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a b s t r a c t
The potential catastrophic event of a landslide bringing contaminants to surface waters has been highlighted in
public media, but there are still few scientiﬁc studies analyzing the risk of landslides with contaminated soil. The
aim of this study is to present a method to estimate the risk of potential long-term ecological effects on water
bodies due to contaminated soil released into a river through a landslide. The study constitutes further development of previous work focusing on the instantaneous (short-term) release of contaminants and associated effects. Risk is here deﬁned as the probability of surface water failing to comply with environmental quality
standards (EQS). The transport model formulation is kept simple enough to allow for a probabilistic analysis as
a ﬁrst assessment of the impact on the river water quality from a landslide runout deposit containing contaminated soil. The model is applied at a contaminated site located adjacent to the Göta Älv River that discharges
into the Gothenburg estuary, in southwest Sweden. The results from the case study show that a contaminated
runout deposit will likely cause contamination levels above EQSs in the near area for a long time and that it
will take several years for the deposit to erode, with the greatest erosion at the beginning when water velocities
are their highest above the deposit. A contaminated landslide runout deposit will thus act as a source of contamination to the downstream water system until all the contaminated deposit has been eroded away and the contaminants have been transported from the deposit to the river, and further to the river mouth – diluted but not
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necessarily negligible. Therefore, it is important to prevent landslides of contaminated soil or waste, and if such
events were to occur, to remove the contaminated runout deposit as soon as possible.
© 2018 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/).

1. Introduction
There are few scientiﬁc studies on the combination of landslide susceptibility and contaminant spread, although landslides often affect urbanized and/or industrialized areas. Already in 1987, McCahon et al.
(1987) pointed out that most studies on landslide impacts emphasize
the geomorphological, social or economic aspects, and that ecological
impacts are paid very little attention. McCahon et al. (1987) studied
the chemical and biological effects of the Pennine peat slide into the
headwaters of Langdon Beck and found that the slide caused a large increase in the concentration of suspended sediment and metals, with
metal concentrations that reached acute toxic levels for aquatic organisms, but that long-term effects could not be assessed due to lack of
data. Since then, little research appears to have been done on this subject. However, related cases have been reported in public media, implying an increased awareness of the potential that landslides can spread
contaminants. For instance, public media has reported on a series of unusual landslides in connection with the fracking industry that have
brought metal contaminated landslide sludge into the Brenot Creek
and the Peace River, Canada (Business Vancouver, 2015; Policynote,
2016). Another example is from the Otago Daily Times that published
an article on the Oso Landslide, Washington, US, discussing the potential
that this event could cause the release of contaminants from broken
sewages as well as the release of propane, household solvents, and
other chemicals occurring within and beneath the landslide runout deposit (Otago Daily Times, 2017). In June 2013, the American Geophysical Union (AGU) blogosphere reported on a landslide event in Ecuador
that caused a rupture of the so-called Trans-Ecuador pipeline and the
leakage of oil, which led to a temporary closure of the Cocoa drinking
water supply (Petley, 2013).
Reporting has also been made on the risk of landslides spreading radioactive waste products from the nuclear industry, which since World
War II have been dumped in the landslide prone Ferghana Valley area
that stretches across Kyrgystan, Uzbekistan, and Tajikistan (Institute of
Nuclear Physics NNC RK, 2003; New Internationalist, 2005). Most of
the mining facilities in this area were built on unstable slopes. The absence of a suitable location for landﬁll of wastes led to the dumping of
radioactive wastes on ﬂoodplains adjacent to rivers (Institute of
Nuclear Physics NNC RK, 2003). Underground work and other anthropogenic activities are believed to have caused many of the reported
landslides in this area (Institute of Nuclear Physics NNC RK, 2003; UNSPIDER, 2017). In 1958, a landslide in Mailuu Suu, triggered by earthquakes and heavy rains, caused the burst of a tailing that released
600,000 m3 of radioactive waste into the nearby river (Institute of
Nuclear Physics NNC RK, 2003). Catastrophe modeling of other tailings
(tailing dumps and stockpiles) in the Mailuu Suu area has been carried
out to analyze possible consequences. The modeling showed that if a
tailing is destroyed by a landslide, the contaminated material will
most likely be released into the nearby river (Birsen and Kadyrzhanov,
2003). In 2014, Torgoev and Omorov (2014) published a study on the
landslide hazards of rock glaciers in the waste material from the Kumtor
gold mine, Kyrgystan. They argued that such an event will most likely
cause the pollution of the nearby Kumtor-Naryn River basin.
Schreier and Lavkulish (2015) studied the transport and settling of
asbestos-rich serpentine sediment dispersed from a landslide area in
the Sumas River Watershed in Washington State and British Columbia,
and found that the transport of sediment from the landslide to the
river is highest during high-ﬂow periods (winter), and that the
suspended sediment then moves through the river system in pulses of
suspension, deposition, and re-suspension during several storm events.

They also found that the sediment zeta-potential impacts the ﬂocculation, coagulation, and deposition of the sediment, which can explain
that particles b63 μm settled more rapidly near the landslide area than
further downstream (Schreier and Lavkulish, 2015). A study by
Johnston et al. (2015) found that landslides may be a signiﬁcant
mobilizer of Fe and Mn from the soil to the aquatic ﬁordland system,
and that the landslides are important for the Fe and Mn cycle in the
system.
Other scientiﬁc studies that may provide insights into the transport
processes that are relevant for the release of contaminants from landslide runout deposits involve contaminant spread from riverbank erosion. For example, Rowan et al. (1995) studied geomorphology and
pollution of the Glengonnar Water and found that bank erosion,
among others, was an important process that affected the metal content
in the river. Foulds et al. (2014) found that erosion in its various forms
(surface erosion, rill erosion, bank erosion, and bank collapse) is an important pathway for contaminants to enter a river system. Rhoades et al.
(2009) studied the release of mercury (Hg) from riverbank erosion
along the South River, Waynesboro, USA. They found that ﬂuvial bank
erosion of Hg contaminated soil (from textile manufacturing) was a
major source for the Hg load to the water system. Carroll and
Warwick (2016) studied the mechanisms of Hg spreading (gold mining) along Carson River, Lahontan Reservoir system in Nevada, USA.
They studied Hg loading from diffusion, channel pore water advective
ﬂux, bank erosion, and overbank deposition, and found that bank erosion processes were dominant for the Hg load to the river water, for
both solid and dissolved Hg. Coulthard and Mackling (2003) modeled
sediment and contaminant transport along the River Swale, which is affected by metal mining, in order to predict future conditions. Based on
their simulations, they found that it will most likely take several thousands of years of natural erosion to remove all the contaminants from
the Swale River channel and its ﬂoodplain; meanwhile the contaminants will continue to affect adjacent land and water resources.
So far, we have found no studies on risk assessment that account for
contaminant release from landslide events – from hazard identiﬁcation
to risk analysis. To elucidate this hazard, Göransson et al. (2009) used
GIS-technique to combine layers for landslide probability with layers
for identiﬁed, risk-classiﬁed contaminated sites along parts of the Göta
Älv River valley, in southwest Sweden. The study revealed that out of
31 identiﬁed contaminated sites, 8 sites were located in areas with unacceptable slope stability. Out of these 8 sites, 5 were assessed as posing
high or very high environmental risk. Two historical landslides in the
area that involved industrial sites are the Göta landslide in 1957
resulting in the failure of the Göta Sulphite factory, and the Agnesberg
landslide in 1993 causing a large part of the Agnesberg industrial site
to slide into the river. Some sediment samples taken from the
Agnesberg landslide runout deposit show metal content. In connection
with the Agnesberg landslide, the freshwater intake for the City of Gothenburg, located downstream of the slide area, registered elevated levels
of turbidity resulting from the initiation slide and the following retrogressive slides at the source area (Göransson et al., 2012). Ströberg
et al. (2017) suggested a method to derive a landslide susceptibility
index to be used in a GIS-analysis to overlap landslide susceptibility
and the location of contaminated sites along parts of the
Ångermanälven River, in northern Sweden. They found that 16 of 209
potentially contaminated sites are located in areas with high or very
high susceptibility for landslides.
It is possible that the effects of climate change may increase the landslide frequency in areas where precipitation is anticipated to increase.
For example, IPCC states that there is a “high conﬁdence that changes
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in heavy precipitation will affect landslide conditions in some regions”
(Seneviratne et al., 2012). A recently performed landslide risk analysis
along the Göta Älv River valley accounted for the effects of climate
change. The result of the analysis showed that landslide susceptibility
in cohesive ﬁne sediments, present in the Göta Älv River valley, will increase because of excessive shear stresses during high river ﬂows (causing erosion and steepening of the river banks) and elevated
groundwater pressure in the river banks from increased precipitation
(SGI, 2012; Göransson et al., 2016; Odén et al., 2017).
Göransson et al. (2014) proposed a probabilistic method to quantitatively estimate the spreading of contaminants immediately after the instantaneous release of material when landslides bring contaminated
soil into a river. The probability of a landslide was combined with the
probability that such an event will cause a deterioration of the water
quality. The method was tested in a case study involving an area located
adjacent to the Göta Älv River. The results indicated high levels of contaminants in the landslide runout deposit (the sediment), elevated contaminant concentrations in the river water above acceptable water
quality criteria, as well as a signiﬁcant contribution to the yearly contaminant load to the Göta Älv estuary.
The aim of the present study has been to develop a method to include potential long-term ecological risks to water bodies. The proposed
method for estimating the long-term ecological risk includes the erosion of contaminated material from the runout deposit and the downstream transport and spreading in the river. The results provide an
important complement to environmental risk assessments for contaminated sites and/or methods for landslide risk assessment. The method
is illustrated by the same case study site that was used in the previous
work, further described in this paper.
The ecological risks are investigated in two scenarios: scenario
(A) considers the time immediately after the instantaneous release
until dredging takes place to free the fairway (a characteristic time
scale of weeks); scenario (B) considers the time after the instantaneous
release until the contaminated landslide deposit has been eroded away
by the ﬂowing water (time scale of several months or years). Some of
the questions investigated in the study related to the contaminant release from the deposit are:
- How long will the concentrations stay above a certain critical level?
- How large is the contribution compared to the background load?

2. Materials and method
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variations in the exact deﬁnition of risk and associated concepts, it is a
good idea to provide deﬁnitions for any given situation or analysis.
In the proposed method, the risk assessment (or risk analysis depending on discipline) is simpliﬁed in such way that it focuses on one
speciﬁc hazard (landslide with contaminated soil) and speciﬁc endpoints (the surface water ecosystem at different locations and for different periods of time). The method aligns to the commonly used
expression of risk as a combination of the consequences of a speciﬁc undesirable event and the probability that it will happen. The undesirable
event is here speciﬁed as surface waters of the river and estuary that fail to
comply with environmental quality standards (EQS1) due to a landslide
with contaminated soil. The consequences of this event are not further
quantiﬁed, but since EQSs are based on effects (e.g., biological) and responses (e.g., the amount affected), they indirectly express something
about potential negative consequences of the event of exceeding those
levels. The proposed method instead focuses on estimating the probability of the speciﬁed undesirable event. The information from the analysis is intended to provide support for decision-makers managing sites
that are contaminated and simultaneously prone to landslide within a
river basin.
For the purpose of estimating the probability of the deﬁned event it
is useful to look at the risk as a chain of events, from the stressor (the
contaminated soil) to the endpoint (the ecosystem in the river and in
the estuary), at which a negative effect is assumed to occur when
EQSs are exceeded. Here, the probability of the event of exceeding relevant EQSs is associated with the probabilities of four preceding events:
Event 1: The soil is contaminated.
Event 2: The contaminated soil slides into the river.
Event 3: Contaminants in the landslide runout deposit are released.
Event 4: The released contaminants in water reach concentrations
that exceed relevant EQSs.
If the probabilities of Events 1 and 3 are assumed to be 1.0 for contaminated areas and for the landslide runout deposit in such areas, the
probability of failing to comply with EQSs in the river water and the estuary can be estimated by the combination of Event 2 (the probability of
a landslide) and Event 4 (the conditional probability of exceeding a certain compliance level in case of a landslide).
As a clariﬁcation to Event 4, the present study focuses on the period
after the instantaneous impulse release when there is a constant transport of contaminants from the runout deposit in the river due to erosion
of the deposit. The release of contaminants through erosion is expected
to continue until dredging occurs and the contaminated part of the
landslide deposit is removed (Scenario A), or until there is no contaminated sediment left in the runout deposit (Scenario B).

2.1. Deﬁnition of risk
Risk can be deﬁned in somewhat different ways, e.g., as “the chance,
within a time frame, of an adverse event with speciﬁc consequences”
(Burgman, 2005), as a “concept that denotes a potential negative impact
on an asset” (Swartjes, 2011), or as the “effect of uncertainty on objectives” (ISO, 2009). Risk is often expressed in terms of the combination
of the consequences (or effects) of an event and the associated likelihood (or probability) (e.g. ISO, 2009; UNISDR, 2009; Swartjes, 2011;
IPCC, 2014), but variations exist (see e.g. Aven and Renn, 2009). Different disciplines also use the same terms in slightly different ways: risk
assessment is sometimes equated to risk analysis (e.g. Swartjes,
2011); risk assessment can be seen as a part of risk analysis (e.g.
Covello and Merkhofer, 1993; NRC, 1996); or risk analysis can be a
part of risk assessment (e.g. Aven, 2003; ISO, 2009; SafeLand, 2011).
The two former approaches typically relate to environmental (ecological and human health) risk assessment, whereas the latter relates to
more technological risks. However, common features for establishing
whether unacceptable risks exist are: problem deﬁnition (scope deﬁnition, establishing context), hazard identiﬁcation (assessment), exposure assessment (sometimes combined with hazard assessment), and
risk characterization (risk evaluation, risk estimation). Since there are

2.2. Method for estimating the risk
The method proposed here, and applied in the case study, includes
the following steps:
1. Deﬁne failure criteria.
2. Calculate the probability of landslide occurrence for the speciﬁc site
(PL).
3. Conceptualize and mathematically describe an analytical model for
long-term release of contaminants from the landslide runout deposit.
4. Set parameters and estimate their uncertainty distributions in the
analytical model.
5. Run Monte-Carlo simulations to derive an estimate of the probability
to exceed deﬁned compliance levels.
6. Calculate the resulting probability of failure (Pf), i.e., to exceed failure
criteria.
1
“An Environmental Quality Standard is a value, generally deﬁned by regulation, which
speciﬁes the maximum permissible concentration of a potentially hazardous chemical in
an environmental sample”, http://www.gesamp.org/work-programme/eqs.
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7. Perform a sensitivity analysis to obtain information about which parameters contribute most to the uncertainty of the result, and possibilities to reduce the uncertainty.
All steps are described below and implemented in the case study application section.
2.2.1. Step 1. Failure criteria
The prolonged impact phase can be considered as a long-term exposure for the organisms that will continue until contaminants from the
runout deposit are no longer available. The suggestion is therefore to
use chronic toxicity levels (i.e., a concentration) for fresh and/or marine
aquatic life. In addition, we are also interested in the contaminant load
to the river estuary; particle settlement and dilution causes the concentration to be very low, yet the contribution is a supplement to the annual load and may thus contribute to negative consequences for the
ecosystem.
Failures as indicators for potential harm to the ecosystem in relation
to the long-term effects from the contaminated runout deposit, are
broadly deﬁned as follows:
• Exceeding a critical concentration (EQS) during a speciﬁed time. For
scenario A, this time is limited to weeks (i.e., until dredging), whereas
for scenario B, the time is months to years.
• Exceeding a critical total load to the estuary. For scenario A, the contribution to this load is limited to a time of weeks (i.e., until dredging),
whereas for scenario B, the contribution to this load continues for
months to years.
2.2.2. Step 2. Landslide probability
The landslide probability is the probability that a hazard (landslide)
will occur at a speciﬁc site. A landslide is the downward mass movement of slope-forming materials, such as soil, rock, artiﬁcial ﬁlls, or a
combination of these, resulting from nature's pursuit of equilibrium
(USGS, 2004). A landslide can be classiﬁed depending on the type of
soil (rock, debris, soil) and the type of movement (for example, falling,
sliding, and ﬂowing). One of the most well-known classiﬁcation systems for categorizing different types of mass movements is that by
Varnes from 1978 (see examples in USGS, 2004). The type of landslide
that is of relevance for the Göta Älv River valley is classiﬁed as a rotational slide in cohesive soils, which means that a coherent mass of soil
is rotating around an axis of momentum perpendicular to the watercourse (Fig. 1). This movement is initially quite rapid and in situations
where high sensitive clays are involved such slides can rapidly become
very large.
Slope stability is governed by the equilibrium between the driving
forces (i.e., external, permanent, and temporary loads, high groundwater pressure in the slope, the weight of the soil, and shear stresses at the
toe of the slope from water currents) and the resisting forces (i.e., soil
strength, undrained and drained shear strength, water pressure
(e.g., river) at the toe of the slope, and negative pore water pressure in
silty clay); if the driving forces exceed the resisting forces the slope fails.
The probability that a slope will fail and generate a mass movement
is mainly a function of physical properties (slope gradient and elevation,
geotechnical properties, vegetation cover, etc.) and triggering factors
(rains, ﬂoods, earthquakes, land-use and other anthropogenic activities
etc.) (Dai et al., 2002; Motamedi, 2013). In the review paper by Dai et al.
(2002), frequency analysis, heuristic approaches, deterministic approaches, and statistical models are mentioned as methods for assessing
landslide probability. In our study, we use an analytical method to analyze the probability for slope failure presented by Alén (1998) and
Berggren et al. (2011). In short, the method starts with the development
of an analytical solution for the probability of a landslide, based on a traditional model for slope stability calculation, incorporating parameter
uncertainty. Then, the time aspects are considered by specifying parameters with variability in time. The probability for a longer time period is

Fig. 1. Illustration of a rotational landslide perpendicular to a watercourse: a coherent soil
mass is moving around an imagined axis of rotation. This type of landslide occurs mainly in
ﬁne cohesive soils and is the type of slide that is of relevance for the Göta Älv River valley.

then obtained by modeling the slope as a sequential system with each
year as a component. In this study, a time period of 50 years is considered, and the change that affects the probability of a landslide over
time is attributed to river erosion (changes in slope geometry). (See
Göransson et al. (2014) for a detailed description, including calculation
formulas.)
2.2.3. Step 3. Model for the contaminant release
The conceptualization involves a homogeneous soil mass sliding by a
rotational movement. The mean concentration of the contaminated part
of the landslide runout deposit represents an average level of contaminants that are available for redistribution and further spread.
During the movement, contaminated material may be released to
surface waters, such as lakes and rivers, and then transported in the
water until conditions become favorable for deposition. In a river, the
water velocities and associated turbulence and shear stresses are an
order of magnitude larger than in a lake, facilitating transport and
spreading of contaminated material to a much larger degree. The material from the landslide is released and transported in the water through
different mechanisms operating at a wide range of scales. In the initial
phase, immediately after the landslide has occurred, suspended material is directly transported by the currents in the receiving water. However, other material is deposited on the bed and gradually transported
away; eventually the river returns to the morphological conditions
present before the landslide when typically, dynamic equilibrium prevails. The transport away (erosion) from such a runout deposit may
take place over a long period of time, depending on the transport conditions in the river and the material deposited. If sufﬁciently coarse material is deposited on the bed, the ﬂow may not be able to erode all the
material and may result in permanent changes to the bathymetry.
This is often the case in lakes, where the transporting capacity related
to the water movement is limited.
The focus herein is to develop a model of the contaminant transport
from a landslide runout deposit in a river, including mobilization of material from the deposit and subsequent transport downstream in the
river, not including the transport in connection with the initial, instantaneous release of material in the water when the slide occurs.
2.2.4. Steps 4 and 5. Probabilistic analysis of contaminant release
The estimation of the probability to exceed the deﬁned failure
criteria given a landslide (Step 5) is done by propagating the uncertainty
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Fig. 2. Example of output distribution, showing the distribution for deposited mass of Hg in the estuary after 0.5 years, t = 2 (given landslide). The probability of the mass to be larger than
50% of the yearly annual background load of Hg (27 kg) is shown as ~2.4%.

associated with the model input parameters by means of Monte-Carlo
simulations. Here, Crystal Ball, which is a commercial add-in to Excel,
was used for the simulations and 50,000 iterations with random sampling from the uncertainty distributions were run. The results of the
sought quantities are uncertainty distributions from which the probabilities to exceed the deﬁned criteria can be derived (see the example
in Fig. 2).
2.2.5. Step 6. Probability of failure
The probability of failure describes the probability that a speciﬁed
negative event (failure) will occur. According to Section 2.2, the probability of failure is calculated as:
P f ¼ P Event 1  P Event 2  P Event 3  P Event 4 ¼ 1  P L  1  P ½Z N fc j L ð1Þ
where Pf is the probability for failure, PL is the probability of landslide,
and P[Z N fc | L] is the probability (P) that a runout deposit will cause a
contamination (Z) above a certain failure criterion (fc) given that a landslide (L) occurs.
2.2.6. Step 7. Sensitivity analysis
A sensitivity analysis provides information about which of the input
variables and parameters have the largest inﬂuences on the outcome.
The software Crystal Ball computes rank correlation coefﬁcients between every assumption (uncertain input variable) and each forecast
(output variables) during the Monte-Carlo simulations that show the
relationship between assumptions and forecasts. To investigate the impact of input parameters that are not uncertain, a sensitivity index can
be calculated (Burgman, 2005).
2.3. Case study application
2.3.1. The study site
The case study site is the former glass manufacturing plant of Surte
(Surte 2:38), located adjacent to the Göta Älv River, 18 km north of
Gothenburg city, in southwestern Sweden (Fig. 3). The plant was in operation between the years 1862 and 1978, leaving remnants from
115 years of activity in the form of polluted soil and groundwater. The
part of the facility that is considered in this study covers an area of
30,000 m2. Environmental investigations conducted by the municipality
estimated that the soil contains about 260 t of lead, 300 t of copper, 260 t
of zinc, 2.5 t of mercury, 4 t of arsenic, and a large amount of oil residues
(Ale Municipality, 2014). Contaminants were continuously leaking into
the Göta Älv River, and the soil slope stability was considered very low,

which meant that parts of the contaminated area were at risk of sliding
into the river. The highest contaminant concentrations were found closest to the river. Overall, the contamination of the site was considered to
constitute a signiﬁcantly increased ecological risk to the ecosystem in
the river and to the raw water intake for the Gothenburg drinking
water supply that is located approximately 8.4 km downstream the
site (Fig. 3).
The Göta Älv River ﬂows through ﬁne sediments deposited in a rift
valley after the latest glacial period. The sediments are dominated by
clay and silt with layers of sand. At some places these mostly marine
sediments reach N100 m in thickness above the bedrock. The Göta Älv
River valley has the highest landslide frequency in Sweden and many
of the slides have occurred in clayey soil with very high sensitivity, making the clay behave like a liquid (so called quick clay) when it starts to
move. This means that landslides may potentially cover large extensions, with large consequences for the environment.
The river is a fairway for the transportation of goods to and from the
industries located along it and around Lake Vänern. The river is a national priority in terms of the protection of reproduction areas for eel
and salmon, and it supplies about 700,000 inhabitants in the area with
drinking water. The water quality is considered good with low background concentrations of metals and organic contaminants (Göta Älvs
vattenvårdsförbund, 2015a, 2015b).
In this study, we focus on the part of the former glass manufacturing
site that has low slope stability and that was previously assessed to have
high landslide probability (SGI, 2012). The study considers effects primarily in the near ﬁeld and the recipient in the far ﬁeld, the estuary.
The particle bound transport of contaminants is studied and possible
implications for the water quality in the near and far ﬁeld are investigated for the two scenarios: (A) dredging after two weeks and (B) no
dredging. The contaminants of interest in this study are lead (Pb) and
mercury (Hg).
2.3.2. Deﬁning failure
To date, there are no national environmental water quality standards for Pb and Hg. The Canadian Council of Ministers of the
Environment's water quality guidelines for the protection of aquatic
life in fresh water and marine water (CCME, 2016) are thus used as failure criteria. CCME does not separate between acute toxicity and chronic
toxicity. Three different types of failures (I, II, III) are deﬁned for Scenario A (dredging after 2 weeks) and Scenario B (no dredging), see
Table 1. For Scenario B, we have chosen to investigate three different
time periods based on calculations of the estimated time to erode the
landslide deposit as described in Section 3.1.

558

G. Göransson et al. / Science of the Total Environment 642 (2018) 553–566

Fig. 3. Left: Map of Sweden with the Göta Älv River. Middle: The Göta Älv River and the locations: Surte 2:38, three historical landslides, and the raw water intake. Right: The Göta Älv River
and the location of the study site Surte 2:28.

Table 1
The deﬁned types of failures for the case study site, the exceedance (failure) criteria, the distance from the landslide at which failure is deﬁned. The scenarios and associated time periods,
and the mathematical expression of the deﬁned failures.
Type of failure

Failure criteria (fc)

Distance Scenario

Time

No. Description

Pb

Hg

[m]

A/B

t

cAq. fresh w, Pb
= 1 μg/l

cAq. fresh w, Hg
= 0.026 μg/l

0

A: dredging
after 2
weeks
B: no
dredging

t1 = 2 c0 N cAq. fresh w,
w.
t=1

Exceeding the toxicity concentration levels for ﬁsh and other living organisms in fresh
water (cAq. fresh w) for Pb or Hg in the river water just downstream of the runout deposit
during time period t.

I.

Exceeding toxicity concentration levels for ﬁsh and other living organisms in marine
water (cAq. marine w) for Pb or Hg in the water at the point where the river enters the
estuarya during time period t.

II.

III.

a
b

Exceeding 1%, 10% or 50% of the total annual background load (Wbg) of Pb or Hg to the
estuarya during time period t.

cAq. marine
= 8.1
μg/l
w,Pb

Wbg, Pb =
9000 kg/yr
1%Wbg,Pb =
90 kg/yr
10%Wbg,Pb
= 900
kg/yr
50%Wbg,Pb
= 4500
kg/yr

The estuary is deﬁned as the river mouth at the Bridge Älvsborgsbron.
For the time period of 2 years, the total annual background load is deﬁned as 2 × the annual background load.

cAq. marine w,Hg 18,000
= 0.016 μg/l

Wbg, Hg = 27
kg/yr
1%Wbg,Hg =
0.27 kg/yr
10%Wbg,Hg =
2.7 kg/yr
50%Wbg,Hg =
13.5 kg/yr

N18,000

A: dredging
after 2
weeks
B: no
dredging

A: dredging
after 2
weeks

B: no
dredging

Mathematical
expression

c0 N cAq. fresh w,
t2 =
0.5
t=2, 3, 4
yrs.
t3 = 1
year
t4 = 2
yrs.
t1 = 2 c0 N cAq. marine
w.
w, t=1
c0 N cAq. marine
t2 =
0.5
w, t=2, 3, 4
yrs.
t3 = 1
year
t4 = 2
yrs.
t1 = 2 Wt=1 N 1%Wbg
w.
Wt=1 N 10%
Wbg
Wt=1 N 50%
Wbg

t2 =
0.5
yrs.
t3 = 1
year
t4 = 2
yrs.b

Wt=2, 3, 4 N 1%
Wbg
Wt=2, 3, 4 N
10%Wbg
Wt=2, 3, 4 N
50%Wbg
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2.3.3. Landslide probability
Calculation of landslide probability (PL) was previously done by
Göransson et al. (2014) showing a probability for the site of 0.3% for a
50-year time period, considering changes in geometry due to ongoing
river bank and bed erosion.
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and the erodibility coefﬁcient (+0.5) since both these variables are depending on the material characteristics of the runout deposit.
3. Theory
3.1. Material transport from a landslide runout deposit

2.3.4. Probability of contaminant release
The input variables in the model described in Section 3.1 are either
assumed to be ﬁxed values or represented by an uncertainty distribution (Table 2). Fixed parameters are the shape of the landslide runout
deposit as well as the water depth of the river. The distance to the estuary and the compliance levels are also deﬁned as constant values. There
are ﬁve variables considered to be uncertain: the river ﬂow rate, the
mean concentration (of Pb and Hg, respectively) in the landslide deposit, the erodibility coefﬁcient, the settling velocity, and the drag coefﬁcient. In addition, a correlation is deﬁned between the settling velocity

The transport of material from the runout deposit is divided into two
parts (Fig. 4): (1) the erosion of material from the deposit (I: near ﬁeld),
and (2) the downstream transport and spreading in the river (II: far
ﬁeld). For the former part, two different descriptions were initially
employed depending on the dominant transport mechanism; both are
based on the sediment continuity equation, but the transport equations
used are either for cohesive transport (Sanford and Maa, 2001) or for
bed-load transport (Meyer-Peter and Mueller, 1948). In the far ﬁeld,
the Advection-Dispersion Equation (ADE) was ﬁrst employed in the

Table 2
Input variables and chosen probability distributions for the uncertain input variables.
Input variable

Unit

Distribution Most
Min/0.5/0.1 Max/0.95/0.99 Stdv
likely/mean

Deterministic input parameters
Deposit width
B
m
(cross river)
L
m
Deposit length
(cross river)
Deposit thickness
m
Water depth,
h0
average
hI
m
Initial water
depth over the
deposit
mg/l
Pb guideline
Cfc,Pb
value, near ﬁeld
mg/l
Pb guideline
Cfc,Pb
value, far ﬁeld
mg/l
Hg guideline
Cfc,Hg
value, near ﬁeld
mg/l
Hg guideline
Cfc,Hg
value, far ﬁeld
XR
m
Distance from
runout deposit
to the river
mouth
kg/m3
Density water
ρw
Uncertain input variables
Csoil,Pb
Mean
concentration
in runout
deposit (Pb)
Csoil,Hg
Mean
concentration
in runout
deposit (Hg)
Density landslide ρs
runout deposit
Mean river ﬂow
Q
Settling velocity
w

Erodibility
coefﬁcient
Drag coefﬁcient

KT
CD

Loc

Comments

1300
300
h0–hI

2
5
3

0.001

CCME, 2016

0.0081

CCME, 2016

0.000026

CCME, 2016

0.000016

CCME, 2016

18,000

1000

mg/kg
ds

Lognormal

6580

17,710

771 The uncertainty around the mean is assumed lognormal
distributed. The location is set to 771 (median of the sample), and
the 95% to a calculated UCLM95, in Göransson et al. (2014).

mg/kg
ds

Lognormal

39.21

105.28

4

kg/m3

Triangular

1800

1700

1900

m3/s
m/s

Lognormal
Lognormal

161.2
0.001

98.63
0.0002

255.13
0.002

kg/m2
s
–

Lognormal

0.0000266

1.00E-06

1.00E-04

Normal

0.00900

0.00600

0.01200

Chosen points of observation
Time/duration (t) t0
s
t1
s
t2
s
t3
s
t4
s
–
Eroded portion of V1
–
the deposit left V2
^
V3
–
(Vv)

0
120,960
15,768,000
31,536,000
63,072,000
0.75
0.5
0.05

See above.

In Göransson et al. (2014)
28.57

Based on daily average
Assumed to be mainly clay (0.0006 mm is the particle size limit
between clay and ﬁne clay, 0.002 = ﬁne silt). Contaminants are
mainly bound to very ﬁne particles.
A value of 2.60*10^-5 (kg/m2 s) was used in a previous study on
Göta Älv River, river section Bohus-Göteborg.
Can vary a lot. We have used 6 ∗ 10−3 and 1.2 ∗ 10−2.
0
2 week
0.5 years
1 year
2 years
0.5 m of 2 m thickness eroded
1 m of 2 m thickness eroded
1.9 m of 2 m thickness eroded
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Fig. 4. Deﬁnition sketch for contaminant transport from a runout deposit in connection with a landslide to a river including the near (I) and far ﬁeld (II). Explanations of the variables are
given in the text.

modeling, including advection, dispersion, and sedimentation. After further investigation of the dominant processes and relevant time scales, a
schematized approach was instead taken to describe the far ﬁeld, where
the downstream river stretch responds relatively quickly to the sediment release from the deposit. Such a schematization implies that the
complete ADE in most cases is not needed, but only sedimentation
should be included. For the near ﬁeld, we decided to proceed with the
cohesive transport formula, and the Meyer-Peter and Mueller formula
was not used since it is applicable for coarser material moving along
the bed, which is not of interest in the present investigation.
The runout deposit is assumed to have a rectangular shape with
length (L) along the river, spanning the entire width (B). Since the
water depth over the deposit (hI and h, where hI is the initial water
depth and h is the water depth after a certain time of erosion) is smaller
than the depth along the unaffected river (h0), the velocity will be larger
over the deposit, implying a greater capacity for sediment transport.
It is important to note that the model is not employed in cases where
the landslide is large enough to dam the river (i.e., most of the crosssectional areas is blocked), implying that hI attains a small value. Such
an event may involve other mechanisms that are not included here,
for example complex ﬂow conditions and dam burst effects.
Below is the summary of the equations used to calculate the release
of pollutants from a runout deposit created by a landslide into a river, focusing on the impact over longer time periods for the two scenarios described above. The details of the derivation of the governing equations
are provided in the Appendix together with the main assumptions underlying these equations. The concentrations and other calculated properties related to the transport of material from the deposit are based on
the mass of sediment released from the deposit. Thus, the assumption is
made that speciﬁc pollutants (here, metals) are closely connected to
this sediment mass in the water body.
In the near ﬁeld, a sediment volume conservation equation for the
deposit, combined with a sediment transport equation for cohesive material following Sanford and Maa (2001), yield the following evolution
equation for the deposit:
!
dh
ρ
U2
¼ C D K T U 2o
−1
dt
ρs
U 2o

ð2Þ

where h is the water depth over the deposit, t time, CD a drag coefﬁcient,
KT a sediment transport coefﬁcient, ρ and ρs density of water and sediment, respectively, and U and Uo the mean water velocity over the deposit and the undisturbed river bed, respectively (see Fig. 4).
Introducing the continuity equation for water ﬂow (U = Uoho/h),
Eq. (2) may be written:
!
2
dh
ρ
h
¼ C D K T U 2o o2 −1
dt
ρs
h

ð3Þ

This differential equation can be solved analytically with the initial
conditions that h = hI when t = 0, and the solution is obtained in

implicit form as:
ho arctanh

!
ho ðh−hI Þ
2

ho −hhI

−h þ hI ¼ K T C D

ρ 2
U t
ρs o

ð4Þ

In the initial phase of deposit erosion, Eq. (4) may be simpliﬁed by
using a Taylor series expansion to,
1
h ¼ ðhI −λU o t Þ þ
2

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
ðhI −λU o t Þ
λU o tho
þ
4
hI

ð5Þ

where the coefﬁcient λ was introduced for convenience, deﬁned as:
λ ¼ KT CD

ρ
Uo
ρs

ð6Þ

_ ¼ ρs
The mass transport from the deposit may be expressed as m
2
_
BLU o ððho =hÞ −1Þ, where m ¼ dm=dt. Immediately downstream the deposit the concentration in the river is obtained as the mass transport
_
from the deposit divided by the ﬂow rate (co ¼ m=ðBh
o U o Þ, yielding co
= ρsLλ((ho/h)2 − 1)/ho. Thus, the maximum concentration in the near
ﬁeld will always occur at t = 0 for which h = hI, yielding cmax =
ρsLλ((ho/hI)2 − 1)/ho.
The duration when the concentration in the near ﬁeld exceeds a certain level cL may be calculated from,
1
tL ¼
λU o

ho arctanh

!
ho ðhL −hI Þ
2

ho −hL hI

!
−hL þ hI

ð7Þ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where hL ¼ ho = 1 þ ðcL ho Þ=ðλρs LÞ and cL ≤ cmax. The time it takes to
erode a certain portion of the deposit may be estimated from,
1
tV ¼
λU o

ho arctanh

!
ho ðhV −hI Þ
2

ho −hV hI

!
−hV þ hI

ð8Þ

where hV = ho − κ(ho − hI) and κ is an input parameter denoting the
ratio of the deposit remaining (0 ≤ κ ≤ 1); conversely, κ = (ho − hV)/
(ho − hI). The eroded deposit volume at time tV is given by ΔV = (hV
− hI)BL, which also can be expressed as ΔV = (1 − κ)V, where V is
the initial deposit volume given by V = (ho − hI)BL. In order to calculate
the eroded volume, the depth at the speciﬁc time must be determined
either by Eq. (5) or (4). The former one is approximate, but explicit
and does not require a numerical approach.
In the far ﬁeld, if it is assumed that the river system responds quickly
to the mass released from the deposit in relation to changes in the release rate, at least over the river stretch that extends from the deposit
to where the material eventually settles (e.g., estuary), the concentration in the river stretch will be identical to the concentration at the deposit (no sediment settling). Sediment deposition on the river bed may
be included by formulating a sediment balance equation according to,
dc
w
¼−
c
dx
U o ho

ð9Þ
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ﬁsh and other living organisms in fresh water up to at least two years
after the event, if no dredging takes place.

where w is the fall speed. This equation has the solution:


w x
c ¼ co exp −
U o ho

ð10Þ

Assuming that the distance from the deposit to the estuary is xR, the
concentration at the inﬂow point to the estuary (cE) is,


w xR
cE ¼ co exp −
U o ho

ð11Þ

For w = 0, cE = co, and the concentration at the inﬂow to the estuary
is the same as the concentration at the deposit.
Neglecting sediment settling, the equations valid in the near ﬁeld
may also be employed to calculate the concentration at the downstream
end of the river stretch, where the river water is discharged into the estuary. This yields a conservative estimate of the sediment transport to
the estuary, since all sediment that is released from the deposit will settle in the estuary and no material ends up in the river stretch. If sedimentation is included, Eq. (11) should be employed instead. The
maximum value will always occur for t = 0, as before.
The volume (or mass) of sediment that ends up in the estuary after a
certain time corresponds to the erosion of the deposit, possibly
corrected for the settling that occurs along the river stretch downstream
of the deposit. The eroded volume (ΔVE; what will end up in the estuary) may be calculated from:


w xR
ΔV E ¼ ð1−κÞðho −hI ÞBL exp −
U o ho
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ð12Þ

To calculate the duration a certain concentration is exceeded at the
inﬂow point to the estuary, given by x = xR, the equations for the near
ﬁeld may be employed when w = 0. If w N 0, then a correction must
be made for the sedimentation using Eq. (11) to determine the concentration at the deposit (cLE) that would generate cL at the estuary according to cLE = cL exp ((wxR)/(Uoho)). The concentration from this equation
is then used in Eq. (7), making sure that cLE ≤ cmax. If cLE N cmax, then cE b
cL and the duration is zero.
4. Results
4.1. Estimated probabilities of failure
Table 3 summarizes the probabilities derived from the Monte Carlo
simulations and the resulting probabilities of failure for scenarios A
and B.

4.3. Failure type II: exceeding critical concentration in the estuary
If a landslide occurs, the probability that the Pb concentration in the
far ﬁeld (the estuary) will reach aquatic toxicity levels for ﬁsh and other
living organisms in marine water and stay at least at that concentration
during two weeks is 0.10%. The probability is 0.01% for the concentration to stay at or above the critical value during two years. For Hg, the
corresponding probabilities are 0.65% and 0.2%, respectively.
At any given time, the probability that the Pb concentration will
reach the critical level for a duration of two weeks is 0.0003% and
0.00003% for a duration of two years. For Hg, the corresponding probabilities are 0.002% and 0.001%, respectively.
Sedimentation of contaminated suspended matter in the river successively decreases the concentration downstream. If a landslide occurs
and the contaminated landslide runout deposit remains untreated,
there is a small probability that the concentration of Pb and Hg will
stay above the aquatic toxicity levels for ﬁsh and other living organisms
in the marine water in the estuary situated 18 km downstream of the
potential landslide. The shorter the distance to the estuary, however,
the higher the probability that critical concentration levels will be
reached.
4.4. Failure type III: contaminant load to the estuary
The release of contaminants from the landslide runout deposit was
also compared to the annual background load at the river mouth. In
case of a landslide, the probability is 4.8% to reach 1% of the annual
load to the estuary for Pb, and 8.2% for Hg. After 0.5 years, the probability
to reach a contribution corresponding to 1% of the annual background
load increases to 21% for Pb, and to 26% for Hg. After 2 years, the probability increases to 25.9% for Pb and 31% for Hg. Now, if the contribution
from the contaminated landslide runout deposit is instead compared to
50% of the annual background load, the probability is below 5% for both
Pb and Hg, compared with 10% of the annual background load to the estuary which gives probabilities up to and above 10%, if the landslide deposit is left in the river.
At any given time, the probability that the runout deposit releases Pb
and Hg that corresponds to 1% of the annual background load two
weeks after the event is 0.01% (Pb) and 0.02% (Hg). Two years after
the event, the probability that the runout deposit releases contaminants
corresponding to 1% of the background load is 0.08% for Pb and 0.09% for
Hg.
4.5. Sensitivity analysis

4.2. Failure type I: exceeding critical concentration just downstream the
runout deposit
If a landslide occurs, the probability that the Pb concentration in the
near ﬁeld (adjacent to the landslide runout deposit) will reach the critical concentration for aquatic toxicity for fresh water and stay above the
critical concentration at least during two weeks and up to two years is
93%. The probability of failure at any given time is 0.28%.
If a landslide occurs, the probability that the Hg concentration in the
near ﬁeld will stay above the critical concentration for aquatic toxicity
for fresh water during two weeks is 72%, and 65% that it will stay
above the critical concentration during two years, i.e., somewhat
lower. The probability of failure at any given time to reach the critical
concentrations for Hg for a duration of two weeks is 0.22%, and decreases to 0.20% for a duration of two years.
Thus, given a landslide, and if the contaminated landslide runout deposit remains untreated, there is a very high probability that the Pb and
Hg concentration, respectively, will stay above aquatic toxicity levels for

In a case study application, the sensitivity of each of the uncertain
input variables (i.e., assumptions) is of particular interest. Table 4
shows the rank correlation coefﬁcients as calculated by Crystal Ball for
the simulation of different output variables (forecast). The rank correlation coefﬁcient is a measure that includes both how much the uncertainty of an input variable (assumption) affects the uncertainty of the
output variable (forecast) and the relationship between input and output in the model.
Looking at the forecast associated with failure for scenario I, i.e., the
duration for the concentration to be above the guideline value near the
runout deposit (tL; x = 0), the mean concentration of Pb (or Hg) is the
(uncertain) variable with the most inﬂuence on the output (0.67). The
second most inﬂuential variables are the erodibility coefﬁcient
(−0.23) and the mean river ﬂow (−0.21). This indicates that a higher
mean concentration of lead in the runout deposit will give a longer duration with concentrations above the critical level, whereas higher erodibility coefﬁcients and a higher mean river ﬂow will give a shorter
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Table 3
Summary of the main results. The table shows the conditional probabilities of exceeding deﬁned criteria derived from the Monte Carlo simulations and the resulting probabilities of failure
(Pf). The vertical bar denotes conditional probabilities. For example, the expression “PfI, A | L” means the probability of failure of type I, Scenario A, given that a landslide has occurred (or
conditioned on that a landslide has occurred), P = Probability, f = failure, L = Landslide, c0 = concentration of the contaminant of interest, t = time, E = estuary, W = load. Bold ﬁgures
denote the probabilities of failure given a landslide. The resulting probabilities are given with a maximum of two signiﬁcant ﬁgures because of small variations in results from different
Monte-Carlo runs.
Type of failure

I. Exceeding critical concentration just downstream the runout deposit during time
period X.

Scenario

A

Time

2
weeks
0.5 yrs

B

1 year
2 yrs
II. Exceeding critical concentration n in the estuary during time period X.

III. Exceeding 1%, 10% or 50% of the total annual load

Pf.IA│L
Pf.IA
Pf.IB. t=2│L
Pf.IB. t=2
Pf.IB. t=3│L
Pf.IB. t=3
Pf.IB. t=4│L
Pf.IB. t=4
Pf.IIA│L
Pf.IIA

A

2
weeks

B

0.5 yrs

Pf.IIB. t=2│L
Pf.IIB. t=2

1 yr

Pf.IIB. t=3│L
Pf.IIB. t=3

2 yrs

Pf.IIB. t=4│L
Pf.IIB. t=4

2
weeks
2
weeks
2
weeks
0.5 yrs

Pf.IIIA. 1%│L
Pf.IIIA. 1%
Pf.IIIA. 10%│L
Pf.IIIA. 10%
Pf.IIIA. 50%│L
Pf.IIIA. 50%
Pf.IIIB. 1%. t=2│L
Pf.IIIB. 1%. t=2
Pf.IIIB. 10%.
t=2│L
Pf.IIIB. 10%. t=2
Pf.IIIB. 50%.
t=2│L
Pf.IIIB. 50%. t=2
Pf.IIIB. 1%. t=3│L
Pf.IIIB. 1%. t=3
Pf.IIIB. 10%.
t=3│L
Pf.IIIB. 10%. t=3
Pf.IIIB. 50%.
t=3│L
Pf.IIIB. 50%. t=3
Pf.IIIB. 1%. t=4│L
Pf.IIIB. 1%. t=4
Pf.IIIB. 10%.
t=4│L
Pf.IIIB. 10%. t=4
Pf.IIIB. 50%.
t=4│L
Pf.IIIB. 50%. t=4

A 1%Wbg
A 10%
Wbg
A 50%
Wbg
B 1%Wbg

duration, but with somewhat less impact (i.e., the rank correlation coefﬁcients are lower).
For the forecast associated with failure for scenario II, i.e., the duration for the concentration to be above the guideline value in the estuary
(tL, E; x = 18,000), none of the uncertain input variables have a large impact. This is because only a few of the runs in the simulations for the
given setup result in a time duration above 0 s. In order for the uncertain
input variables to have an impact, the setup needs to be different,
e.g., the concentration in the runout deposit needs to be much higher,
or the guideline value for the estuary needs to be much lower, combined
with a low erodibility coefﬁcient and a low mean river ﬂow.
For the forecast associated with failure for scenario III, i.e., the mass
deposited in the estuary (M, ΔVE) after t = 1 (i.e., 2 weeks), it appears
to be most inﬂuenced by the settling velocity (−0.90), followed by
the mean river ﬂow (0.31) and the erodibility coefﬁcient (−0.27).

Mathematical expression

B 10%
Wbg

0.5 yrs

B 50%
Wbg

0.5 yrs

B 1%Wbg

1 yr

B 10%
Wbg

1 yr

B 50%
Wbg

1 yr

B 1%Wbg

2 yrs

B 10%
Wbg

2 yrs

B 50%
Wbg

2 yrs

Probabilities
Pb

Hg

P[c0 N cAq. fresh w. t=1]
P[c0 N cAq. fresh w. t=1] × PL
P[c0 N cAq. fresh w. t=2]
P[c0 N cAq. fresh w. t=2] × PL
P[c0 N cAq. fresh w. t=3]
P[c0 N cAq. fresh w. t=3] × PL
P[c0 N cAq. fresh w. t=4]
P[c0 N cAq. fresh w. t=4] × PL
P[c0 N cAq. marine w. t=1]
P[c0 N cAq. marine w. t=1]
× PL
P[c0 N cAq. marine w. t=2]
P[c0 N cAq. marine w. t=2]
× PL
P[c0 N cAq. marine w. t=3]
P[c0 N cAq. marine w. t=3]
× PL
P[c0 N cAq. marine w. t=4]
P[c0 N cAq. marine w. t=4]
× PL
P[Wt=1 N 1%Wbg]
P[Wt=1 N 1%Wbg] × PL
P[Wt=1 N 10%Wbg]
P[Wt=1 N 10%Wbg] × PL
P[Wt=1 N 50%Wbg]
P[Wt=1 N 50%Wbg] × PL
P[Wt=2 N 1%Wbg]
P[Wt=2 N 1%Wbg] × PL
P[Wt=2 N 10%Wbg]

94%
0.28%
94%
0.28%
93%
0.28%
93%
0.28%
0.10%
0.0003%

72%
0.22%
71%
0.21%
70%
0.21%
65%
0.20%
0.65%
0.002%

0.06%
0.0002%

0.44%
0.001%

0.03%
0.0001%

0.33%
0.001%

4.8%
0.01%
0.39%
0.001%
0.02%
0.00%
21%
0.06%
5.7%

8.2%
0.02%
0.93%
0.003%
0.07%
0.000%
26%
0.08%
9.3%

P[Wt=2 N 10%Wbg] × PL
P[Wt=2 N 50%Wbg]

0.02%
1.1%

0.03%
2.4%

P[Wt=2 N 50%Wbg] × PL
P[Wt=3 N 1%Wbg]
P[Wt=3 N 1%Wbg] × PL
P[Wt=3 N 10%Wbg]

0.003%
27%
0.08%
9.1%

0.01%
32%
0.09%
14%

P[Wt=3 N 10%Wbg] × PL
P[Wt=3 N 50%Wbg]

0.03%
2.4%

0.04%
4.5%

P[Wt=3 N 50%Wbg] × PL
P[Wt=4 N 1%Wbg]
P[Wt=4 N 1%Wbg] × PL
P[Wt=4 N 10%Wbg]

0.01%
26%
0.08%
8.6%

0.01%
31%
0.09%
13%

P[Wt=4 N 10%Wbg] × PL
P[Wt=4 N 50%Wbg]

0.03%
2.1%

0.04%
4.1%

P[Wt=4 N 50%Wbg] × PL

0.01%

0.01%

0.01%
0.20%
0.00003% 0.001%

Thus, a higher settling velocity and a higher erodibility coefﬁcient will
produce less mass deposited in the estuary, whereas a higher mean
river ﬂow (i.e., higher shear stress) will produce a larger mass deposited
in the estuary. The same is valid for Scenario B (i.e., t = 2, 3 and 4).
For the general methodology, it is also of interest to look at the full
parameter sensitivity, i.e., to consider the parameters which are not
treated as uncertain variables in the case study application. Burgman
(2005) suggests the following formula for calculating a sensitivity
index, S:
S¼

Δy=y1 ðy2 −y1 Þ=y1
¼
Δx=x1 ðx2 −x1 Þ=x1

ð13Þ

where y is the output variable of interest and x the input variable one
wishes to investigate the impact of. A value of S close to 0 means that
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Table 4
Rank correlation coefﬁcients generated in Crystal Ball. A positive coefﬁcient indicates a direct relationship between the input variable (assumption) and the output variable (forecast), whereas a negative sensitivity indicates an inverse relationship. The highest
sensitivity is associated with those rank correlation coefﬁcients that are close to ±1. The
highest coefﬁcients are marked with bold numbers, and coefﬁcients lower than ±0.1
are marked with gray numbers.

Type of
failure:

tL

–

0

I, A & B

0.08

-0.03

tL, E

–

18 000

II, A & B

0.00

0.01
0.04

s

CD

Settling velocity

Distance
(x)

Mean river flow

Time (t)

Mean
concentration
(Pb)

Forecast

Erodibility
coefficient

Drag coefficient

Density of
runout deposit

Assumption

K

Csoil,Pb

Q

w

0.23

0.67

0.21

0.03

0.05

0.03

0.27

0.12

0.31

M, VE

1

18 000

III, A

0.0
1

M, VE

2

18 000

III, B

0.00

0.04

0.28

0.12

0.31

M, VE

3

18 000

III, B

0.00

0.04

0.29

0.12

0.30

M, VE

4

18 000

III, B

0.00

0.04

0.30

0.12

0.30

0.1
0
0.0
5
0.9
0
0.9
1
0.9
1
0.9
1

there is no sensitivity, S = 1 means that the relationship is proportional,
and S N 1 means that the output is sensitive to that input variable. Positive and negative signs show whether the relationship is direct or
inverse.
All input variables in the model are varied individually with all other
variables kept constant. Here, the variables are varied +50% and −50%
from their original value, i.e., the most likely or mean value, or the ﬁxed
value depending on the type of variable. Table 5 shows the results of calculating the sensitivity index (S) for the output variables characterizing
the three types of failure (I, II, and III) for time t = 1, i.e., 2 weeks: tL, tL, E
and M, ΔVE.
When all input variables are considered in the sensitivity analysis,
the most important parameters are the mean river ﬂow, the water
depth, and the deposit width with regard to tL, i.e., the duration of a concentration to be above a critical value at x = 0. All these parameters are
related to the river water velocity, which will have an inﬂuence on
whether the duration is longer or shorter. Thus, a landslide in a slow
ﬂowing river will cause the concentrations to stay high for a long time.
Table 5
Calculated sensitivity index S for the output variables (y) for all input variables (x). All calculations for t = 2 weeks. The input variables (x) are varied +50% (+) and −50% (−)
from their original value. Shaded boxes refer to combinations of variables for which the
equations are not valid (when hI b h0 × 0.5). The notation n.r. refers to where the output
variable is equal to 0 for the given combinations of input variables. Indices above 1 are
marked with bold numbers.
Output variables, y
Duration at
runout deposit
tL
Symbol

+

Settling velocity

w

Erodibility coefficient

KT

Drag coefficient

CD

Csoil, Pb

0.00
0.45
0.45
1.00
0.97
0.32

XR

0.00

0.00

h0

2.08
0.12
1.80
0.32
0.31
0.00

1.59
0.34
1.36
0.52
0.55
0.00

Input variables, x

Density, runout deposit

rs

Mean river flow

Q

Mean concentration (Pb)
Distance from the deposit to
the estuary
Water depth, mean
Deposit thickness

tD

Deposit width (cross the river)
Deposit length (along the river)

B
L

Pb guideline value, near field

cgv, Pb, near field

Pb guideline value, far field

cgv, Pb, far field

Duration in
estuary
tL, E

+
0.00
0.95
0.95
1.00
3.90
0.52

Mass deposition
in estuary
M, VE

+

n.r.
n.r.
n.r.
n.r.
n.r.
n.r.

2.00
0.99
0.99
0.01
559
1.00

2837
0.99
0.99
0.02
2.00
1.00

n.r.

n.r.

2.00

2837

n.r.
n.r.
n.r.
n.r.
n.r.
n.r.

n.r.
n.r.
n.r.
n.r.
n.r.
n.r.

1.57
3.77
2.00
1.00
0.00
0.00

49.8
1.36
5512
1.00
0.00
0.00

n.r.
n.r.
n.r.
n.r.
n.r.
n.r.
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Again, for the duration of the concentration to be above the guideline
value in the estuary (tL, E), none of the input variables have a large impact. None of the combinations of input variables can produce a concentration at the estuary above the guideline value, and the time is thus 0
for all combinations – the sensitivity is also zero for all variables. However, if the landslide area is very close to the estuary, it is possible that
such a situation could produce concentrations in the estuary above
some critical level.
The mass deposited in the estuary after 2 weeks (M, ΔVE) is inﬂuenced most by the settling velocity, the mean river ﬂow, the distance
to the estuary, the water depth, and the deposit length. These parameters all have to do with the amount of material that can settle before
the estuary. So, a landslide with material having a low settling velocity
(i.e., ﬁne material) combined with a high ﬂow velocity (high shear
stress), will increase the possibility for a large deposit of contaminated
mass in the estuary.
5. Discussion
5.1. Case study
The probability that the contaminated area will slide into the Göta
Älv River was calculated to be 0.3% for a 50-year time period, taking
into account changes in slope geometry due to river bank and bed erosion. A probability of 0.3% (3 × 10−3) may seem quite low, but it markedly exceeds the safety target of 10−6 for hydrologic events from the
American Nuclear Society (1981), as well as the value of 10−4 in the
risk guideline chart for dam failure by the U.S. Department of the
Interior (2011). The Swedish Environmental Protection Agency
(Naturvårdsverket) has determined an acceptable risk level in relation
to contaminated soil that no N1 person in a population of 100,000
(i.e., 10−5) should suffer from cancer during their lifetime because of exposure to contaminants (Naturvårdsverket, 2009).
A landslide probability of 0.3% means that the probability for the deﬁned failures can at most be equal to (if the probability of all other
events is equal to 1) or lower than 0.3%. However, in case of a landslide,
it is highly likely for Pb (N90%) and Hg (N60%) that a contaminated landslide runout deposit will cause water concentrations adjacent to the
landslide deposit to stay above the water quality guidelines for at least
two years, if the landslide deposit is not removed.
The probability that the contaminant contribution from the landslide runout deposit will signiﬁcantly contribute to the yearly load cannot be neglected. However, depending on the choice of EQS, the
probability to exceed a portion of the annual background load varies.
The probability that a landslide event at the case study site will contribute to an additional contaminant load to the estuary that corresponds to
1% of the annual background load of Hg is 8% (5% for Pb), even if the
landslide deposit is removed after 2 weeks.
The calculations indicate that it will take several years for the contaminated landslide runout deposit to be eroded. Erosion of the deposit
is greater in the beginning when the water ﬂow generates high velocities over the deposit, leading to high shear stresses. The more the deposit is eroded the more the velocity decreases and the erosion
process slows down. The runout deposit will therefore act as a continuous load until all the contaminated deposit is eroded, and the contaminants have been transported from the deposit to the river and the river
mouth. In practice, it means that the contaminants move from a concentrated environment to a diluted environment. The calculations indicate
a probability of 47% that it will take N4 years to erode 0.5 m of the runout
deposit, and a probability of 50% that it will take N11 years to erode 1 m
of the deposit, and even longer for almost all of the deposit to be eroded
(approximately 66 years). Although the present description is a simpliﬁcation of the governing processes, the results suggest that contaminants will be long-lived and available for transportation and exposure
to organisms for a long time, if no dredging or other remedial measures
are done.
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The sensitivity analysis does not give very surprising results; what
ends up in the estuary depends mainly on the amount of material that
can settle in the river before reaching the estuary, and the duration of
any critical concentrations depends on how much contaminants there
is in the runout deposit. To reduce the uncertainty in the estimation of
the risk, better data on the lead and mercury concentrations in the
soil, as well as better data on the settling velocity and the erodibility coefﬁcient, have the highest potential to reduce the uncertainty.
It should be mentioned that the case study site has now undergone a
cleanup. The site was one of the most prioritized due to the environmental risk and the landslide risk, combined with the risk for reduced
reliability regarding the water supply to the municipal residents.

which are two critical variables, especially for the calculation of the concentration just downstream the landslide runout deposit. Correlation
between parameters is only partly treated in our study, and the assumed correlation is uncertain and assumed to be related to the speciﬁc
material considered in the landslide deposit.
In this study, we have only investigated potential impact on the
water quality from contaminated landslide runout deposits. We have
not considered other environmental effects such as ﬂooding of contaminated land from landslide-generated waves, or the erosion of contaminated sediments and bank material that such waves could generate,
as well as the damming effects and associated possible dam bursts.
These scenarios may very well be necessary to take into account for
large landslides.

5.2. Method for estimating long-term ecological risks
6. Conclusions
The suggested method presented herein is a probabilistic method to
estimate the long-term risks to aquatic organisms from contaminated
landslide runouts in rivers. For a full risk assessment, a proper description of the consequences to organisms from particle-bound contaminants should be included. With regard to the effects on organisms, it
may well be that the particles themselves, regardless of contamination
content, also act as stressors and the combination of particles and contamination should thus be considered in the analysis. It is a limitation
that the present method only estimates the potential for a risk, and
the method should thus be considered a proxy-method. Nevertheless,
the method does provide insights into potential long-term ecological
risks from landslides bringing contaminated soil or waste into surface
waters.
The equations employed describing the landslide deposit, as well as
the processes controlling the subsequent erosion of the deposit and the
transport downstream of the eroded material, involve signiﬁcant schematizations. However, the basic physical mechanisms for mobilization
and transport of material is included implying that the model should
capture the overall behavior of the transport of material from the deposit after the landslide. Since the focus here was on the long-term behavior with a slow release of material from the deposit, the details of the
spatial and temporal variations in the river stretch downstream of the
deposit were not modeled in detail, but it was assumed that this stretch
responded uniformly with respect to the material release at the assumed time scale. By using the advection-dispersion equation the detailed spatial and temporal evolution in the downstream river stretch
can be modeled; however, then a numerical approach must be taken
that complicates the implementation of the present method, requiring
substantially more computational effort. Similarly, the geometry and
other properties of the deposit can be made more general or detailed,
as well as the modeling of the material release from the deposit, but
again a numerical approach is required. This is thus an alteration from
the previous study where an ADE was considered relevant for the instantaneous and short-term release, and where an analytical solution
could be found.
Overall, the sensitivity analysis including all input variables shows a
somewhat different result than the sensitivity data generated by Crystal
Ball (Section 4.5). However, for a given area at risk for landslides, several
of the input variables would be known, and thus for any speciﬁc case,
one should investigate which of the uncertain variables that are most
inﬂuential. The sensitivity analysis of the uncertain variables for the
case study shows that the settling velocity becomes an important variable to consider, followed by the contaminant concentration in the
runout deposit, the mean river ﬂow, and the erodibility coefﬁcient.
The erodibility coefﬁcient is one of the most difﬁcult variables to determine; it is not only site speciﬁc but can vary quite a lot within a small
area and within small depths. It is difﬁcult to measure the erodibility coefﬁcient, both in the ﬁeld and the laboratory, hence the parameter will
probably stay uncertain, although the range of uncertainty can be reduced. Tests can be performed to decrease the uncertainty regarding
the settling velocity as well as the mean concentration in the deposit,

The overall objective of this study was to develop a method to estimate the long-term risks for the aquatic life from the deposition of a
contaminated landslide runout in a river. Despite some simpliﬁcations,
the method provides indications on the potential long-term ecological
risks when a landslide brings contaminants into a river. The method
can be used as an addition to contaminated site risk assessment, landslide risk analysis, or be a part of an integrated water management
plan that considers several possible risks (cascading risks) for the
water body in a long-term perspective. If the method presented here
is combined with the previous developed method for the instantaneous
release of contaminants, the short-term perspective can be considered
as well.
The case study indicates that a contaminated landslide runout deposit will release contaminants that most likely will reach fresh water
toxicity levels in the near ﬁeld and for a long period of time (several
years), if dredging of the contaminated runout deposit is not carried
out. It may theoretically take N60 years for the whole landslide runout
deposit to erode without dredging. Long-term Pb and Hg concentrations
in the far ﬁeld estuary are not likely to reach marine water toxicity
levels. The probabilities of exceeding a 1%, 10% or 50% contribution to
the annual Pb and/or Hg load that enters the estuary are assumed to
be moderate to low, depending on how much additional contribution
to the annual load that is considered to be a problem in the estuary.
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Appendix A. Model of contaminant transport from a runout deposit
in a river
The runout deposit is assumed to have a rectangular shape with
length (L) along the river, spanning the entire width (B) (see Fig. 1).
Since the water depth over the deposit (h) is smaller than the depth
along the unaffected river (ho), the velocity will be larger over the deposit, implying a greater capacity for sediment transport. Applying the
continuity equation for water ﬂow from a point upstream to the deposit
yields (same volume ﬂux per unit width along the river),
U ¼ Uo

ho
h

ðA1Þ

where Uo is the mean velocity in river upstream the deposit where the
water depth is ho and U is the mean velocity over the deposit. The
cross section of the river is taken to be rectangular with constant
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properties. In a more detailed description of the ﬂow over the deposit,
the energy equation (or momentum equation) is needed together
with the continuity equation, since both h and U are unknown. Applying
only the continuity equation assumes that the water surface is horizontal, which is not correct since a dip in the water depth over deposit occurs (if the ﬂow is subcritical upstream the deposit). However, for the
model developed here, using Eq. (A1) to obtain U is satisfactory, although it is expected that the model will yield progressively poorer predictions as the water depths over the deposit becomes smaller. Also, the
spatial variation in the ﬂow conditions along the deposit is not taken
into account, but only a single representative velocity (U) is employed.
Initially, two different sediment transport formulas were employed,
one applicable for cohesive sediment and one for non-cohesive sediment, primarily bed load. In both cases the excess shear stress at the
bed, that is, the bed shear stress (τB) over a critical shear stress for sediment transport (τcr), determines the transport rate, but the relationships are different. The bed shear stress is calculated from,
τB ¼ C D ρU 2

ðA2Þ

where CD is a drag coefﬁcient determined by the ﬂow conditions and
roughness at the bed and ρ is the water density. In order to describe
the erosion of the runout deposit, a continuity equation is employed
where the volume change of the deposit is related to the sediment
transport from the deposit yielding,
L
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where Ucr is the velocity required for incipient sediment transport obpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
tained from U cr ¼ τcr =ρC D .
Assuming that the river in its original state is more or less in equilibrium with the ﬂow, the sediment transport would be small or negligible
and Uo would correspond to the critical velocity, that is, Ucr = Uo. Based
on this condition, Eq. (A8) can be developed to:
!
dh
ρ 2 U2
¼ CDK T Uo
−1
dt
ρs
U 2o

ðA9Þ

Introducing the continuity equation for water ﬂow (Eqs. (1), (9))
may be written:
!
2
dh
ρ 2 ho
¼ C D K T U o 2 −1
dt
ρs
h

ðA10Þ

This differential equation can be solved analytically with the initial
conditions that h = hI, when t = 0. The equation may be solved through
variable separation and the solution is obtained in implicit form with t
as a function of h according to,
ho arctanh

!
ho ðh−hI Þ
2

ho −hhI

−h þ hI ¼ λU o t

ðA11Þ

where a rate coefﬁcient (λ) appears deﬁned by:

dh
¼q
dt

ðA3Þ
λ ¼ KT CD

where q is the net sediment volume transport per unit width from the
deposit. The relationship between q and the mass transport per unit
_ is given by,
time (m)
_ ¼ ρs Bq
m

ðA4Þ

where ρs is the sediment density.
In the present study only the transport equation for cohesive material was used (Sanford and Maa, 2001),
E ¼ K T ðτB −τcr Þ

ρ
Uo
ρs

ðA12Þ

In the initial phase of deposit erosion, Eq. (A11) may be simpliﬁed by
using a Taylor series expansion of the arctanh-term yielding:
1
h ¼ ðhI −λU o t Þ þ
2

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
ðhI −λU o t Þ
λU o tho
þ
4
hI

ðA13Þ

As long as the term λtUo/ho is small, Eq. (A13) constitutes a good approximation to the exact solution given by Eq. (11).

ðA5Þ
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