and incoming lateral solute
flux through soil seepage. The soil solute concentration is governed by
the solute continuity equation:
4

∂ Csoil,iVsoil,i þ Slsoil,iMsoil,i

� �

∂t
¼ ∑Fsoil,i þ Esoil,i− Qperc,i þ Qsoil

exf ,i þ Qsoil
latout,i

� �
Csoil,i−Eplant,i

ð8Þ

Slsoil,i ¼ Klab,soil
d Csoil,i ð9Þ

where Csoil,i [kg/m3] and Vsoil,i [m3] are respectively the dissolved solute
concentration and the soil water volume of grid cell i, Ssoil,il [kg/kg] is the
soil solid solute concentration in labile phase, Msoil,i [kg] is the mass of
soil matrix, ∑Fsoil,i [kg/s] is the sum of incoming solute mass rate
through percolation from upper soil layer and through soil lateral flow
from its upstream grid cells, Esoil,i [kg/s] is the external source/sink
term in soil water, Qperc,i [m3/s], Qexf,i

soil [m3/s] and Qlatout,i
soil [m3/s] are the

average percolation, exfiltration, and lateral outflow rate of soil water
in the current time step given by the hydrological module, Eplant,i [kg/
s] is the average solute mass uptake rate by plants in the current time
step, which is calculated by the plant uptake component, and Kd

lab, soil

[m3/kg] is the partitioning coefficient of the soil compartment.

2.1.2.3. Groundwater solute transport. The dissolved solute can travel in
the groundwater through lateral groundwater flow as well as by
exfiltration if the groundwater compartment exceeds maximum stor-
age capacity. This process is described by the solute continuity equa-
tions as:

∂ Cgw,iVgw,i þ Slgw,iMgw,i

� �

∂t
¼ ∑Fgw,i þ Egw,i− Qgw

exf ,i þ Qgw
latout,i

� �
Cgw,i ð10Þ

Slgw,i ¼ Kgw
d Cgw,i ð11Þ

where Cgw,i [kg/m3] and Sgw,i
l [kg/kg] are the solute concentration in

aqueous and solid phase of groundwater compartment, Vgw,i [m3] and
Mgw,i [kg] are the groundwater water volume and solid matrix mass
respectively, ∑Fgw,i [kg/s] is the total incoming solute mass rate
entering from upstream grid cells through groundwater lateral flow,
Egw,i [kg/s] is the external source/sink term in the groundwater, Qexf,i

gw

[m3/s] and Qlatout,i
gw [m3/s] are, respectively, the average exfiltration and

lateral outflow rate in the current time step given by the hydrological
module, Kd

gw [m3/kg] is the partitioning coefficient of the groundwater
compartment.

2.1.2.4. Plant uptake of dissolved solutes. TOPKAPI-ETH calculates the total
evapotranspiration (ET) with the Priestley-Taylor equation (Priestley
and Taylor, 1972), which does not provide a mechanistic way to sepa-
rate transpiration (T) from total ET. Therefore, a simple ratio coefficient
(ψ= T/ET=0.7) method was used for separating T from ET based on a
long-term average value from multiple sites worldwide (Fatichi and
Pappas, 2017). In the model, the dissolved solute loss due to plant up-
take is assumed to occur only from the top soil layer and the derived
transpiration rate is used as the driving force. Thus, the plant uptake
of metals is calculated as Eplant,i[kg/s] = ψ · ETi · Csoil,i.

2.1.2.5. Solute movement with hillslope erosion/deposition. The solute as-
sociated with sediment is moved by the soil erosion process that is
driven by overland flow. The labile, non-labile, and inert solid
phase metal that are attached to the eroded soil particles are as-
sumed well mixed in their individual phases before moving to the
downstream cell or be re-deposited in the current cell. The solute
transport by soil erosion is thus governed by the following solute
continuity equations:

∂ Slsoil,iMsoil,i

� �

∂t
¼ ∑Flsedin,i þ Eldry,i þ Qdepo,i−Qero,i−Qsedout,i

� �
Slsoil,i ð12Þ
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∂ Snsoil,iMsoil,i
� �

∂t
¼ ∑Fnsedin,i þ Endry,i þ Qdepo,i−Qero,i−Qsedout,i

� �
Snsoil,i ð13Þ

∂ Sisoil,iMsoil,i

� �

∂t
¼ ∑Fisedin,i þ Eidry,i þ Qdepo,i−Qero,i−Qsedout,i

� �
Sisoil,i, ð14Þ

where Ssoil,il was previously defined, Ssoil,in [kg/kg] and Ssoil,i
i [kg/kg] are the

soil solute concentration in non-labile and inert phase, Fsedin,il [kg/s],
Fsedin,i
n [kg/s] and Fsedin,i

i [kg/s] are the incoming solutemass rate of labile,
non-labile and inert phases associated with sediment entering the cur-
rent cell i from its upstream cells respectively, Edry,il [kg/s], Edry,in [kg/s]
and Edry,i

i [kg/s] are the mean solute dry deposition rate for labile, non-
labile, and inert phase TM in the current time step, Qdepo,i [kg/s], Qero,i

[kg/s], and Qsedout,i [kg/s] are the mean rate of sediment deposition,
erosion, and lateral transport within the current time step given by
the sediment module.

2.1.2.6. Channel solute transport and exchange with river bed. The river
can receive dissolved solute and sediment associated solute from
nearby upland and channel cells. The particulate solute in the riverbed
can be exchanged with river suspended sediment if riverbed erosion/
deposition occurs. The transport of river solute in dissolved and
suspended sediment forms are modeled as purely advective. The solute
transport continuity equation in a river channel reach is:

∂Criver,iV i

∂t
¼ Eriver,i þ Ebed,i þ∑Friver,in−Qout,iCtot,i−QDepo,iSsus,i ð15Þ

with

Criver,i ¼ Ci þ Csus,i Slsus,i þ Snsus,i þ Sisus,i
� �

ð16Þ

and

Slsus,i ¼ Klab,river
d Criver,i, ð17Þ

where Criver,i [kg/m3] is the total river solute concentration, including
river dissolved solute concentration, Ci [kg/m3], and sediment
associated solute concentrations, Csus,i(Ssus,il + Ssus,i

n + Ssus,i
i ) [kg/m3],

where Csus,i [kg/m3] is the suspended sediment concentration in the
current time step and Ssus,i

l [kg/kg], Ssus,in [kg/kg], Ssus,ii [kg/kg] are the
solute concentrations in labile, non-labile, and inert phase in the
suspended sediment respectively, Vi [m3] is the river water volume,
Eriver,i and Ebed,i [kg/s] are the sink/source term of river solute from
external point source and from bed sediment erosion respectively,
∑Friver,in is the total incoming solute mass rate entering the current
channel cell i from the upstream cells, Qout,i [m3/s] and QDepo,i [kg/s]
are the average river discharge and suspended sediment deposition
rate within the current time step respectively, Kd

lab, river [m3/kg] is the
partition coefficient for river suspended sediment/water.

2.2. Case study area

Baoshan catchment is a headwater catchment of Xiang River located
in the Hunan province of south-central China, where modern mining
started in the 1980s. Baoshan catchment is an urban-rural fringe area
covering approximately 74 km2 with elevation range of 89–479 m.a.s.
l. and catchment slopes ranging between 0.008 and 1.167 [m/m]
(mean=0.156). It has a humid subtropical climatewith a clearly distin-
guished dry season from August to January and rainy season usually
starting from March and lasting until June or July with an average an-
nual rainfall of 1507 mm and a mean temperature of 16.9 °C. The dom-
inant soil type is red loam with a relatively low organic matter content.
In the parts of the Baoshan catchment that are highly affected by indus-
trial activities, a serious soil acidification has occurred in the past few
decades due to the dual effect of acid rain and acid mine drainage
5

from pyrite oxidation (Guttikunda et al., 2004). Such low soil pH envi-
ronment facilitates the movement of trace metals from upland to
nearby streams when rainfall occurs (Meng et al., 2018). The land use
in Baoshan comprises seven main types, including forest, shrubs, grass-
land, agricultural land, water surfaces, urban and mine industry (see
Fig. 2-a). The mountainous area is dominated by forest and shrubs,
while the valley region comprises a large area of agriculture land (16
km2) and urban/industry cover (2.3/1.6 km2). The mine area is located
in the upstream valley area of the catchment, which is characterized
by distributed unprotectedwaste rock piles andmining related industry
plants for ore flotation and wastewater treatment. The exploitation of
mines and lack of environmental protection over past decades have
caused serious environmental pollution problems in the Baoshan catch-
ment (Dai et al., 2005).Waste rock piles along the river, release of indus-
trial wastewater, and diffuse pollution caused by rainfall leaching and
soil erosion have heavily deteriorated local water quality (Meng et al.,
2018). Long-term irrigation with polluted river water as well as phos-
phate fertilizer application led to the accumulation of toxic metals, par-
ticularly Cd, in the agriculture land along the riverbank (Zeng et al.,
2017; Fan et al., 2017; Dai et al., 2005).

2.3. Field sampling and measurement

2.3.1. River discharge and suspended sediment concentration
Two streamflow monitoring sites, M1 and M2 were set in the

Baoshan river. M1 is located just downstream of the entire active min-
ing area that includes the two mines, indicated as A and B in Fig. 2-a,
and M2 is located downstream of M1 close to the catchment outlet.
The water discharge at the two sites is estimated using a commercial
cost-effective smartphone application developed by the Swiss company
Photrack (https://discharge.ch/), which has been already successfully
applied in both indoor lab environment and outdoor natural river sys-
tem in various case studies (Carrel et al., 2019; Fehri et al., 2020). The
application uses the built-in camera and accelerometer of the smart-
phone to optically measure open channel water level and surface veloc-
ity, from which the discharge is computed using the technique of
Surface Structure Imaging Velocimetry (SSIV) (Lüthi et al., 2014;
Carrel et al., 2019). The method requires calibration, which was per-
formed at the beginning of the measurement campaign for relevant pa-
rameters of DischargeApp, e.g., the Manning-Strickler coefficient, in
both M1 and M2. Further information regarding the monitoring sites
is provided in the Supplementary material Section 2. The discharge
measurement started in April 2019 and lasted until June 2020, with at
least once a week frequency at both sites and with an increasing fre-
quency, daily to half-day if rain events occurred. The river turbidity
and suspended sediment concentration measurements took place only
at theM2 site. The turbidity measurement covers the period from Octo-
ber 2019 to June 2020 bymeans of the OBS-3A Turbidity and Tempera-
ture Monitoring System device designed by Campbell Scientific with
measurement rate of 2 Hz and hourly output record temporal resolu-
tion. In-situ river suspended sediment concentration was only mea-
sured from late March to June of 2020 during the rainy season at
approximately weekly frequency following the standard of suspended
sediment concentration procedure (SSC) of ASTM (1999).

2.3.2. Measurement of soil and river metal concentration
A total 43 shallow soil (0–40 cm depth) samples were collected in

April 2019 with the sampling strategy of having a high density of sam-
pling in the mining area and a relatively coarse density sampling in
the downstream farmland area as well as in the undisturbed forested
mountain region (Fig. 2-b). The collected soil samples were processed
according to the single batch extraction method by Voegelin et al.
(2003) to determine the metal concentration in different chemical
phases. The river Zn and Cd concentration in M1 and M2 sites were
measured between April 2019 and June 2020 at a weekly scale and
with an increasing frequency during rainfall events. Before October

https://discharge.ch/


Fig. 2. (a) Land covermap at 30m spatial resolution of the Baoshan Catchment in year 2018 (source: Data Center for Resources and Environmental Sciences, Chinese Academyof Sciences),
TheA and B areas are themine/waste rock piles. (b) Satellite image of Baoshan catchment (source: Google Earth Pro 2020), soil sampling locations inApril 2019 (plus symbol), and the two
monitoring sites M1 and M2 (colored circles). (c) Digital Elevation Model (DEM) at 90 m spatial resolution of the Baoshan Catchment (source: Geospatial Data Cloud site, Computer
Network Information Center, Chinese Academy of Sciences).
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2019, only total metal concentration (dissolved + suspended sediment
associated)wasmeasured and afterwards both total and dissolved con-
centration were measured. The detail information about measurement
protocols for soil and river water samples are available in the Supple-
mentary material Section 3.

2.4. Water quality data analysis

Concentration-discharge (C-Q) relationships are an effective tool for
interpreting river water quality data and they summarizes information
of complex hydro-chemical processes occurring in the upstream drain-
age area (Musolff et al., 2015; Moatar et al., 2017; Botter et al., 2020). In
this specific case, the C-Q relationship is expected to be largely con-
trolled by the spatial and temporal availability of point and non-point
pollution sources and their hydrological connectivity to the stream
channel. In the entire measurement campaign from April 2019 to June
2020, we measured Baoshan river discharge as well as Cd and Zn con-
centration 97 times in the upstream M1 location and 107 times in the
downstream M2 location. Specifically, the measurements contain 46
and 52 samples under 32 and 35 daily rainfall events with rainfall
depth between 10 and 108.2 mm, and 51 and 55 samples under non-
6

rainfall or relatively small rainfall events (daily rainfall depth smaller
than 10mm) forM1 andM2 respectively.We compute theC-Q relation-
ships in a log(C)-log(Q) scale for both observed data and simulated data
with the newly introducedmetal transportmodel and classify themetal
behaviors at the twomonitoring stations,M1 andM2, on the basis of the
log(C)-log(Q) slope values. The slopes are computed through linear re-
gression and a Student's t-test (significance threshold α at 0.05) is ap-
plied to evaluate the statistical significance of having a slope different
from zero. The C-Q relationship is defined as ‘chemostatic’ if the calcu-
lated slope is indistinguishable from 0 (p-value > 0.05), and as ‘enrich-
ment’ behavior if the Student's t-test is significant (p-value < 0.05) and
the slope larger than 0.

2.5. Model inputs and setup

2.5.1. Hydrology
The model was run at a spatial resolution of 90 × 90 m2 that

equals the resolution of the digital elevation model (DEM) (Fig. 2-
c) used for deriving flow direction. The simulation covers the pe-
riod from January 2018 to July 2020 with a temporal resolution of
1 h, where the first year is considered as a warm-up period and
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the subsequent period is analyzed. The meteorological time-series
inputs required to run TOPKAPI-ETH are hourly precipitation, air
temperature, and cloud cover transmissivity. Hourly precipitation
and air temperature data were available from three local weather
stations managed by the Liuyang Meteorology Bureau (see Fig. 2-
b). The station-level observed climate data were spatially interpo-
lated with Thiessen polygon method. The hourly cloud cover trans-
missivity was derived from the hourly total cloud area fraction data
product of M2T1NXRAD 5.12.4 by NASA. A land use map was ob-
tained by resampling a 30 × 30 m2 land cover product surveyed in
2018 by the Data Center for Resources and Environmental Sciences,
Chinese Academy of Sciences (RESDC, http://www.resdc.cn) to 90
× 90 m2. A new land use type named Mine/Waste rock piles
(Fig. 2-a) was added to the resampled land cover map through vi-
sual interpretation of satellite images from Google Earth Pro and
on-site verification in the study area. A 1:1,000,000 soil map of
the catchment and related soil textural data, i.e., sand, silt, clay per-
centages, and soil density, were obtained from the Institute of Soil
Science, Chinese Academy of Sciences (ISSCAS, http://www.issas.
cas.cn). These soil textural data were used as input data to derive
the residual and saturated water content and an initial value of sat-
urated hydraulic conductivity of each soil type by means of the Ro-
setta pedotransfer functions (Schaap et al., 2001). Soil thickness
map is not available, and a uniform soil thickness equal to 0.5 m
was assumed for both upper and lower soil layers. The shallow
groundwater layer was assumed to have a higher effective storage
capacity in the valley area (i.e., cells with slope fraction < 0.05)
than in the hillslope area (i.e., cells with slope fraction ≥ 0.05).
The other parameters for running the hydrology module of
TOPKAPI-ETH are listed in Table S3 and their values are obtained
through calibration.

2.5.2. Sediment
The input parameters for running sediment component of TOPKAPI-

ETH are αero, β and γ relating the overland flow transport capacity qs to
the overland flow q and the surface slope S (qs = αeroq

βSγ), and the Ebed
(Eq. (15)) representing the exchange of sediment with the riverbed
(Battista et al., 2020). The parameters β and γ are assumed spatially
uniform and equal to 1.4, following the suggestion by Prosser and
Rustomji (2000). The spatially distributed surface erodibility
parameter αero is assumed to be proportional to the soil erodibility
parameter K of the Universal Soil Loss equation (USLE) and the land
use USLE parameter C through a constant α1, specifically αero = α1KC.
The distributed parameter C was derived from Yang et al. (2003) on
the basis of the land use map, while the parameter K was calculated
from basic soil properties, i.e. sand, silt, clay and soil organic carbon
percentages, using the equation given by Sharpley and Williams
(1990). The term Ebed is assumed equal to zero in this study, thus no
fine sediment exchange between the riverbed and the suspended
sediment is allowed. This assumption is based on the field
observations carried out between April and July 2019, when no
significant deposit of fine sediments was observed in the bed of the
Baoshan river and bedrock and gravels were often exposed, except for
few locations near bridges where sediments were deposited close to
the bridge piers.

2.5.3. Trace metals transport and transformation
The input parameters for running TM transport and transforma-

tion module are listed in Table S3. The slow reactions related pa-
rameters, i.e. the k1 and k2 were estimated as spatially distributed
parameters and calculated from measured soil pH and
coefficients, Tcf , a1, and a2 that were adopted from Crout et al.
(2006) and Buekers et al. (2008). The weathering rate, kw, is
estimated only as a lumped parameter given by Bennett et al.
(2000) and Starr et al. (2003). The Kd

lab, soil values of collected soil
samples were roughly estimated as the ratio between Ml and Mw.
7

The soil sample pH was measured and then was used to compute
a simple linear regression model (pH vs. Kd

lab, soil) for deriving a
distributed map of Kd

soil as initial values (Degryse et al., 2009). As
no information is available to estimate Kd

gw, we assumed that its
initial values are the same as those estimated for the soil. With
respect to point source inputs, two wastewater treatment plants
detected through field investigations are the main point sources
of pollutants in the Baoshan catchment, but only one plant has
monitoring data of daily Cd load ([kg/day]) releases. The plant
uptake process of trace metal was not considered in this study
due to lack of data to constrain its magnitude. The initial soil TMs
concentration map is estimated based on the field measurement
data in Table S2. The inert fraction of the total non-active phase of
Zn and Cd is assigned equal to 90% and 78% respectively based on
the study of Meng et al. (2018) that analyzed 54 topsoil samples
data collected in 2014 in the same study area (Supplementary ma-
terial Table S2 in Meng et al., 2018). The lower soil concentration of
Cd is estimated equal to 80% of the upper soil one based on the re-
port of Zeng et al. (2017), which indicated a decreasing trend with
depth of Cd concentration in local soil. A similar vertical variability
was assumed also for Zn, as Zn is also typically not abundant in
deep soil/rock. The groundwater solid trace metal concentration
was estimated by the multiplication of the measured mean river
metal concentration during the base flow period (Miller et al.,
2017) and Kd

gw, which is assumed equal to the one of the soil. The
external dry deposition hourly flux was calculated based on the
values reported by Ke (2015) that equal 76.05 and 0.50 mg/(m2 ·
yr) for Zn and Cd, respectively. We assumed that dry deposition
falls on the upper soil with a rate constant for each time step and
is uniformly distributed over the entire catchment.
2.6. Model calibration, validation and application

2.6.1. Model calibration and validation
The accurate simulation of metal transport in an anthropogenically

disturbed, mine-impacted catchment is challenging because not only
hydrological and sediment transport processes, but also various chemi-
cal reactions across different compartments play a role. Given the pau-
city of data and the related uncertainty, an automatic calibration could
have beenprone to artifactsmore than amanual one. Despite character-
ized by subjectivity, manual calibration for complex physically based
model can help reducing the risk of randomly combined parameter
sets that fit the data well but lead to poor internal consistency of differ-
ent processes (Boyle et al., 2000; Moradkhani and Sorooshian, 2009;
Fatichi et al., 2015). Therefore, a manual trial-and error calibration
method was applied. The hydrological simulation was calibrated with
the measured discharge between April 2019 and October 2019 in sites
M1 and M2, whereas the validation period used observation from No-
vember 2019 to June 2020 at same sites. The channel suspended sedi-
ment simulation was calibrated with the measured data of river
turbidity and suspended sediment concentration between November
2019 and June 2020 in site M2, which covers the main rainy season of
2020, and no additional data for validation. The calibration period for
the trace metal simulation of Zn and Cd was set from October 2019 to
June 2020 in sites M1 and M2, during which total and dissolved river
metal concentration were both measured, whereas the validation pe-
riod was set between April 2019 and October 2019, when only total
river metal concentration was measured at the same sites. The best fit
was determined by twometrics of performance, the Nash-Sutcliffe effi-
ciency, NSE, and the correlation coefficient, r, that are calculated using
the simulated and measured discharge, suspended sediment flux, and
metal flux (concentration) time series over the calibration period. The
most sensitive parameters in influencing hydrology, sediment, and
trace metal simulations as well as the detail calibration strategy are dis-
cussed in the Supplementary material Section 4. The values of all

http://www.resdc.cn
http://www.issas.cas.cn
http://www.issas.cas.cn
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parameters that were identified through manual calibration are sum-
marized in the Table S3.
2.6.2. Numerical experiments
After confirming the model plausibility in simulating trace metal

transport, we conducted several numerical experiments to show the
model diagnostic and prognostic capability in helping understanding
how specific artificial interventions or physicochemical process influ-
ences metal transport across the catchment. These experiments can
also provide valuable information in terms of ecological risk assessment
and in guiding pollution remediation strategies. In particular, we de-
signed three numerical experiments, namely (i) we investigated the in-
dividual and combined effect of point and non-point sources in
changing the C-Q relationships; (ii) we investigated the TM pollution
generation hotspots in space and the dominant transport pathways;
and (iii) we explored the importance of slow reactions in simulating
metal transport at short and long temporal scales.
Fig. 3. Simulated and observed hydrology, sediment and tracemetals dynamics at theM2monit
(Q) and observed precipitation; b) Simulated and observed suspended sediment flux (SSF) and
and dissolved phases and observed precipitation.
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3. Results and discussion

3.1. Model calibration and validation results

3.1.1. Hydrology and sediment transport
The Fig. 3-a and b illustrate the observed and simulated discharge

and suspended sediment flux (SSF) at theM2 location,whereas the per-
formance of their corresponding hydrological indicators is summarized
in Table 1. In general, at theM2monitoring location, the simulation dur-
ing both calibration and validation period shows very good perfor-
mance in reproducing discharge dynamics and magnitude. Although
the performance is slightly weaker for suspended sediment than for
streamflow, the result is still encouraging. A relatively lower r value is
obtained using turbidity rather than using SSF or SSC. This is mainly at-
tributed to the measurement error induced by floating material,
e.g., leaves or plastic bags, blocking the sensor measuring turbidity,
which was observed in the field during low-flow periods. Given the
strong anthropogenic disturbances in the upstream mining area, such
oring station between April 2019 and June 2020. a) Simulated and observed river discharge
measured river turbidity; c) and d) Simulated and observed Zn (c) and Cd (d) flux in total



Table 1
Model performancemetrics for simulated river discharge, suspended sediment, and tracemetalsfluxes atM1 andM2monitoring points at hourly temporal resolution between April 2019
and June 2020 in terms of Nash-Sutcliffe efficiency (NSE) and correlation coefficient (r). The asterisk * represents themodel performance in the scenario of adding one of the upstream Cd
point sources to the base simulation scenario that only considers non-point pollution sources.

Location Indicator Hydrology Suspended sediment Zn flux Cd flux

Q SSF/SSC Turbidity Total Dissolved Total Total Dissolved Total

Calibration Validation Calibration Calibration Calibration Calibration Validation Calibration Calibration Validation

M2 NSE 0.83 0.81 0.64/0.52 – 0.67 0.54 0.84 0.69/0.69* 0.57/0.57* 0.76/0.78*
r 0.96 0.96 0.82/0.73 0.55 0.9 0.83 0.94 0.91/0.90* 0.85/0.83* 0.93/0.92*

M1 NSE 0.64 0.81 – – 0.51 0.57 0.63 0.64/0.65* 0.62/0.65* 0.67/0.66*
r 0.88 0.96 – – 0.78 0.88 0.83 0.80/0.81* 0.87/0.89* 0.84/0.83*
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as wastewater discharge, river channel lining and artificial canals, the
model that is set up for simulating natural hydrological dynamics can-
not fully capture the hydrological response in the drainage area of M1.
The smaller and more impacted area of M1, amplifies the effects of dis-
turbances, which are less relevant at M2, because M2 integrates more
undisturbed area. This is the likely explanation of a slightly poorer sim-
ulation result observed at M1 (Fig. S1-a) compared to M2.
3.1.2. Trace metal transport
Fig. 3-c and d present the simulated Zn and Cdfluxes atM2 and their

corresponding observed values. Overall, the simulated Zn and Cd fluxes
in both dissolved and total phases during calibration and validation pe-
riods fit the observations reasonably well and reproduce their temporal
dynamics and magnitude, as illustrated by the computed NSE and r
values in Table 1. The seasonal pattern of metal transport dynamics is
also well represented. The river metal load varies with the precipitation
in response to changes in the leaching process: under dry or light rain
periods, metals are mainly transported in the dissolved phase, but
metal transport in the particulate phase plays a dominant role during
heavy storm events due to soil erosion. The model performance at M1
(Fig. S1-b and c) is slightly worse than that at M2. Two possible reasons
may explain the decline of performance simulation at M1: the first one
is the relatively weaker performance in simulating the discharge at M1
compared to that atM2, the second is the lack of consideration, in these
Fig. 4. Comparison of simulated and observed trace metal concentration (C) and discharge (Q)
and Cd concentration at the M1 (n=97) and M2 (n= 107) monitoring stations for the period
effects of adding one upstreamCd point source input, which is not included in the base simulati
indicates the median discharge.
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simulations, of point pollution from the two wastewater treatment
plants just upstream of M1. In the base simulation, we indeed did not
consider local point source pollution to avoid introducing additional un-
certainty, as it is hard to have reasonable estimates of the flow rate and
metal concentration (load) time series outputs from local wastewater
treatment plants that are influenced strongly by daily mine production
and climate conditions. The potential influence of point sources is fur-
ther investigated through the comparison of the simulated and ob-
served total metal concentration (C) and discharge (Q) relationship, as
detailed in the following section.
3.2. Model ability to reproduce C-Q relationships

Observations of C-Q relationships (Fig. 4) reveal that Zn and Cd be-
have similarly atM1 andM2, but the relevance of ‘enrichment’ behavior
is different atM1 andM2. At theupstreamM1monitoring location, both
elements show an extremely weak (although significant) ‘enrichment’
behavior (p-value < 0.05) with calculated slopes values of 0.08 and
0.09 for Zn and Cd respectively, indicating that metal concentration is
nearly invariant with discharge. From M1 to M2, the degree of ‘enrich-
ment’ behavior for both elements increases significantlywith calculated
slope values raising to 0.3 and 0.24 for Zn and Cd respectively. This spa-
tial variability of the observed C-Q relationships was not reproduced by
the model. In both sites, the simulated slopes of Zn and Cd show strong
relationship in a log(C)-log(Q) scale and their linear regression results in terms of total Zn
between April 2019 and June 2020. The scenario of ‘Simulation + PS’ for Cd indicates the
on scenario that only considers non-point pollution sources. The vertical dashed green line
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‘enrichment’ behavior with a magnitude in M1 larger than in M2
(Fig. 4). An obvious underestimation of Zn and Cd concentrations exists
at M1 during low-flow periods, although such underestimation be-
comes less relevant at M2 (Fig. 4). We argue that this is likely due to
the contribution of point-pollution sources to the total river metal flux
determined by the wastewater effluents, which are remarkable during
low-flow conditions and are not considered in the simulations. The in-
fluence of these wastewater effluent contributions to total streamflow
is not obvious at M2, because it gradually decreases from M1 to M2,
due to the increasing drainage area without additional point sources.

To confirm such an explanation,we carried out a supplementary nu-
merical experiment. Using the same parameterization of the base simu-
lation scenario, we added the only available point source input data,
i.e., Cd from one wastewater treatment plant to check how such addi-
tional pollutant source influences the Cd C-Q relationship at the two
monitoring points. Although the simulated slope of Cd inM1 in this sim-
ulation is still larger than the observed one, the underestimation of its
concentration during low-flow conditions is less severe as proved by
thedecrease of the log(C)-log(Q) slope from0.55 to 0.28 (Fig. 4). Similar
findings regarding the effect of anthropogenic point sources in modify-
ingwater body C-Q relationships and elevatingpollutant concentrations
during low-flow period are also discussed by Zhang (2018) and Kibuye
et al. (2020). The effect of neglecting point pollution sources is hard to
notice during peak flows since in these conditions diffused pollution
sources become the dominant contributor in releasing metal to the
river, especially in the analyzed case study, where soil is heavily pol-
luted. If the interest is purely on the total load, the error induced by
neglecting the point source contributions can be ignored as indicated
by the performance (NSE and r) of simulations, which do not exhibit ob-
vious differences, as shown in Table 1. This is because in the catchment
the variation of river discharge between low and high flow conditions is
in the order of ~500 times, which is far larger than that of themetal con-
centration, which changes of a factor ~ 10. Similar findings have been
observed in many other catchments around the world, especially in ag-
riculturally managed catchments, where only very small variability in
stream chemistry has been observed compared to variability in river
discharge (Godsey et al., 2009; Basu et al., 2010; Botter et al., 2020).
However, in small drainage areas where spatially distinct anthropo-
genic point sources dominate, this error might be significant, especially
Fig. 5. Simulation results of monthly Zn and Cd flux from the Baoshan catchment in different ch
loads separated in the dissolved phase and different particulate phases; subplots b) and d) ind
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in dry periods and low-flow conditions. Despite the discrepancy at M1
between the C-Q relationship obtained from observations and from
simulations, the overall good agreement between the simulated and ob-
servedmetal fluxes and the good agreement of the C-Q relationships for
Cd and Zn at M2, suggest that the newly developed TM transport mod-
ule in TOPKAPI-ETH can be a powerful diagnostic and prognostic tool,
which can act as complement, and in some cases as surrogate, of rare
and difficult measurements thus contributing to better understanding
of the space-time metal dynamics at catchment scales.

3.3. Trace metal export in different chemical phases

Quantification of metal flux in different chemical phases coming
from polluted regions can provide important information on analyzing
potential risks and guiding pollution remediation efforts. To demon-
strate the model capability to characterize the metal export in different
chemical phases, we use the simulation results of 2019 as an example,
the rainy period of which starts from January with a monthly total pre-
cipitation of about 120 mm and lasts until the end of July. As shown in
Fig. 5-a and c, both simulated Zn and Cd show an obvious seasonal ex-
port pattern with around 97% and 95% of the yearly load of Zn and Cd
exported during this rainy period. The remaining amount is exported
in the dry period (August to December) and is transported mainly in
dissolved phase, since no soil erosion occurs in this period. During the
rainy season, the transport of Cd in thedissolvedphase still plays a dom-
inant role, but the transport in the particulate phase can still reach up to
29%. Conversely, Zn transport is dominated by the particulate phase
through soil erosion, reaching nearly 62% of total Zn export within the
rainy season. In the very wet month of June, the particulate metal flux
contribution can even reach 74% and 44% of total metal export amount
for Zn andCd, respectively. Accordingly, a significant increase of thepar-
ticulate metal fraction in the river during storm events is indicative of
the importance of erosion for releasing metals from hillslopes to river.
Conversely, a dominant contribution of the dissolved fraction, as it is
still the case for Cd in the Baoshan catchment, points at risks associated
with the high bioavailability of the Cd.

Moreover, metals transported in the particulate phase can poten-
tially induce toxic effects to downstream aquatic ecosystem, when
TMs absorbed to suspended sediment undergo phase transformation
emcial phases for the year 2019. Subplots a) and c) show the composition of the Zn and Cd
icate the percentage of the particulate metal flux phases with different reactivity.
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and become bioavailable (Tarras-Wahlberg et al., 2001; Khazheeva
et al., 2008; Thorslund et al., 2012a). The newly developed TM transport
module in TOPKAPI-ETH represents in this respect an advancement in
the catchment-scale metal transport model landscape, as it takes solid
metal phases classification and transformation into consideration in
both upland and channel processes, thus providing the possibility to an-
alyze the spatial and temporal distribution of solid metal phases with
different reactivity along the river network. For instance, in the simula-
tion result of year 2019, the inert metal percentage of Zn and Cd ac-
counts for respectively 90% and 71% of the total solid metal in the
exported suspended sediment (Fig. 5-b and d). From the model results,
although Zn has a higher percentage of metal export to downstream
through suspended sediment (60%) than that of Cd (28%), only a very
small portion of particulate Zn is in labile and non-labile phase (10%)
while for Cd this is 29%. The phase distribution of metals adsorbed to
suspended sediment is not only determined by the solid metal phase
distribution of the source, e.g., the composition of polluted soils and
Fig. 6. Spatial distribution of average Cd flux transported through surface water flow, soil wa
(October) month of year 2019.
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mine waste, but also by the mutual transformations among metal
phases over time, which is controlled by the soil chemical environment,
such as soil pH. In such a case, Cd in suspended sediments could be eas-
ier to transform into a bioavailable state than Zn, potentially providing
adverse impacts to downstream aquatic ecosystems.

3.4. Identification of spatial trace metal transport hotspots

The identification of hotspots of metal pollution and the quantifica-
tion ofmetal fluxes in different transport pathways is important for pol-
lution control and design of remediation plans. The spatially distributed
nature of the newly developed TMmodule and its explicit simulation of
the connectivity allow identifying hotspots and their connectivity to the
river network, in turnmakingpossible thedesign of targeted prevention
measures and remediation actions in space and across compartments.
This model capability is particularly interesting, as the TM transport
pathwaysmay vary significantly in dry andwet periods due to different
ter lateral flow, groundwater flow and hillslope erosion in the wettest (June) and driest



Fig. 7. a). Statistics of Cdfluxesover the entire catchment through different transport pathways in thewettest (June) anddriest (October)month of the year 2019; b). Spatial distribution of
soil Cd total concentration variation during the year of 2019, a positive(+)/negative(−) value indicates increased/decreased soil Cd concentration.
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hydrological conditions. To demonstrate this capability, we investigate
this point by analyzing the spatially distributed monthly average Cd
flux, which is transported in the dissolved phase through overland
flow, soil lateral flow, groundwater flow and in the particulate phase
by soil erosion in the wettest (June) and driest (October) month of
2019 (see Fig. 6). In general, the transport of dissolved Cd by overland
flow and soil water plays a dominant role compared to that of ground-
water flow (Fig. 7-a). The transport of Cd through surface flow has a
much higher transport capacity and connectivity in the wet period
than in the dry period as it is evident from the denser Cd flux network
in June than in October (see Fig. 6). Moreover, the hotspots of overland
Cd flux concentrate in the highest order river reaches due to cumulative
effects. During the wet period, the simulated Cd flux in soil shows a dif-
fusive transport patternwith a well recognizable peak in thewaste rock
pile area, due to elevated water effective saturation in the entire catch-
ment. However, in the dry period the transport of dissolved Cd in soil
through the hillslopes is limited due to low soil water content and the
transport is mainly occurring in the river network and in those valley
areas, where soil saturation still occurs. In both dry and wet periods,
the area containing the waste rock pile is evidently the hotspot for Cd
source. This clearly highlights that, as expected, the mining area is the
main pollution source for the entire catchment, in particular the Mine
B area, where a relative high amount of labile Cd exists. This is evidently
shown in the spatialmap of soil Cd lateral transport flux during the sim-
ulation period of 2019 (Fig. 6). Through analyzing the spatial difference
of total soil Cd concentration between beginning and end of 2019
(Fig. 7-b), an obvious Cd concentration decrease is observed in the
area of Mine B, while a corresponding enrichment of Cd is observed in
the channel area nearby. Due to a relatively low labile metal fraction
inMineA (see Table S2) compared toMine B, no obvious hotspot is con-
versely observed there during the one-year simulation. However, if acid
soil environment conditions persist, Mine A may become a long-lasting
metal pollution source because of the large fraction of its non-labile Cd
source, which may slowly transform into labile phase with time. The
simulated hotspot of Cd flux through soil erosion concentrates in the
mining and agricultural area with steeper slopes and frequent overland
flow. In these areas a high soil erodibility exists due to the joint effect of
land use type, soil properties, and topography. During the dry months,
only a very low amount of soil erosion induced Cd transport was simu-
lated close to the river channel where overland flow occurs due to
exfiltration.

3.5. The role of slow reactions on long-term metal mobility

Another important aspect of pollution prevention and mitigation
measures of mine waste is the understanding of the impact of slow re-
actions, as these can become, for instance, a long-term threat after
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decommissioning the mine if remediation measures are not imple-
mented. To demonstrate the capability of the newly developed model
of investigating the role of slow reactions (SRs, e.g. fixation/slow release
and parent weathering) in influencing metal mobility with a longer
temporal perspective, we recombined cyclically the climate data (e.g.
rainfall, temperature, and total cloud cover fraction) of the years 2018
and 2019 in order to generate a 20 years hourly meteorological forcing
to be used for a long-term simulationwith andwithout consideration of
slow reactions. We assumed that, in the entire simulation period, the
initial condition of TM pollution distribution is the same as the base sce-
nario as discussed in section 2.5.3, that no new waste rock pile was
added to the catchment and that a uniform distributed dry deposition
with a constant value took place. Moreover, we assumed that the soil
pH remains unchanged throughout the entire simulation with the
same values and spatial distribution as outlined in Table S2. Finally, for
both scenarios, we use Cd as a representative metal. To evaluate the
long-term metal mobility, we calculated the catchment monthly
amounts of dissolved Cd and labile particulate Cd released from
hillslopes to the river. The differences between the two scenarios, with
and without SRs, computed with respect to dissolved and labile partic-
ulate Cd fluxes are displayed in Fig. 8-a. Moreover, we computed the
corresponding time series of catchment average soil labile Cd fraction
of the total solid Cd over 20 years and the catchment average fixation/
slow release rates as shown in Fig. 8-b. A negative rate indicates that
at the entire catchment level there is a net flux of Cd transferring from
labile to non-labile phase (fixation dominated period), while a positive
rate indicates a net flux from non-labile to labile phase (slow release
dominated period).

The SRs show limited influence on dissolved Cd transport for short-
term simulation (around 5 years), while their effect on the mobility of
the dissolved TM becomes gradually more important on longer time
scales. For the entire catchment, during the “fixation dominated period”
a negative value occurs for dissolved flux difference (Fig. 8-a), thus indi-
cating that, if SRs are considered, less dissolved Cd is released from
hillslopes to the river than in the case of neglecting SRs. During this pe-
riod, SRs can reduce TM solubility and show a capability of natural at-
tenuation of TM contamination. The simulated fixation trend in labile
metal agreed with the findings from other field experiments of polluted
soil with trace metal, pointing out that TMs in the labile phase may
slowly decrease over time as metal solubility decreases (Crout et al.,
2006; Buekers et al., 2008; Jalali and Khanlari, 2008). A more rapid de-
crease of labile Cd fraction is observed in the fixation dominated period
when SRs dynamics are considered (Fig. 8-b), because the decrease of
labile Cd is not only due to leaching process but also to fixation reaction.
However, during thefixation dominated period,we still found large part
of the catchment, such as the area of Mine A and the entire agricultural
region, showing a positive SRs rate (Fig. 8-c). These are the areas where



Fig. 8. a) The monthly difference of the Baoshan catchment Cd flux released from hillslope to channel between the simulation scenario with and without consideration of slow reactions
(SRs): including dissolved flux (blue solid line) and labile particulate flux (carnation pink dashed line). b) Catchment average soil labile Cd fraction variation over time for scenario with
(carnation pink solid line) and without (blue dashed line) consideration of slow reactions (SRs) as well as corresponding catchment mean SRs rate (black solid line). A positive/negative
value (+/−) indicates an increase/decrease in labile metal concentration. The vertical grey dashed line indicates the time point at which the slow reaction rate transfers from negative
(fixation dominated) to positive (slow release dominated). c) Average spatial distributed slow reaction rate over entire catchment in the fixation dominated period. d) Average spatial
distributed slow reaction rate over entire catchment in the slow release dominated period.
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soil erosion easily occurs, explainingwhy the labile sediment flux differ-
ences are positive even in thefixation dominated period (Fig. 8-a).With
continuing depletion of the labilemetal over time through leaching pro-
cesses, the entire catchment transitions from a “fixation dominated pe-
riod” to a “slow release dominated period”, in which a positive value of
the dissolved flux difference starts to emerge (Fig. 8-a), indicating that
more dissolved Cd is released from hillslope to the river when SRs dy-
namics are considered. In the slow release dominated period, the de-
crease rate of the labile Cd in scenario with consideration of SRs is
much slower than in the scenario without consideration of SRs (Fig. 8-
b). This can be attributed to the fact that the labile Cd receives a contin-
uous supply from its non-labile pool, thus creating, in areas such as
mines, a stable long-term metal pollution source (see Fig. 8-d). This is
especially the case under a very acid soil environment as in the Baoshan
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catchment. The simulations indicate that under an acid soil environ-
mentwith labile metal continuously removed through rainfall leaching,
themetal in non-active phase can slowly transform into the labile phase
and increase metal mobility and bioavailability. A similar process was
also found by other researchers through field observations and model-
ing studies (Hesterberg et al., 1993; Young et al., 2000; Hamon et al.,
2002), reinforcing the plausibility of the model simulations.

4. Model limitation and uncertainties

The river discharge was only measured from April 2019 until June
2020. The case study region has a typical humid subtropical climate
with a clearly distinguished dry and wet seasons, which leads to differ-
ent discharge and suspended sediment flux export patterns in dry and
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wet periods (Fig. S3-c and d). While using only one-year hydrological
data for model calibration and validation is not ideal, it can still capture
the regional rainfall-runoff response characteristics for both magnitude
and seasonality as observed for a relative longer period. In fact, the sta-
tistics of measured data at the Shuangjiangkou hydrological station lo-
cated 18 km downstream from the Baoshan catchment show that data
of 2019 represent well seasonality of discharge and suspended sedi-
ment flux, aswell as they cover theirmain variability over a relative lon-
ger period except for very few extreme flood events (Fig. S3-a and b).
The river turbidity was measured for less than one hydrological year
and most of suspended sediment concentration measurements were
taken at heavy rainfall events during 2020. Using only such short period
to calibrate sediment transportmodel introduce uncertainties in the ob-
tained results. For this reason, we perform a sensitivity analysis (see
Supplementary material Section 6) that show that erodibility parame-
tersmodify considerably the erosionmagnitude and this has a big effect
on simulated export of Cd and Zn in particulate phase, however, it has a
very limited effect on the magnitude of the metal dissolved phase
(Fig. S4-a and b). Within the particulate phase of Zn and Cd, the labile
phase is more sensitive to the erodibility variations than the non-
labile and inert phases, however the amount of labile phase was always
very low compared to the other phases. Notably, erosion variability does
not exert any obvious influence on the phase distribution of exported
particulate Zn and Cd in the simulations (Fig. S4-c and d).

In the development of the reactive solute transport (metals) module,
we assumed a reactive solute, e.g., a trace metal, that undergoes equilib-
rium exchange via linear adsorption/desorption reactions between the
aqueous phase and the solid phase in the medium through which the
fluid flows. In such a framework, the equilibrium partition coefficient,
Kd
lab, of the species between the adsorbed and aqueous phases plays a

critical role in controlling the retardation effect during transport. Using
a partitioning coefficient, Kd

lab, to describe sorption is a concept often
used in geochemistry, which is devoid of mechanistic interpretation and
rather describes empirically the partitioning of total metal in its phases,
aqueous (Msol) and adsorbed on the medium (e.g. labile solid phase,Ml)
through which the fluid flows (Stephen, 1999). This approach implicitly
assumes that the reaction rate is fast enough to reach an equilibrium
state between aqueous and adsorbed phase within each modeling time
step. This is a reasonable assumption according to the relevant
literature, especially for the metals like those addressed in this study, Zn
and Cd, which have response times, Tcf , of the order of 5 to 30 min
(Ernstberger et al., 2002; Degryse and Smolders, 2005). These times are
comparatively smaller than typical time-steps of catchment scale simula-
tion, which generally vary between 1 h and 1 day. However, model appli-
cations for metals with very long sorption response time need to be
considered carefully. The metal distribution between water and
suspended sediment in rivers is also assumed to be in equilibrium as in
many other river models (Garneau et al., 2015; Wool et al., 2006; Meng
et al., 2018), however such assumption may not be realistic under quick
flow conditions (Rubin, 1983). Concerning the slow reactions related pa-
rameters, because the observations are usually carried out over shorter
periods than their typical time scales, one should consider the calibrated
parameters and the resulting process dynamics as a coarse approxima-
tion of reality. In this study we only used themodel for a sensitivity anal-
ysis to slow reactions. However, we suggest that long-term predictions of
metal dynamics simulated with TOPKAPI-ETH, should be interpreted
carefully in absence of more accurate parameter estimations and they
should be used as a guideline rather than as precise quantitative predic-
tions.

Theoretically, TOPKAPI-ETH due to its fully distributed nature can
consider the influence of spatial heterogeneities of catchment processes
on solute transport. However, in practical applications, the limited avail-
ability of detailed spatially distributed data often restricts the full ex-
ploitation of TOPKAPI-ETH capabilities. For instance, in the presented
case study, Kd

lab and pHwere measured using small volumes of soil col-
lected at various locations covering all land use types within the study
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catchment. A simple linear regression model (pH vs. Kd
soil) was

developed and used to derive a landuse-class-based distributed
Kd
lab map in which the input variable, pH, was obtained as the average

of measured pH of soil samples in each land use class. However, such
land use class estimation ofKd

lab likely does not reflect the true heteroge-
neity within the catchment. Finally, it was found that long-term simula-
tion results are influenced by slow reactions and are sensitive to some
critical approximated initial conditions, such as soil metal concentration
in different phases and soil pH.

5. Conclusion

A spatially distributed trace metal transport and transformation
modulewas developed and integratedwith the distributed hydrological
model TOPKAPI-ETH. The presented model is able to simulate trace
metal transport dynamics in the dissolved and particulate phases from
various pollution sources potentially occurring at the catchment scale,
such as in the case study presented in this article, which is influenced
by long-term mining activity with both point and non-point pollution
sources. The model was used to investigate the impact of mining on
Cd and Zn release and transport, and to explain the reasons behind ob-
served spatial variability of C-Q relationships within the catchment. The
model results highlight the importance of consideringmetal phase clas-
sification in the catchment metal pollution management, as this allows
to quantify the potentially bio-availablemetal phases in suspended sed-
iment, as total metal adsorbed on suspended sediment is an incomplete
and likely biased indicator to quantify trace metal pollution risk. Finally,
we showed how slow reactions between the labile and non-labile
phases have limited impact on metal transport over relatively short-
term time horizons but exhibit more significant effects on the mobility
of dissolved metal over longer periods. TOPKAPI-ETH, with its new
trace metal module, is capable of simulating the relative importance of
different hydrological and sediment transport processes on TM trans-
port and can offer predictive capabilities in complex realistic settings
to forecast effects of pollution sources and guide remediation strategies.
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