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Abstract Mining has become one of the main causes of in-

creased heavy metal loading of river systems throughout the

world. There is however an evident gap between assessments

of soil contamination and metal release at the mined sites and

estimates of river pollution. The present work focuses on

Zaamar Goldfield, which is one of the largest placer gold

mines in the world, located along the Tuul River, Mongolia,

which ultimately drains into Lake Baikal, Russia. It combines

field observations in the river basin with soil erosion model-

ling and aims at quantifying the contribution from natural

erosion of metal-rich soil to observed increases in mass flows

of metals along the Tuul River. Results show that the sediment

delivery from the mining area to the Tuul River is consider-

ably higher than the possible contribution from natural soil

erosion. This is primarily due to excessive mining-related wa-

ter use creating turbid wastewaters, disturbed filtering func-

tions of deposition areas (natural sediment traps) close to the

river and disturbances from infrastructures such as roads.

Furthermore, relative to background levels, soils within

Zaamar Goldfield contained elevated concentrations of As,

Sr, Mn,V, Ni, Cu and Cr. The enhanced soil loss caused by

mining-related activities can also explain observed, consider-

able increases in mass flows of metals in the Tuul River. The

present example from Tuul River may provide useful new

insights regarding the erosion and geomorphic evolution of

mined areas, as well as the associated delivery of metals into

stream networks.
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metal . River contamination

Introduction

Mining has become one of the main causes of increased heavy

metal loading of river systems throughout the world. There are

several factors that contribute to this problem, such as (i) in-

creased weathering rates caused by excavation and exposure

of rock, (ii) leaching of metals from mine tailing impound-

ments (Malmström et al. 2008), (iii) erosion of waste heaps

and contaminated soil from placer mining (Thorslund et al.

2012; Chalov 2014) and (iv) loading of groundwater and sur-

face water in abandoned mine areas (Mayes et al. 2010).

Mobilised metals can originate directly from exposed mine

tailings or waste heaps, since mining and mineral processing

operations often produce substantial quantities of solid and

liquid waste. In addition, non-vegetated surface-mined lands

cover significant areas in various parts of the world. It is how-

ever becoming increasingly apparent that considerable re-

leases can also occur as a result of other disturbances at mining

sites, such as altered in-channel topography or construction of

roads and infrastructure (Jaramillo et al. 2015).

Heavy metal pollution from mining occurs via a variety of

pathways that can be distinguished through timescales of op-

eration and related impacts on ecosystems. Slow but sustained

acid mine drainage could for instance exist as a result of
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instantaneous and often catastrophic tailing dam failures.

During transport, sediment-bound metals are deposited in to-

pographic sinks located in the mining areas or at lower-lying

natural flood plains and wetlands. They could then be

remobilised by any type of erosive processes. The degree of

river loading by metals is also influenced by in-channel stor-

age and erosion, which underlines the complexity of contam-

inant dispersal, storage and remobilisation in mining areas.

Entering the fluvial system, contaminants can impact

aquatic fauna and flora at an individual, community or eco-

system level. Even at sites where no heavy metals have been

released, significant changes in fish communities have been

reported due to riverine import of sediments impacted by min-

ing (Lewin et al. 1977). Metal contamination also endangers

human health, particularly in areas where farmlands or domes-

tic water supplies are affected (Törnqvist et al. 2011).

Inventories of pollution sources and connections between sur-

face erosion and river processes provide a necessary basis for

environmental risk assessment, mining planning and identifi-

cation of mitigation measures to prevent leakage and transport

of metals.

Source to recipient flows within mined areas have been

studied for the last decades mostly with a focus on total sed-

iment delivery. Experimental and modelling approaches have

also addressed erosion problems of mined areas (Bartley et al.

2006; Krishnaswamy et al. 2006; Hancock et al. 2006).

Fluvial system responses to sediment delivery from mines

have been documented through examples of present and his-

torical mining (Curtis et al. 2005). Recent findings from active

mining areas located in Pyrenees, Spain (Martín-Vide et al.

2010), and Koryak Plateau, Russia (Chalov 2014), showed

that the erosion of artificially stratified channel reaches can

be a primary contributor to the annual sediment yield of mined

rivers (contributing up to 40% of the total mass delivery). A

few studies have aimed at obtaining a quantitative understand-

ing of the complicated interaction between flow, sediment

transport and morphological evolution in areas of sediment

mining (e.g. Cao and Pender 2004; Miller 1997). However,

geochemical studies on metal contamination have mostly fo-

cused on the distribution and storage in relatively small

(sub)catchments (e.g. Balistrieri et al. 2007; Visser et al.

2012), which means that open questions remain regarding

net effects at larger scales. There is hence an evident gap

between geochemical assessments of source zones (e.g. soil

contamination and metal release in mining regions; Boularbah

et al. 2006; Theuring et al. 2015; Luo et al. 2010) and esti-

mates of net impacts on recipients (e.g. river systems;

Hudson-Edwards et al. 2001).

The present paper is based on extensive hydrological and

geochemical field and modelling efforts considering gold-

mined tributary rivers to the Selenga River, which originates

inMongolia and contributes about 50% of the total inflow into

Lake Baikal. The Selenga River basin still lacks programmes

for soil and water conservation. It also lacks reservoir con-

structions which in the global perspective cause decreased

sediment fluxes (e.g. Walling and Fang 2003). At the same

time, up to 35% of the catchment area in Mongolia are allo-

cated to mining by the Mongolian government, which could

transform the studied area to one of the most mining affected

in the world. One of the largest placer gold mines in the world,

located in the Tuul River Basin, is of particular interest since it

has been reported to have a profound impact on elevated

sediment-associated chemical concentrations (Chalov et al.

2015, 2016).

The present work aims at quantifying the contribution from

natural erosion of metal-rich soil and waste heaps in a mining-

disturbed area to observed increases in heavy metal mass

flows along an intersecting river (exemplified by the Tuul

River). The working hypothesis is that the contribution from

soil erosion is non-negligible and quantifiable, which implies

that its contribution can be compared to the observed increase

that also reflects input from human disturbances in a mining

area, wastewater from the mining processes, etc. We also aim

at exploring potential spatial variability in heavy metal con-

centrations within the mining-disturbed area, investigating to

which extent there are correlations with for instance land sur-

face cover and soil type. More generally, increased knowledge

on how different heavy metals are distributed in a mining-

impacted landscape and the processes by which they can be

transported to river systems may contribute to the identifica-

tion of efficient measures for decreasing heavy metal inputs to

aquatic ecosystems.

Methods

Site description

We consider the Zaamar gold mining site, which is located in

the Tuul River Basin that drains into the Selenga River. The

latter is the largest river of the Lake Baikal Drainage Basin

(Fig. 1). The Selenga River Basin is shared betweenMongolia

and Russia, has an area of 477,000 km2 and represents a rel-

atively cold region belonging to the Arctic Ocean catchment.

Average monthly temperatures range between −23.5 °C in

January and 16.9 °C in July. Permafrost can be found through-

out the basin, in particular in its western parts where it is

continuous (Törnqvist et al. 2014). Large-scale spreading of

pollutants from mining sites within the Selenga River Basin

has contributed to heavy metal contamination of the Selenga

River delta at Lake Baikal, which is a RAMSAR site and a

UNESCO World Heritage site. More generally, the Selenga

River upstream of its delta is one of the world’s most impacted

with regard to heavy metal loads (Viers et al. 2009; Thorslund

et al. 2012).
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Placer mining of gold at Zaamar is a major enterprise in the

Selenga River Basin, currently comprising around 80 mines

and expanding. The middle reach of Tuul River, a tributary to

the Orkhon-Selenga river system, crosses the mining site. The

natural land cover in the Zaamar region mainly consists of a

poorly vegetated grassland steppe. The sparse vegetation in

combination with grazing makes the landscape vulnerable to

erosion and degradation (MEGD 2012; Davaa and

Erdenetuya 2004; Kato et al. 2009; Onda et al. 2007). The

low-hill terrains and slopes are covered with chestnut soil,

which is the most common soil type in the area (Qi et al.

2008). Undisturbed floodplains are covered with alluvial-sod

soils (Nogina 1990); however, these have to large extent been

destroyed by placer mining in the study area. The gold-

bearing material is commonly extracted at depths ranging

from 2 to 8 m below the top part of the alluvia (Karpoff and

Roscoe 2005). As a consequence, the topographically lowest

part of the catena consists of residual natural fluvisols and

technosols of mining dumps (see the Electronic

Supplementary Material (S1.1) for further details). Since the

bedrock and soils of the region are carbonate rich, the river

water contains large fractions of calcium and bicarbonates

(Chalov et al. 2015), contributing to its high pH (observed to

reach values above 9; Thorslund et al. 2016).

Meteorological conditions at the site are relatively dry, for

instance with an average precipitation P of around

275 mm year−1. The catchment area upstream of Zaamar that

contributes to the flow of the Tuul River at its middle reach

has an area of 55,016 km2, within which local P values can

peak at 400 mm year−1 in mountain regions. Most of the

precipitation in the Tuul River Basin occurs during May to

August, as short and intensive rainfall events (Pietroń et al.

2015). Experimental studies in grasslands near Kherlen River,

east Mongolia, showed through direct erosion measurements

and isotopic analyses that observed rainfall events of magni-

tude 7 to 15mm/event were associated with surface runoff and

erosion (Onda et al. 2007; Kato et al. 2009). The events gen-

erated sediment deliveries up to approximately 30 t km−2 per

event. Furthermore, Theuring et al. (2013) considered the

mining-affected Kharaa River Basin in Mongolia, which is a

basin that neighbours the here considered Tuul River Basin.

They used Be-7, Cs-137 and Pb-210 radionuclides to show

that surface erosion could significantly contribute to sediment

loads, at least during summer as a result of rainfall-induced

discharge events.

The Tuul River has been shown to carry considerable loads

of metals such as Al, As, Cu, Fe, Mn, Pb and Zn, which to

large extent are attached to particles in suspension (Thorslund

Fig. 1 Overviewmap showing the locations of the Lake Baikal Drainage

Basin (insert map to the left; grey area) and the Zaamar case study site

(insert map to the right; red dot) and modelled case study basin (black

border) including the sub-basin (red border) near the Tuul River (blue),

where detailed mapping of metal concentrations in the soil was

performed. The riverine concentrations and mass flows of metals were

observed at two cross sections (denoted sampling points; filled green

circle). The areas disturbed by placer mining are marked in pink.

Elevations range between 900 (green) and 1800 m (brown)
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et al. 2012, 2016; Chalov et al. 2012, 2015). Detailed investi-

gations based on field measurement data from 2005, 2006,

2008, 2012 and 2013 (Thorslund et al. 2012, 2016) have

shown that there are systematic trends of increasing riverine

heavy metal loads over the Zaamar site, in particular over its

central part (Fig. 1). However, so far, these results have not

been evaluated in the context of soil contamination or erosion-

deposition processes (Alekseenko and Alekseenko 2014;

Pietroń et al. 2015).

Observation data

River discharge, mass flows and hydro-meteorological data

River discharge was measured and water samples were col-

lected for chemical analysis, during two field campaigns in the

Tuul River, along the Zaamar Goldfield mining site, one in

June 2012 and one in September 2013 (see Thorslund et al.

2016 for more information on the site). Sample collection and

discharge measurement were done simultaneously at two

cross sections (T5b, longitude 104.331, lat. 48.239 and T6,

longitude 104.420, latitude 48.239); details on sampling pro-

cedures, laboratory analysis methods, discharge measurement

methods and the calculation of dissolved and total metal mass

flows are given in the Electronic Supplementary Material

(S1.2).

To estimate riverine heavy metal mass flow increase

(kg m−1 day−1) over the site, the total increase in mass flow

between locations T5b to T6 was divided by the total length

between these locations. The distance was estimated through

subdividing the river reach into five sections, connecting them

with straight lines and measuring the lengths of those. The

total distance was then estimated as the sum of the lengths

of the straight lines. In this way, the estimated distance was

unaffected by smaller-scale meandering of the river and could

be seen as representative for the distance along the valley

bottom.

Monthly average precipitation P, which is needed as input

in the soil erosion model (BModelling soil erosion and input of

metal-contaminated sediments into the river^ section) and

monthly average potential evapotranspiration (Ep), was taken

from the CRU dataset (Harris et al. 2014) for the months of the

two field campaigns, that is, June 2012 and September 2013.

However, since erosion rates and sediment concentrations in

the river may vary within a month, we also estimated an ad-

justed P (effective precipitation Peff; see the Electronic

Supplementary Material S1.2) value reflecting the effective

P contributing to the observed Q (Qobs) This P may hence

be higher or lower than the monthly average P.

For comparison, the soil erosion model was run using both

monthly P (equalling 59.6 mm for June 2012 and 21.7 mm for

September 2013) from CRU (Harris et al. 2014) and the field

campaign-based Peff (estimated at 10.2 mm for conditions of

the June 2012 campaign and 24.6 mm for conditions of the

September 2013 campaign) as input. Although the 2012 mea-

surements were conducted during a period of relatively low

flows (during which Peff < P), these alternative approaches did

not affect the conclusions drawn from the respective model-

ling results. We also note that these 10- to 20-mm rainfall

magnitudes are comparable to conditions observed in east

Mongolia (Onda et al. 2007; Kato et al. 2009), during which

considerable surface runoff and erosion were observed.

Soil map, soil texture and heavy metal concentration in soil

In total, 25 soil samples were taken in the upper soil horizon.

Twenty of these were sampled in June 2012 along four tran-

sects perpendicular to the Tuul River, and five additional soil

samples were taken in August 2014 and March 2015. Soil

textural analysis was carried out as described in the

Electronic Supplementary Material (S1.3). Using signature

files in ArcMap 10.1, groups of representative spectral values

of Landsat images (bands 1, 5 and 7) were identified. The

groups were related to known soil types at the 25 soil sam-

pling locations, and distributed over the domain using multi-

variate statistical analyses (maximum likelihood; see the

Electronic Supplementary Material (S1.4) for further details).

The resolution of the resulting map as well as the pixel reso-

lution for all model calculations was 25 m.

Metal concentrations were determined in 20 soil samples

from June 2012, which were crushed in an agate mortar and

were sifted through a 0.25-mm sieve. Bulk contents of heavy

metals and metalloids were analysed by mass spectrometry

with inductively coupled plasma at All-Russian Research

Institute of Mineral Raw Materials (Moscow), using an

Elan-6100 device (PerkinElmer, USA). The sensitivity of

measured concentrations was up to 1 × 10−6%. The resulting

heavy metal concentrations were processed to create maps of

their spatial variation over an area of 24 km2 (dashed in Fig. 1)

using the inverse distance weighting (IDW) method in

ArcMap 10.1. Furthermore, the soil samples, which were tak-

en in the mining region relatively close to the river, were

classified as mining-disturbed in case the samples were taken

from mining heaps or post-mining areas and natural if the

samples were taken elsewhere. For each of the considered

metals (As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Sr, V and Zn), the

coefficient of variation (CV), defined as the mean value divid-

ed by the standard deviation, was calculated considering its

concentration in all the 20 samples, as well as in the 10 sam-

ples of each class (mining-disturbed and natural).

Modelling soil erosion and input of metal-contaminated

sediments into the river

The soil delivery from erosion in the basin (covering an area

of 144 km2; the black line of Fig. 1 shows the basin border)
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was estimated using the spatially distributed, pixel-based

WATEM/SEDEM model. The model was presented by Van

Oost et al. (2000) and Van Rompaey et al. (2001), where its

detailed description can be found; see also the Electronic

Supplementary Material (S1.5) for details on how the mean

soil erosion E and the transport capacity TCwere calculated in

the present case, as well as how the sediment routing was

performed. The WATEM/SEDEM model was originally de-

veloped for Belgian loess catchments. Since then, the model

and its modified version (see Verstraeten et al. 2007) have

been successfully applied to semi-arid catchments

characterised by silty to loamy soils and periods of intensive

rainfall (Zhao et al. 2015; Haregeweyn et al. 2013; Feng et al.

2010; de Vente et al. 2008)—hence under conditions similar

to those considered here. The model is sensitive to changes in

soil erosion variables (e.g. land cover) and includes a sediment

routing algorithm, which is important for our application. The

model performance in reproducing riverine sediment loading

from natural erosion was evaluated by comparison with mea-

sured increases in sediment loads along upstream reaches of

the Tuul River, where there are no mining operations, al-

though hydrogeological conditions are similar.

To estimate heavy metal mass delivery to the stream, mass

erosion potentials were estimated in a first step by multiplying

the metal concentrations from the created maps by the soil ero-

sion, E. In order to identify the contribution from the areas

primarily disturbed by mining and mining-related activities

(Fig. 1, pink areas and the area framed by the red border), the

concentrations of the heavy metals outside of these areas were

set to be zero. Transport, net erosion and net deposition of heavy

metals were subsequently estimated based on pixel-scale esti-

mates of heavy metal input from erosion at upgradient areas, the

local erosion and TC (Electronic Supplementary Material S1.5).

We here use a monthly time resolution, which has been

found to give reasonable results in previous applications of

the RUSLE model (López-Vicente et al. 2008; Diodato and

Bellocchi 2007; Schiettecatte et al. 2008) and the WATEM/

SEDEM model (Shi et al. 2012). Accordingly, the monthly

equivalent Rm (MJ mm h−1 ha−1 month−1) of the rainfall ero-

sivity factor R (needed as input to calculate E) was estimated

using an empirical equation proposed by Van der Knijff et al.

(2000) and tested by Grimm et al. (2003) for monthly time

scale Rm = b0 ⋅ Pm, where b0 is an empirical coefficient

(MJ h−1 ha−1) and Pm is the monthly average precipitation

(mm month−1). We used the mean value 1.3 of the reported,

reasonable b0 range (1.1 to 1.5; Van der Knijff et al. 2000),

which also has been used to represent (semi-arid) conditions

in Italy (Grimm et al. 2003) and southern Europe (Van der

Kniff et al. 2000). The soil erodibility factorK and normalised

digital vegetation index (NDVI)-based crop/vegetation and

management factor C (also needed to calculate E) were calcu-

lated according to the Electronic Supplementary Material

(S1.6).

The model calculations were carried out for the 2months of

June 2012 and September 2013 to cover the time of the river

discharge and in-stream heavy metal concentration measure-

ment. The calculation of the Rm factors was then based on the

estimated effective Peff values. The calculation of theK factors

was carried out using the map of the soil textural classes based

on Landsat images from May 2013 (USGS 2014). The NDVI

analyses for the C factor calculations were based on Landsat

images acquired for the considered months. The maximum

NDVI signals were used for defining the NDVImax, and the

values of the NDVIminwere estimated by averaging the NDVI

signals at the locations identified as bar soil during the cam-

paign in June 2012. The delineation of the modelled basin area

and the estimation of all topographic parameters (e.g. slope

gradient and LS2D factor) were carried out using the ASTER

digital elevation model (DEM; USGS 2014), with a 1″ reso-

lution of the acquired raw DEM (corresponding to about 30 m

horizontal and 20 m vertical resolution at N48E104). The data

was processed in ArcMap 10.1 to remove sinks and imperfec-

tions from the DEM and to adjust the location of the Tuul

River in the model.

Results

Observed total mass transport of sediment and metals

in the river at the mining area

During the measurement campaign of June 2012, the observed

total sediment load of Tuul River was 67 t day−1 at location

T5b in the upstream part of the mining area. The sediment

load increased to a value of 143 t day−1 at T6, located 13 km

downstream of T5b, implying a sediment load increase per

unit river length of 5.9 kg m−1 day−1. This value represents

an average increase over the mining area and is much higher

than the average increase upstream of the mining area of

0.13 kg m−1 day−1 (also observed in June 2012). The river

discharge was similar at T5b and T6 (12.4 and 12.2 m3 s−1,

respectively). In 2013, the river discharge was considerably

higher (35.3 and 44.9 m3 s−1, respectively), resulting in about

twice as high sediment loads and load increases.

Table 1 presents absolute, average mass flow values of

metals at location T5b in the upstream part of the mining area

and location T6 in the downstream part (Fig. 1) for the mea-

surement campaigns of June 2012 and September 2013.

Table 1 also shows the corresponding increases in mass flow

per river length unit (m), which can reflect metal inputs along

the river. In 2012, which also is the year of mapping metal

concentrations in the soil (see BObservedmetal concentrations

in soil^ section), Fe, Mn, Zn, V and Cr show the overall

highest increases over the mining site, with values ranging

between 2.2 × 10−4 (Cr) and 0.17 (Fe) kg per day per metre

river. Most of these metals also show relatively high absolute

Soil contamination, erosion and river loading of metals 1995



mass flow values at T5b, that is, at the upstream end of the site

(Fe, Mn, Zn and V; ranging between 9.6 kg day−1 for Zn and

986 kg day−1 for Fe). Other metals (As, Cd and Zn) show no

accumulation or a slightly decreasing trend over the mining

site. For 2013, the trends are similar, except that Sr shows high

mass flow increase (in addition to Fe, Mn, Zn and V as in

2012), and also, As shows a non-negligible trend of

accumulation.

Results in terms of normalised increases, where the mass

flow increase between locations T5b and T6 is expressed in

percent of the mass flow at the upstream T5b location, is

shown in Fig. 2. The figure for instance illustrates that there

are high relative increases of Cu (1360%; outside of axis

range), Fe (240%) and Cr (125%), indicating that input from

the mining region alter their riverine mass flows most of all

considered metals. However for Cu, in contrast to Fe and Cr,

this high increase is relative to a very low absolute mass in-

flow to the mining site.

Soil map, slope angles, vegetation and soil erosion

modelling results

The distribution of the five soil textural classes identified in

the studied area (Fig. 3) shows that relatively fine soils (sandy

loam in green and loam in yellow) are located along Tuul

River and within the mining areas. These are richer in silts

than the loamy sands (red) that dominate in the upper parts of

the basin. The topography of the areas close to the Tuul River

are characterised by gentler slopes (0–5°), in contrast to the

middle and upper parts of the basin that contain mountain

sides with slopes of up to 50°. Vegetation is essentially absent

in the regions most disturbed bymining and roads, as reflected

in a C-factor (BModelling soil erosion and input of metal-

contaminated sediments into the river^ section and

Electronic Supplementary Material S1.5) close to 1 in the

vicinity of the Tuul River and in the northern part of the basin

(Fig. 3).

Figure 4 shows erosion and deposition patterns according

to the soil erosion model, indicating that many flat areas in the

vicinity of Tuul River are dominated by net deposition

(green). Such areas are frequently bordered by areas of low

erosion. However, notably, there are also considerable patches

in the vicinity of Tuul River that have moderate to high ero-

sion. This is related to the fact that soils are fine grained and

vegetation is sparse due to mining activities and traffic on dirt

roads (see the vegetation factor in Fig. 3), which enhances

erosion even in such relatively flat areas. Furthermore, erosion

was predicted to be considerably higher in September 2013

than in June 2012, because the precipitation, used as input to

the model, is higher in the former case.

Regarding the net input of sediments into the Tuul River,

resulting from the erosion and deposition patterns from hill-

slope processes shown in Fig. 4, the contribution wasT
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Fig. 3 Soil map, slope angles and

vegetation factor

Fig. 2 Relative increase in mass

flow (%) of each metal between

the two sampled locations (T5b

and T6). The difference in mass

flow between the two locations

are normalised by the absolute

value of T5b. The solid line

corresponds to sampling in 2012,

and the dashed line corresponds

to sampling in 2013

Soil contamination, erosion and river loading of metals 1997



predicted to be 28 t month−1 for June 2012 and 59 t month−1

for September 2013. This corresponds to specific (net) erosion

rates of 0.20 and 0.42 t month−1 km−2, respectively, and sed-

iment load increases along the Tuul River of 0.16 kgm−1 day−1

in 2012 and 0.33 kg m−1 day−1 in 2013.

Observed metal concentrations in soil

Figure 5 shows absolute concentrations of As, Fe, Zn, Pb, Sr,

Cd, Mn, V, Ni, Cu and Cr in mining areas around the Tuul

River, measured in 2012. For many metals, the highest ob-

served concentrations are about twice as high as the lowest

ones. A lower range than that is shown by Cd (0.17 to

0.24 mg kg−1), which contrasts to the relatively high As range

(8 to 31 mg kg−1). Overall, considering metal concentrations

of all 20 measurement points, the coefficient of variation (CV)

was modest with a median value of 19%. However, although

mining activities occur in the entire region depicted in Fig. 5,

local soil conditions range from natural to heavily mining

disturbed. Considering the 10 measurement points taken in

naturally occurring soils furthest away from the mined river,

the CV was considerably lower for all metals except Pb and

Mn, with a median value of 8%. In Fig. 5, this is reflected in

relatively uniform concentration fields to the far left and far

right of the river and a patchiness in metal concentrations

close to the river. Notably, if there would have been more

measurement points close to the river, the map interpolation

would most likely have shown even larger patchiness there.

There are certain sampling points that consistently have

high metal concentrations. For instance, the concentration is

equal to or near its maximum observed value for As, Fe, Zn, V,

Ni, Cu and Cr in a sampling point in the middle-left part of the

figures (where the Tuul River makes a pronounced, 180° turn

to the left; the flow direction is from south to north).

Furthermore, the sampling point to the south, on the other side

of the river, also shows high concentrations of many metals,

including Fe, Zn, V, Ni, Cu and Cr. Both these points are

located in the flattest part of the basin, which is dominated

by sandy loams and loams. Pb has a different pattern, showing

high concentrations in the top-right part of the basin, where

the mining settlement is located. Such elevation of Pb values

in urban areas are well documented in many regions

(Goldhaber et al. 2009), where they have been explained by

fuelling of vehicles with leaded gasoline and use of paint

containing Pb. In particular, Kasimov et al. (2011) investigat-

ed the issue of soil pollution with Pb in Ulaanbaatar, showing

that the main source is leaded gasoline that is not prohibited in

Mongolia. This problem is hence likely shared with the vil-

lages of the Zaamar area and the rest of the Tuul Basin.

Results regarding the possible relations between soil tex-

ture class (Fig. 3) and soil metal concentration (Fig. 5) show

diverging patterns. Five of the considered 11 metals show

increasing average concentrations in soils with finer texture.

The most pronounced trend is found for Zn that shows an

average concentration in sand of 52 mg kg−1, which increases

for finer soil textures, up to 75 mg kg−1 in silt loam. Also, Ni

shows a clear trend, increasing from 25 mg kg−1 in sand to

34 mg kg−1 in silt loam. Increasing trends for finer textures are

also found for Cd (0.16 to 0.23 mg kg−1), Cu (22 to

30 mg kg−1) and Sr (300 to 390 mg kg−1). In contrast, the

average As concentration in sand of 15 mg kg−1 decreases

gradually for finer soil texture down to 13 mg kg−1 in silt

loam. The remaining five metals (Cr, Pb, V, Fe, Mn) show

no clear relation between concentration in soil and soil texture.

Modelled heavy metal input to the river due to erosion

of contaminated soil

Taking into account the observed metal concentrations in soil

(Fig. 5), the spatially distributed erosion rates (Fig. 4) and the

Fig. 4 Modelled net erosion and

deposition patterns: very high

erosion (>8 kg m−2 month−1),

high erosion (4–

8 kg m−2 month−1), moderate

erosion (2–4 kg m−2 month−1),

low erosion (0–

2 kg m−2 month−1) and net

deposition
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associated net input of eroded and metal-contaminated soil

into the Tuul River (BSoil map, slope angles, vegetation and

soil erosion modelling results^ section), Table 2 shows the

estimated total mass delivery of heavy metals to the river

Fig. 5 Concentration of metals in soil in the mining-disturbed region around Tuul River

Soil contamination, erosion and river loading of metals 1999



due to soil erosion in June 2012 and September 2013. For

instance, in 2012, values range from 3 g month−1 of Cd to

211 kg month−1 of Fe. In order to make these estimated

erosion-related metal deliveries comparable to the observed

increases over the mining site of mass flows of metals in the

river (Table 1), Table 2 also shows the average delivery of

metals per day andmetre river length, yielding values between

1.4 × 10−8 kg m−1 day−1 for Cd and 1.2 × 10−3 kg m−1 day−1

for Fe. Specifically, Table 2 shows that Fe, Mn, Sr, V and Cr

are estimated to have the highest mass deliveries due to soil

erosion, whilst As, Cd and Pb are estimated to have low

erosion-related deliveries. A comparison of these estimated

soil erosion-related deliveries and the observed mass flow

increases of metals in the Tuul River along the mining region

is made in the BDiscussion^ section.

Discussion

Estimated soil erosion and observed riverine sediment

load increases

In comparison with the estimated contribution from natural

soil erosion to the sediment loading of Tuul River in

June 2012 of 0.16 kg per metre river per day (BSoil map, slope

angles, vegetation and soil erosion modelling results^ sec-

tion), the observed increase between points T5b and T6 was

much greater, 5.9 kg per metre river per day (BObserved total

mass transport of sediment and metals in the river at the min-

ing area^ section). This order-of-magnitude difference is too

large to be explained by measurement errors, or errors from

methodological simplifications, such as possibly unaccounted

for contributions from natural erosion of the riverbanks

(Hartwig et al. 2016). This implies that the relative contribu-

tion of natural erosion to the observed increases in riverine

sediment load is limited within the mining area. We note that

finer soils contributed more to the sediment load in the river

over the mining area than upstream of it.

The model performance in reproducing sediment loading

from natural erosion can be evaluated by comparison with the

observed average increase of sediment load along the entire

Tuul River reach upstream of the mining area, which was

0.13 kg m−1 day−1. This is hence very close to the modelled

contribution from natural hillslope erosion. This result is con-

sistent with the model evaluation results of Pietroń et al.

(2017), who considered the erosion and soil loss of a relatively

large region (1680 km2) around Zaamar Goldfield using the

same basic model setup as we do. More specifically, they

found that their model results on natural erosion agreed with

observed river loading from erosion of natural areas located

between the mining regions (in nested catchments).

The above-mentioned contribution of (natural) soil erosion

of 0.16 kgm−1 day−1 to Tuul River was observed in June 2012 T
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and corresponds to an area-averaged specific erosion of

0.20 t month−1 km−2. In September 2013, when the discharge

of Tuul River was about three times the one of June 2012, the

area-averaged erosion was estimated at 0.42 t month−1 km−2.

This range is for instance consistent with observed conditions

in semi-arid rangelands in North Queensland, Australia

(Bartley et al. 2006). Specifically, two of their three experi-

mental sites in Bartley et al. (2006) had similar runoff to rain-

fall ratios as in this study (<0.1; as well as similar average P of

around 235 mm year−1) and showed average soil erosion rates

between 0.29 and 1.20 t month−1 km−2. However, their values

represent annual averages, whereas we here present estimates

relevant on a monthly timescale (or slightly shorter). In par-

ticular, intense precipitation events and associated flow peaks

can have relatively pronounced effect on sediment delivery.

Chalov et al. (2015) and Pietroń et al. (2015) investigated

inter-annual variability of the here considered Tuul River in

detail, showing that around 70% of the annual sediment trans-

port occur during peak flow events that have a duration of

2.4 months (20% of a year). The here considered discharge

of 12 m3 s−1 in June 2012 is classified as base-flow conditions

in Chalov et al. (2015), and the discharge of around 40 m3 s−1

in September 2013 is classified as peak flow conditions in

Chalov et al. (2015), which shows that both conditions are

represented in the present analyses.

As also noted above, the contribution of soil erosion is

small relative to observation-based estimates of total sediment

load increase per unit river length across the mining area of

5.9 kg m−1 day−1, which in terms of equivalent input normal-

ised from contributing land area corresponds to a soil loss of

8.45 t month−1 km−2. Similar or even higher rates of soil loss

have been attributed to soil erosion in regions where precipi-

tation is higher than in the Tuul River Basin, such as in the

Mae Tao Bas i n i n Tha i l and (Sompra song and

Chaiwiwatworakul 2015) and in the Maracas-Saint Joseph

River Basin in Trinidad and Tobago (Jaramillo et al. 2015).

A remaining plausible explanation for the considerably ele-

vated rates of soil loss in the arid Tuul River Basin is that the

loss is directly related to the excessive mining-related water

use and water circulation, which is also supported by recent

results of Pietroń et al. (2017) who studied a series of nested

catchments in the region. Furthermore, observations on the

Zaamar mining site (August 2015) show that even during

dry conditions, a contributing stream discharging into Tuul

River was highly turbid (445 NTU) with large variability in

discharge, which can reflect contributions from process water

that is pumped from the river to the adjacent mining area.

Similar water turbidity in streams has been reported for areas

affected by surface mining (e.g. 424–2874 NTU in Gros

Rosebel gold mining area in Suriname; Mol and Ouboter

2004).

Furthermore, regions with intense placer mining (pink

areas in Fig. 1) overlap with regions where deposition of

eroded soils naturally occur (green areas in Fig. 4). Under

undisturbed conditions, such deposition areas may hence

function as natural filters, limiting the net erosion and input

of eroded material into stream networks. However, under con-

ditions of mining disturbance, such fresh deposits transported

from higher elevations through natural erosion processes may

be remobilised together with the excavated sediments. Taken

together, this indicates that the sediment delivery to the river

from the mining area is considerably enhanced over natural

levels due to soil erosion from excessive mining-related water

use, disturbed natural sediment filtering functions of deposi-

tion areas close to the river and soil loss related to other phys-

ical disturbances from mining operations and infrastructure

such as roads.

In principle, in-channel processes could also result in con-

siderable sediment load changes along rivers. For example,

results of Pietroń et al. (2015) for the here considered Tuul

River imply that such processes in an alternate manner can

shift between reinforcing to counteracting input signals from

processes in the catchment itself. However, the here reported

sediment load increases over the Zaamar mining area have

consistently been seen in repeated observations under differ-

ent hydrological conditions and at different times (Thorslund

et al. 2012, 2016; Chalov et al. 2012, 2015; Pietroń et al.

2015), which suggests that the signal from this mining-

disturbed part of the catchment appears sufficiently high in

relation to the potential noise from in-channel processes of

the river.

Soil metal concentrations, metal delivery from soil erosion

and riverine metal load increases

For several metals, the absolute concentrations in soil (Fig. 5)

are relatively high in comparison with the background condi-

tions. For instance, the concentrations of Zn, Ni and Sr are up

to 2.8 higher in the considered mining-disturbed soil cover

than under undisturbed conditions. Furthermore, in compari-

son with extensive datasets on background levels, derived

from approximately 1000 topsoil samples each (summarised

in Goldhaber et al. 2009), including Europe (Salminen et al.

2005) and North America (Shacklette and Boerngen 1984;

Gustavsson et al. 2001), the soils of the here considered

Zaamar mining region contain higher concentrations of As

(Zaamar median 13 mg kg−1; compared to the median values

of 7.0 and 5.8 mg kg−1 of the European and American studies,

respectively), Sr (305 mg kg−1; compared to 89 and

150 mg kg−1), Mn (589 mg kg−1; compared to 503 and

300 mg kg−1), V (150 mg kg−1; compared to 60 and

70mgkg−1), Ni (28mgkg−1; compared to 18 and 15mgkg−1),

Cu (25 mg kg−1; compared to 13 and 20 mg kg−1) and Cr

(69 mg kg−1; compared to 60 and 50 mg kg−1). Furthermore,

Goldhaber et al. (2009) reports results from a region of

20,000 km2 around the Sacramento River Basin, which

Soil contamination, erosion and river loading of metals 2001



contains a mixture of urban and agricultural regions that are

clearly impacted by mining of mercury and gold, including

disturbances from regions of placer mining. Interestingly,

Goldhaber et al. (2009) report elevated values above back-

ground levels of a similar set of metals and to a similar extent

as found here, including Sr (reporting a median value of

226 mg kg−1), Mn (752 mg kg−1), V (135 mg kg−1), Ni

(50 mg kg−1), Cu (37 mg kg−1) and Cr (96 mg kg−1). In the

Zaamar region, concentrations of As and V occur at eco-

logically hazardous levels, exceeding maximum permissi-

ble levels established in Mongolia for loamy soil

(Dorzhgotov and Bathishig 2008). The local As concentra-

tions were on the average about four times higher than the

state-permitted level, up to nine times in several points.

However, it should be noted that even in undisturbed

areas of the Zaamar region, a twofold excess was noted.

The Mongolian maximum permissible levels for As were

hence established without considering the regional geo-

chemical characteristics of soils and rocks enriched with

the element (see also Kasimov et al. 2011).

The observed increases in riverine mass flows of metals

over the mining site were much higher than what could be

explained by the contribution from natural erosion of exposed,

metal contaminated soil within the mining area. For instance,

Fe and Cr were observed to increase with 0.17 and

2.2 × 10−4 kg per day per metre river, respectively

(BObserved total mass transport of sediment and metals in

the river at the mining area^ section). This is orders of mag-

nitude higher than the estimated contribution from erosion of

contaminated soil, which was 1.2 × 10−3 and 5.6 × 10−6 kg per

day per metre river for Fe and Cr, respectively (BModelled

heavy metal input to the river due to erosion of contaminated

soil^ section). Since both the estimated riverine mass flows

and the soil contamination data are associated with uncer-

tainties related to spatiotemporal variability, we checked to

which extent these could influence present results. As men-

tioned earlier in the BResults^ section, considering metal con-

centrations of all 20 measurement points in soil, the median

CV was 19%. Furthermore, regarding the riverine mass flows

(Table 1), the (monthly) CV was estimated in Thorslund et al.

(2012) based on previous, extensive measurements (15 field

campaigns, each comprising repeated concentration and dis-

charge measurements) from the Zaamar area. The results

showed a median CVof 35%. Notably, our conclusions regard

the difference between the metal input flux from soil erosion

and the total mass flux ofmetals in the river, which was at least

100 times larger than even the highest of these CV values (e.g.

3900% for Cr and 14,200% for Fe). The conclusion regarding

the total mass flux of metals in the river being much larger

than the soil erosion contribution therefore appears to be ro-

bust. This hence shows that natural erosion of contaminated

soil has small impact onmetal loads observed in the river. This

is partly because the total amount of material entering the river

by natural erosion is being overshadowed by the amount of

sediment that enters the river in other ways, for instance

through effluent waters of mining.

Notably, the relative abundance of different metals found in

the soil within the mining area reflects very well the relative

abundance of metals found in suspended sediments of the

Tuul River. For instance, in the Tuul River at the mining site,

the highest total longitudinal increase of riverine metal con-

centrations were found for Fe, Mn, Zn, Vand Cr. In the soil of

the mining area, the highest total metal concentrations were

found for Fe, Mn, Sr, V and Cr. Furthermore, As, Cd and Zn

were not enriched in the river in 2012, which agrees relatively

well with the lowest absolute soil concentrations being As, Cd

and Pb (note however that due to the toxicity of As, these

absolute concentrations are still of concern and can be consid-

ered to be high from a health perspective). This shows that

metals found in the river are likely to be related to surface soils

of the mining area and its vicinity, although the transport must

have occurred through other processes than natural erosion.

The present example from Tuul River may provide useful

new insights regarding the erosion and geomorphic evolution

of mined areas, as well as the associated delivery of metals

into stream networks. These matters should be addressed in

key environmental actions such as mine closure plans and

land reclamation projects. For instance, present results suggest

that relevant measures in Zaamar Goldfield include construc-

tion and proper management of settling ponds, which can

absorb the identified high amounts of metal-contaminated

sediments that are eroded by excess water from mining oper-

ations. Waste material and existing settling ponds are however

mismanaged in the Zaamar Goldfield, which leads to high

discharge of fine material into the Tuul River (e.g.

Farrington 2000). Further improvement may be achieved by

restoration of waste deposits through landform design, involv-

ing the creation of stable mature landscapes, which can with-

stand erosion muchmore easily. The present study emphasises

that this may also be important in identified zones of natural

deposition, since such actions could restore natural sediment

filtering functions of the landscape, which prevent material

from being further transported into the river network.

Conclusions

The soil erosion rate within Zaamar Goldfield, Mongolia, is

high considering the arid conditions, showing values on the

order of 10 t month−1 km−2. The associated sediment delivery

from the mining area to Tuul River, which intersects the

Zaamar Goldfield, is estimated to be considerably higher than

the possible contribution from natural soil erosion. Results

suggest that this high delivery of sediments into the Tuul

River primarily can be explained by excessive mining-

related water use creating turbid wastewaters, disturbed

2002 J. Jarsjö et al.



natural sediment filtering functions in deposition areas close

to the river and disturbances from mining operations and in-

frastructure such as roads.

Relative to background levels, soils within Zaamar

Goldfield contain elevated concentrations of As, Sr, Mn,V,

Ni, Cu and Cr. This is consistent with findings from a placer

mining-impacted area in Northern California. Concentrations

of As and Voccur at ecologically hazardous levels. Five of the

considered 11 metals showed increasing average concentra-

tions in soils with finer soil texture (Zn, Ni, Cd, Cu and Sr).

The enhanced soil loss caused by mining-related water use

and mining operations can also explain the observed, consid-

erable increases in mass flows of metals in the Tuul River.

Specifically, these observed increases were much higher than

could be explained by the contribution from natural erosion of

exposed, metal-contaminated soil within the mining area. The

present example from Tuul River may provide useful new

insights regarding the erosion and geomorphic evolution of

mined areas, as well as the associated delivery of metals into

stream networks. These matters should be addressed in key

environmental actions such as mine closure plans and land

reclamation projects.
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