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Abstract. Landslides of contaminated soil into surface water landslide partly involved an industrial area, and by apply-
represent an overlooked exposure pathway that has not beeng the analytical solution to estimate the transport of metals
addressed properly in existing risk analysis for landslide hazin the sediments, it was found that landslides may release a
ard, contaminated land, or river basin management. A landsignificant amount of pollutants if large contaminated areas
slide of contaminated soil into surface water implies an in-are involved. However, further studies are needed to develop
stantaneous exposure of the water to the soil, dramaticallymore detailed descriptions of the transport processes. There
changing the prerequisites for the mobilisation and transports also a need to increase the knowledge on possible environ-
of pollutants. In this study, an analytical approach is taken tomental consequences in the near and far field, in a short- and
simulate the transport of suspended matter released in coleng-time perspective. In summary, the release of pollutants
nection with landslides into rivers. Different analytical solu- should not be neglected in landslide risk assessments.

tions to the advection-dispersion equation (ADE) were tested
against the measured data from the shallow rotational, retro-

gressive landslide in clayey sediments that took place in 1993

on the Gta River, SW Sweden. The landslide encompassed  Introduction

three distinct events, namely an initial submerged slide, fol-

lowed by a main slide, and a retrogressive slide. These slided-1 Mass movement

generated three distinct and non-Gaussian peaks in the online

turbidity recordings at the freshwater intake downstream théViass movement of contaminated soil into surface water
slide area. To our knowledge, this registration of the impactencompasses both physical and chemical processes and is
on a river of the sediment release from a landslide is one o interdisciplinary research area. The stability of a slope
few of its kind in the world and unique for Sweden. Con- (e.g. hillside or riverbank) is governed by the balance be-
sidering the low frequency of such events, the data from thigween resisting and driving forces. When the driving forces
landslide are highly useful for evaluating how appropriate theeXxceed the resisting forces by cohesion and friction between
ADE is to describe the effects of landslides into surface wa-SOil particles, the soil starts to move (Lambe and Whit-
ter. The results yielded realistic predictions of the measurednan, 1979). As the contact between particles diminishes,
variation in suspended particle matter (SPM) concentration@nd as the moving soil mass becomes liquefied (a slurry),
after proper calibration. For the three individual slides it was Particles come into suspension and are no longer attached
estimated that a total of about 0.6 % of the total landslidet0 €ach other. The effective stresses between particles are
mass went into suspension and was transported downstrearfduced and the forces act through the fluid instead (Ter-
This release corresponds to about 1 to 2 % of the annual sus3tépanian, 2000). As the soil mass moves into a surface wa-

pended sediment transport for that river stretch. The studieder (a river, lake, or coastal area), it causes instantaneous hy-
draulic changes and generates surface gravity waves through
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the impulse induced by the soil mass impacting the water A study on Swedish mass movement events, mainly ro-
(Heller, 2008). tational and translational earth slides, earth falls, and de-
Mass movement causes physical disturbance, redistribubris falls, revealed that out of 42 studied events, contami-
tion of sediments, and an increase in suspended particle mattant mobilisation could be suspected in 15 of these events
ter (SPM), which affects both the physical environment and(,&kesson, 2010). In the same study, hydrodynamic obser-
the ecology. Anthropogenic substances that accumulate irations were made and it was found that surging (17 of
sediments are nutrients, heavy metals, and organic polluthese events), damming effects (29 events), and a vast in-
tants. The pollutants may occur dissolved, free or in com-crease in suspended matter (14 events) were common con-
plexes, or associated with the particulates either adsorbedequences. One of the documented slides is the Yara earth
or precipitated. From a risk perspective, the possible shiftsslide in 2007, which occurred within an industrial area (ear-
between different states and species have large implicalier producing and today distributing mineral fertilizers). The
tions. Such shifts towards dissolved species imply signifi-slide transported about 120G raf landfill material and par-
cant impact due to their higher bioavailability (Goossens andtially contaminated clays into &thdga bay near the city of

Zwolsman, 1996). Norrkdping, SE Sweden. As a result, a new bay was formed
_ at the site of failure, exposing contaminated mass estimated
1.2 Impact on water quality to contain hundreds of kilos of arsenic, lead, zinc, and copper

to the neighbouring surface waters. Other relevant landslides

Only a few studies have been reported on the effects on way, s\weden are the@ihgtble and Gta slides. The Angtble

ter quality from the mass movement. Some investigationsyjige took place in 1995 adjacent to the Indal River, Swe-
have discussed the pollution of rivers and lakes from peajyen and caused an instantaneous and more than six-fold in-
or bog flows and from bank erosion during flooding (Caruso, raase in sedimentation in the nearby lake Gavs$igns of
2001). In a study by McCahon et al. (1987), an effort was | 1ytion were noted and local supply and usage of freshwa-
made to back-calculate the impact on water quality from ag \yere restricted. The 19570 earth slide in Gta River,

peat slide that caused fish kill. It was demonstrated that theSW Sweden, displaced 300000 to 450 0G0ah land and
slide induced considerable change in water chemistry with,qved a pulp mill factory. In this accident three men died
large increases in the concentration of suspended solids a d several more were injured. The material damage was ex-

metals. The active and slow-moving landslide in the headyengjve and large amounts of plausibly contaminated scree
waters of Sumas River, near the US-Canada border, releasz?gy uncovered and exposed to both wind and water.

up to 90000 m of excess sediment each year, which is car- “rpere are several recent studies on the sediment delivery
ried downstream by Swift Creek (USEPA, 2011). These sedsqm |andslides, their contribution to the sediment flux, and

iments in the river contain naturally occurring asbestos (thing;osion of the displaced toe (see for example Mackey and

fibres from silicate minerals), caused by running water fromRoering 2011; Schwab et al., 2008; Bayer and Linneman
the Sumas Mountain that picks up asbestos-containing rock§01l; Ono et al., 2011). In general, sediment discharge can

and soil in the _Iandshde and carries them_ downstream. Wlt_rbe divided into stream channel sediment transport (bed load,
respect to sediment transport, the landslide that occurred '@uspended load, and wash load) and land surface transport
1990 in the Surma Khola Valley, the high mountain region (mass movement) (Mouri et al., 2011). These two transport
of the central Nepalese Himalaya, increased the suspendeghh\vays are associated with different time scales, where the
sediment concentration in the Surma Khola River by approX+ansport on a sloping land surface during a landslide is rapid
imately 50 times for a short period of time (Reis, 2000). It compared to that in a stream channel. Mouri et al. (2011)

took about three days for the sediment pulse to pass ong,,qelled such a system by combining a slope model with a

of their gauging statiops; howgver, the discharge decreasegycam channel model. The study byr@nsson et al. (2009)
much more slowly. During that time the calculated suspendedyjigeq the sediment transport from a landslide containing

sediment transport increased by three orders of magnitudg,sntaminated soil into an instantaneous release of sediment

1 1 ;
from 62gs~to 23kgs™, and it was calculated that the spe- fq1oed by a long-term release and presented a description
cific suspension delivery during these days reached twice thg 1o processes involved (Fig. 1).

annual delivery (Reis, 2000). In a thesis by Rhoades (2008),

mercury contamination from bank erosion was estimated f0r1_3 Mathematical modelling of suspended sediment
the South River, Virginia, USA. Leakage of mercury from
industrial activities in the past had contaminated riverbank
sediments. The concentration ranged from 5 to 140 ppm, angpe advection-dispersion equation (ADE) for the modelling
contaminated sediments were delivered to the river chann€lt (ansport and spatial distribution of suspended matter in
through bank erosion. It was estimated that a minimum of
161 000 n3 of sediment eroded from the bank each year, re-
leasing about 110 kg of Hg per year (Rhoades, 2008).

transport

rivers is a natural starting point. For a river, some distance
away from the release point, the suspended sediment is as-
sumed to be fully mixed and the concentration uniform over
any cross section. Spatially, the concentration only varies
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nitiating zone (head & flowing part)
« Cracking, movement
« Disturbed soil

Run-out zone (deposition)
« Potential for damming
« Stirred soil/sediment

2:nd Run-out zone (deposition of susp. material / erosion, flow, deposition)
« Potential for flooding
« Mixing of soil, sediment, water, contaminants

Important slide parameters: Important slide properties Important transportation Important Important sedimentation
- Surface gradient for wave generation: properties for contaminant: hydrodynamic properties:
- Undisturbed shear strength - Froude number - Advection properties: - Flow velocity
- Pore water pressure - Slide volume - Dispersion - Flow velocity - Fall velocity
- Slide thickness - Shear stresses - Concentration of
- Slope contaminated fraction
- Bottom roughness - Microstructure of
Important chem/phys - River morphology river bed and submerged
parameters for toxicity: flood plains
- Density
- Solubility

- Sorption capacity
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Fig. 1. Schematic description of the release of contaminants into surface water from a landslide (further developeitdrssod et al.,

2009). In landslide nomenclature, the zone where a mass movement is initiated is referred to as the “initiating zone”, and the zone where
deposition takes place is in general referred to as the “run-out zone”. The illustration describes how the event can be divided into three
zones, depending on processes, and what the governing process parameters are in each zone. After the event, the release and transpor
contaminants can be divided into an instantaneous release and a long-term release (dashed ovals).

along the river, and the sediment concentration follows a nor-cal reactions, such as sorption, dissolution/precipitation, and
mal distribution in space, at any given time, which propagatesdecay/production take place.
downstream with the mean velocity. The dispersion of the There are various storage processes that influence the
suspended sediment is mathematically described by Fick’sransport of fine particles and hence the spatial distribution
law, where the dispersion coefficient includes the combinedof particles, which have been reported in numerous studies
effects of molecular diffusion, turbulent mixing, and mixing (see for example Atkinson and Davis, 2000; Davis et al.,
due to transverse and vertical shear associated with cros2000; Davis and Atkinson, 2000; Chanson, 2004; Karwan
stream velocity differences (Singh and Beck, 2003). and Saiers, 2009; Singh and Beck, 2003; Deng et al., 2001,
However, results from field experiments and observations2002; Bender et al., 2011; van Mazijk and Veling, 2005;
in natural channels have shown that a suspended sedimeribeng and Jung, 2009). Nevertheless, the study by Karwan
colloid, or dissolved element pulse does not always form aand Saiers (2009) suggests that transient storage can often
normal distribution, but frequently skewed distributions with be neglected and that a model accounting for advection, dis-
sharp fronts and long tails occur (Jobson, 2001). This phepersion, and first-order kinetic deposition only may be suffi-
nomenon is commonly referred to as non-Fickian dispersiorcient to describe micrometer-sized particles. They also found
and may be a result of one or a combination of the fol- that the deposition rate increased with a decrease in flow and
lowing mechanisms: (i) complete hydrodynamic mixing is that the dispersion coefficient had positive correlation with
not fully reached at the point of observation, (ii) storage bythe logarithm of the stream velocity. Huang et al. (2008)
reversible or irreversible exchange with stagnant or slowlyworked with transient storage in wetlands and found large
moving water masses (“dead zones”), porous streambeds, hylifferences in advection, dispersion and filtration depend-
porheic zones, and viscous sublayers, and (iii) biogeochemiing on flow regime and aquatic vegetation composition.
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Karwan and Saiers (2009), Huang et al. (2008) and Pauin its kind, and no other registration of the variation in sus-
and Hall (2002) concluded that very fine particles can travelpended sediment concentration due to a landslide is known
long distances under high flows. Paul and Hall (2002) alsoto the authors. The recorded pulses show a skewed, non-
found that fine particle transport distances increased withGaussian form in time, with a steep and quick rising limb
stream size and suggested that the particle transport distandellowed by a slower falling limb and a long tail.
primarily can be determined by stream velocity and depth,
since they found no relationship between transient storage
and depositional velocity. 2
The ADE for suspended sediment transport generally USeS | Ghta River
deposition as the sink term (Karwan and Saiers, 2009; Huang"

et al., 2008). Thomas et al. (2001) found clear influence ofrho @ta River stretches from Lakeaviern to the outlet at
fall velocity on deposition velocity for particulate organic ¢, city of Gothenburg (Fig. 2a—b). The mean flow is about
matter and suggested that gravitational forces control the desgs 18 s-1. South of Kunglv, the river divides into two
position for particles>100 pm. Hamm et al. (2011) studied p,anches around a large island; the northern branch (i.e. the
silt-sized particles in an open channel flow with permeableyrgre River) receives on the average 2/3 of the total dis-
beds. With the method used, no significant variation due tocharge, whereas the remaining discharge goes through the
particle size in the effective deposition velocity relative to 4 thern branch (still referred to ata River) (GRVVF,
still we}t_er was found, but there was a relationship betweenZOOG)_ The river flow is regulated by three hydropower sta-
deposition rate and bed shear stress. tions located upstream the branching. The river stretch is
quite straight with only a few meanders and has a mean
width of 200-300 m before the branching and of 100m in
the southern branch. The main channel has typical depths
of 7-10m with deeper local cavities. The channel margin
1. To identify the main mechanisms determining the evo-forms in most cases a distinct bank shelf. River sediments
lution of the suspended sediment concentration after aonsist mainly of thick layers of glacial and post-glacial co-
landslide into surface water based on field observationsesive sediments with thin layers of silt and sand. The areas
from Gota River, SW Sweden. surrounding the river are pasture lands, forests, bedrock, and

2. To model the evolution of the suspended sediment con-fsma” urban industrial areas. Almost no sedimentation occurs

. . ) : .~ in the river, and the transport of inorganic suspended par-
centration using analytical solutions to the advection- . . .
) . . ticles has been estimated to about 130 000typf which
dispersion equation and assess the usefulness of su

solutions 000tyr?! are transported through the southern branch
’ (Sundborg and Norrman, 1963)df@nsson et al. (2011) esti-
3. To estimate the contribution of the suspended sedimenmated the annual suspended sediment transport in the south-

transport from the landslide to the sediment budget ancern branch to about 30 000t. By adding the organic fraction,
pollution load from @ta River. the total load of suspended matter increases up to 25 %.

Study area

1.4 Obijectives and procedure

The objectives of this study are threefold:

The assumption is made that the ADE in one dimension (122 |andslides
D) for a slug injection, coupled with appropriate source/sink
terms under given initial and boundary conditions, is appro-The areas along @a River have the largest landslide fre-
priate to describe the initial transport of suspended sedimenguencies in Sweden. Most of the slides have been classi-
released through the landslide. The mass movement into thiéed as rotational earth slides, and due to the occurrence of
river is assumed to be a very fast process compared to the reso-called quick clay, some slides have propagated to encom-
tention time of the river, implying instantaneous and uniform pass huge areas. Along the 93 km stretch from Lakaérn
mixing across the river. and through the southern branch of the river, more than 60
A landslide occurred along thed@ River in 1993 in the slides have been documented over time, the first one in a
municipality of Agnesberg, located just north of Gothenburg church book from mid 1150, and at least 16 of these slides
city, Sweden. Detailed turbidity measurements were carriednvolved large areas (up to500 ha). Partial or full damming
out at a freshwater intake about 2.6 km downstream the landef the river, landslide-generated waves and an increase in
slide area. These data were used to evaluate the ADE fowater turbidity are some documented effects in connection
describing the transport of suspended sediment. The landwith landslides. The most recent events involved a munic-
slide was a rather small slide, mainly consisting of clay thatipality (Surte landslide, 1950), a pulp mill factory §@
is highly sensitive to disturbances, partly involving an in- landslide, 1957) and an industrial site (Agnesberg landslide,
dustrial site. The observed turbidity time series, which was1993). The risk for the spreading of pollution from contami-
converted into suspended sediment concentrations based omated soil was only mentioned in a few of the landslides, but
calibration relationship derived using field samples, is uniqueno measurements were ever carried out to analyse possible
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Fig. 2. (a) The Gita River and Lake ®nern catchmen(b) The Gita River and the study area showing the locations of the Agnesberg
landslide and the freshwater intake. Background maps: Latetie® .

environmental consequences. There are several industrial amost downstream gauging station is located at the freshwater
eas adjacent to the river where a significant risk for landslidesntake (Larjeholm; see Fig. 2). In general, the intake is closed

exists (@ransson et al., 2009). about 100 days a year, during which freshwater is taken from
a system of reservoirs. If the water quality deviates from
2.3 Water quality normal conditions, additional sampling will start automat-

ically. However, as a direct consequence of the combined
Several stretches of thed®& River, some tributaries to the risk of landslide and contamination (see furthesrénsson
river, and the estuary of Nordre River, are protected under theet al., 2009), large investments are made on remediation and
European Natura 2000 network (centrepiece of EU Nature &reinforcement of prioritised contaminated sites adjacent to
Biodiversity Policy). The river serves as an important water-the river.
way to and from harbours along the river and around Lake
Vanern. The river is both the recipient of treated wastewa-
ter and the drinking water supply for 700 000 inhabitants in3  Model of concentration variation in a river due to
Gothenburg city. The water quality in the river is primarily sediment release from landslides
affected by direct runoff from urban, rural, and livestock ar-
eas, treated wastewater from urban areas, combined sewgrl Advection-dispersion equation (ADE)
overflow during heavy rainfallAstrom et al., 2007), leak-
age from contaminated sites, and accidental spills from in-Traditionally, the ADE (see Fisher et al., 1979) has been used
dustries and vessels. The water quality is to a large extento model the concentration in rivers and how it evolves in
influenced by the outflow from Lake ahern into the river time and space due to a pollution release. In a river, a reason-
(GAVVF, 2006). Today, nutrients and microorganisms from able simplification is to employ a one-dimensional approach
the wastewater treatment plant are assumed to be the main space, assuming that all quantities in the ADE can be ad-
threat to health and environment. Turbidity (as well as pH,equately represented by their cross-sectional averages. Such
redox, and conductivity) is continuously recorded at sevenaveraging implies that the dispersion coefficient, which char-
gauging stations along the river, with the purpose of provid-acterizes the longitudinal mixing, not only includes the diffu-
ing an early warning in case of reduced water quality. Thesive processes but the effects of the cross-sectional variation
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in velocity as well. As a first approximation, the ADE will by (Carslaw and Jaeger, 1959)
be used in the present study to describe the effects of a land-
slide on the concentration of suspended material in a river. M ( (x —Un)? wt)
. ) . c(x,t)= ——exp| -—————— —
It will be assumed that most of the material released into the A4 Dt 4Dt h
river during a landslide will be transported in suspension, and
coarser material that may move as bed load is not taken intavhereA is the cross-sectional area of the river. This equation
account. Karwan and Saiers (2009) employed a similar equarepresents a concentration distribution that follows a Gaus-
tion to model particle movement in a stream, where the desian shape in space at any given time, where the centreline
position was quantified through a coefficient correspondingof the distribution moves downstream with the velodityif
to w/ h (settling velocity over water depth). Furthermore, a U > 0, otherwise the distribution moves upstream). Simul-
second equation was used to describe the transient storaganeously with this advection, the distribution is spreading
(compare Atkinson and Davis, 2000). symmetrically around the maximum value because of dis-
The one-dimensional ADE with a sink term (sediment de- persion. Ifw =0, the Gaussian shape contains the same mass
position) for the suspended sediment transport in a river mayf material at all times (#), but if w > 0 then the mass in

&)

be written the water is decreasing. The solution given by Eq. (2) as-
) sumes that the river and sediment properties 4.eD, U,
dc 9 — DE _we 1) h, andw) are constants, not changing with space or time.
ot dx ax2  h Analytical solutions to ADE for other initial and boundary
conditions may be found in Carslaw and Jaeger (1959) and

wherec is the concentration (mass per unit volum&)the
mean velocity in the river) the dispersion coefficienty the ) o
settling velocity,s the water depthy the spatial coordinate !N 9eneral, with due regard to the boundary and initial con-
along the river, and the time. The equation describes how ditions, itis possible to derive new solutions simply by super-
sediment is transported downstream with the mean velocitfMPOSINg existing solutions, since the governing differential
(advection), at the same time being subject to mixing (dis_equatl_on (Eq. 1_) is linear f_or cons_tant coefﬂue_nts. _Thu_s, if a
persion) and settling at the bottom. The settling is quantified@ndslide contains two main fractions of material with differ-

by the last term on the right-hand side of Eq. (1), which acts€Nt settling velocities, the transport of these fractions could

as a sink for the sediment. No attempt is made to describe thB€ Medelled separately with Eq. (2) and the solutions are then
mobilization of sediment (pick-up) from the bed, but it will 2dded together to obtain the total concentration of SPM, if
be assumed that the sediment transported by the river is suﬁbere is negligible interaction between the two fractions when

plied from the landslide only, through an instantaneous pulséhey are transpor_ted. AIsp, f_i more complex rgleasg of mate-
ifial from a landslide, taking into account the time history of

(mathematically described through a Dirac delta function) a ; ) X
some specific location. how the material was released to the river and not regarding
it as an instantaneous source, may be described through the

The ADE may be solved analytically for a wide range > _
of problems where the initial, boundary, and forcing condi- superposition of a large number of instantaneous sources of

tions are sufficiently simple. However, for applications to a proper r_n_agnitude a_nd location in time.
more complex situation, which is typically the case in prac- Rewriting EqQ. (2) in terms of a constant mass transport rate

tical studies in natural rivers, the ADE must be solved nu-" (Unitkg s1) at timets during a short periodr yields the

merically, for which many different techniques are avail- following solution,

able (Vreugdenhil and Koren, 1993). In the present study, mAt
however, an analytical approach will be taken to investigate® (1) = W
whether the ADE can reproduce the observed variation in * 5
SPM concentration in a river as a result of a landslide. If an gy (_ C—Ul-t9)° wl— tS))
analytical solution to the ADE can capture the main features 4D (t —ts) h

of the variation in SPM, then certain characteristic quantities . .
such as the maximum concentration, time to peak, and dura\_/alld fort > ts. Thus, a landslide event, assumed to be made
tion of the event may be predicted in the case of a landslidé'P of a large number (_)f S_UCh short events, where the sum
occurring upstream a certain location. Furthermore, analyti—mc aII.smaII releases: will yield M, produces the following
cal solutions to the ADE may be efficient to use for general solution (Larson et al., 1987):

risk assessment when a large number of alternatives and their

potential impacts need to be determined. cx,t) =

Crank (1975).

®)

t
el
A 47'[D0

exp( — (=U@=1))*  w(—1)
The solution to Eq. (1) for the case of a release of the sedi- , 4D(t—1") h ,
ment mas9/ (kg) instantaneously at=0 andr =0 is given m(t) Ji—1 dr )

3.2 Analytical solution to the ADE
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wherem(¢') is a function describing the time history of mate- 4
rial release from the landslide andis a dummy integration £ Normalized settling velocity .
variable. A possible ad-hoc description of how the material £ o4
release occurs during a landslide, including the initial mixing £ 3
over the river cross section, is given by an exponential decay$ 0.3
. ©
function, = 0.5
S 0.7
m = mee (5) £
E
©
wheremy is the initial rate of material release andis a ,§1
parameter quantifying how rapidly the release rate goes toé

zero. Equation (5) characterizes the expected properties 03

a landslide with regard to the material release: initially the éo
release rate should be large, but over the time scale of the 5 10 15 20 25
slide, this rate should decay towards zero. Non-Dimensional Distance to Source y

Substituting Eq. (5) into Eqg. (4) yields after some _ _ . . _
calculation Fig. 3. Non-dimensional time for the occurrence of maximum con-

centration at a particular location away from a pollution release as
U NG a function of non-dimensional distance and fall speed.
Nlg X
c(x,t) = ———eX <—at + —)/
AVrD P 2D . .
0 for whendc/0r = 0 atx, (EQ. 2) yields the following equa-
c . X ) A
exp — €1 +C2t/2 dr’ ©) tion for the timermax when the maximum concentration is
12 observed,

where th fficien n r fin :

ere the coefficient§’; andC are defined as a2 1 202 wD

5 = — 1+ —(1+4—-|-1]| (8)

_U%  w (7) where the following non-dimensional quantities may be

Cr= ip TR« :
introduced,
2 2772

The integral in Eq. (6) may be developed in terms of elemen+ = M; A= $§ x = xolé )
tary functions, where the solution depends on the coefficient D U?h D

C2.1f C2 > 0, then the solution contains a sum of real-valued making it possible to express Eq. (8) as:
error functions; however, fo€, < 0, the solution will in-
- i i - 1
clude complex valugd error functions (Abrgmovynz and Ste £ = ( T+ x (1440 — 1) . (10)
gun, 1965). Due to limited space, the solutions involving the 1+4a

development of the integral will not be given here. Equation (8) illustrates the complex relationship between

tmax andU, D, andw. For constant/ and D, rmax decreases
with increasingw, whereas for both increasing values @n
Analytical solutions make it possible to identify the govern- andD, fmaxtends to decrease (all other parameters kept con-
ing parameters of the problem at hand, as well as to destant for a specific variation). Figure 3 pldtsas a function
velop non-dimensional quantities that can characterize th&f x for various values on based on Eq. (10) for easy eval-
main features of the solutions. Such quantities can also b&ation ofimax in terms of the governing parameters.

useful in fast and simple predictions as a basis for decision- Using Eq. (2) withr = fmax, Wherefmax is obtained from
making in connection with a pollution release. In the fol- EQ. (8), gives the maximum concentration at xo. The
lowing, some non-dimensional quantities will be developed_non-dimensional expression for the maximum concentration
based on Eg. (2), which can be potentially useful for the!S

3.3 Characteristic quantities for concentration

initial assessment of the impact from a landslide event. 2
At a specific location away from the point where the mass;(x y) = ——__ _(\/7—_5) _a 11
. . ) S0 (A, x) p 3 (11)
of sediment is released (e.g. slide area), the concentration VAar§ 48

variation in time is in general not symmetrical (compare L
frozen cloud assumption), and the specific time when thevheresis given by Eq. (10) and
maximum concentration is recorded at a locatigrepends CmaxA D

on the values of the three paramet&isD, andw. Solving 0 = —, -— 12)
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Figure 4 showsr as a function ofy for various values on 1
A based on Eq. (11). The information provided by Egs. (10) ¢
and (11) may be useful for quick predictions of the effects
(i.e. tmax andcmax at a certain location) of a sediment release
in connection with a landslide.

It may be interesting to look at the asymptotic properties
of Eq. (8) for various limits to the governing parametérs
and D. If D — 0, thentmax Will approachx,/U, that is,
the maximum will occur at a time given by the advection
speed only (satisfying the frozen cloud approximation). On
the other hand, itV — 0, then

Non-dimensional settling velocity A

0.1 0.1

0.3
0.5

0.7

Non-Dimensional Max Concentratio

0.9
0.01

_ 1 (13) 0 5 10 15 20 25

Non-Dimensional Distance from Source y,

h x2w
tmax= — | +/ 1+ 4=2
M 4y hD

Fig. 4. Non-dimensional maximum concentration at a particu-
which for the case ofv — 0 implieStmax= x§/2D. lar location away from a pollution release as a function of non-
dimensional distance and fall speed.

4 Comparison with data
) crust clay (possibly with contribution of fluvial sediments).
4.1 Agnesberg landslide The landslide was classified as a rotational slide around a

h bera landslid q i kcircular failure plane. Figure 5 illustrates estimated pre- and
The que; €rg landslide occurred on 14 April 1993. Ittoo ost-slide bottom profiles, probable failure planes, and the
place within an industrial site located on the eastern banlg

f th h b h of theo Ri 10k ourse of events.
of the southern branch of the Iver, some m up- Since no real-time observations were made at the slide

stream central Gothenburg and about 2.6km upstream thFocation, the course of the slide events was subsequently

_freshwater intak_e at éujeholmﬁSFig. 2).' In totall,ﬁthe slide developed based largely on recordings of turbidity made
involved approximately 8000y of which 2400m corre- continuously at the &rjeholm freshwater intake (mean val-

spond to the affected ground surface (Larsson et al., 1994)lJes provided every minute). Three major sediment pulses

The.rlver was parna(ljly damzmed ;,mﬁ a port]lor: of t_T_the CrOSSyere registered atarjeholm, reflecting the three successive
section was covered in a 2-m thick layer of clay. The site g0 oyents (Fig. 6). The first pulse was timed at approxi-

of failure was located within and along a stretch of the river mately 6 a.m., whereby the level of turbidity increased from
characterised by thick (about 33m deep) deposits of com= 4, 11y (,Formazin Turbidity Units). The second pulse

pfressitéle aﬁd ser;)si:ji\(/je gla)l’ res(;in? upl)on extensive deposlitéccurred roughly three hours later, demonstrating an even
of san W'F klntler € ek5| tan cbay ayers (Larzson et aﬁgreater increase in turbidity going from 4 to 12FTU. The
1994). Quick-clay was known to be present, and geotec third and last pulse was dated to about 12.30 p.m., 6 h after

nical studies_ Ia_ter detected substantial artesign groundwatgy o jifia) event, during which the level of turbidity increased
pressures within the sand layers. Topographically, the lang,,, 71, 9 FTU. Of the three events, only the two latter were
area can best be described as somewhat superficially flgfisnessed by people. River flow was not measured at the site
with the uppermost soil layer composed of filling material, of the event, but from recordings at Lilla Edet, about 42 km
resting above clay containing plant and shale remnants Wiﬂhpstream the flow was estimated to be 18&nt. which

some contribution of mud. The bottom profile at the site of ;g slightly above the mean flow. Pre-landslide geotechnical

the event_was_ reCOF‘S”!JCted based on adjacent sounding alEi%ta were available for adjacent areas, and based on ensu-
geotechnical investigations. The bank shelf probably formeqng studies, it was concluded that the movement started as

a 24"_“ wide shallow section with a water depth slowly in- a subaqueous slide along the underwater slope, in turn trig-
creasing from 1 m closest to the bank to about 2m at the

q d. The bank ended with b | FE);Fgring and successively causing the main (second) and the
eep end. The bank ended with a steep subaqueous slopg, 4 (last) slide event some three and six hours later, respec-

W_ith an estimated reight of 6m and a slope angle of abouEively (Larsson et al., 1994). Passing ships may also have in-
1'1}51 (IIarzscl).r(; eta "|1934)h' disti i h fluenced the course of events, potentially imposing transient
. T e landsiide involved three distinct slides (events). T Cstresses along the already sensitive reach. Dredging was later
first slide represented the initiating slope failure of the sub- 421 anin order to restore the channel morphology. How-

aqueous slope, mainly composed of fine sediments with %ver, due to major concerns about further movements, stabil-

dommance_ of clgy. The second (main SI'_de) and third SIIOleisation measures were first completed both on land and along
(retrogressive slide), on the other hand, involved land areag o channel bed (Larsson et al., 1994)

where the top layer is composed of filling material upon dry
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Fig. 5. (a) Estimated pre-slide (dashed line) and surveyed post-slide (cross-hatched line) transect of the affected reach of the river, and
approximated water level (blue solid lingh) calculated failure planesF(=factor of safety,Fnin = minimum stability factor, andc = F
with respect to cohesion), arid) probable course of event. Adopted from Larsson et al. (1994).

Immediately after the slide, surface water samples weret.2 Parameter estimation
taken and analysed for selected physical parameters, such
as nutrients, pathogens, mercury, and some chlorinated hyFhe focus in the comparison with the data was on the analyti-
drocarbons. The result only showed a slight increase incal solution given by Eq. (2). In order to investigate how well
chlorinated hydrocarbons, but according to the water supthis solution can describe the measurements from the Ag-
ply plant, this was surmised not to be a consequence ofiesberg landslide, a number of quantities (or, parameters) in
the slide. However, the samples were not taken in conjuncthe solution must be specified. Some of these quantities are
tion with the turbidity peaks but later, implying that any known or easily measurable, whereas other quantities may
notable increase should be associated with erosion fronfhave to be estimated from the data through calibration. The
run-out deposits and not with the landslide-generated sushumber of quantities used for calibration should be kept to a
pended sediment pulses. Six sediment samples were takgninimum to provide the greatest confidence in the solution.
from the run-out deposits 20 days after the event. TheThe following input quantities are required in the analytical
samples were analysed for selected metals, PCB (polysolution describing the impact of a landslide:
chlorinated biphenyls), EOX (extractable halo-organic com- )
pounds), and PAH (polyaromatic hydrocarbons). The re- — Hydrodynamic U, A, h, andD)
sult showed low levels of contamination with average con-
centrations:<0.05mgHg kg dry mass; 0.18 mg Cd kg
dry mass; 13.6mgPbkd dry mass; 11.8mgCukd
dry mass; 16.7mgCrkg dry mass; 10.6 mg Nikg dry
mass; 64.5mgZnkg" dry mass;<0.05mgPAHkg" dry  The hydrodynamic quantities( A, and k) could be ob-
mass; 0.81mg EOX kgt dry mass (@teborg Vatten, 2005).  tained directly from available measurements using averages
The landslide run-out deposit samples had an average CORsyer the river stretch of interest, whereas the dispersion co-
tent of 82.2% dry mass and with a loss of ignition of 4.4 % efficient is typically a difficult parameter to assess for a river
of dry mass (@teborg Vatten, 2005). (often determined from tracer studies). However, there is a

— Sediment )

— Landslide (1)
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Fig. 6. Measurement of turbidity atdrjeholm, 2.6 km downstream

. - Fig. 7. Calculated and measured variation in SPM concentration
the site, atthe day of the slide. Adopted from Larsson et al. (1994)With time for the first and initiating event in the Agnesberg land-

slide, using a dispersion coefficient Bf=230 nfs~1.

multitude of empirical formulas available fér that will pro-
vide approximate values. The sediment properties were detogether with the observed maximum concentratianag)
termined from river samples, whereas the total mass of sediduring the landslide event to determik&from Eq. (2). The
ment released through the landslide was more difficult to esshape of the calculated concentration distribution was then
timate (the total volume of the landslide was known, but notvisually compared with the measured distribution without
the portion of this volume that would contribute to the trans- any consideration of the time of occurrence dgx.
port of SPM). Thus, in the endf was determined through The following values were employed for the river
calibration. Another unknown quantity that in principal re- stretch between Agnesberg andirjeholm based on de-
quires calibration is the time of the landslide with regard to tailed measurements of the river morphology and flow at the
the time of measurements ajieholm. Thus, the starting time: A=640n?, U =0.3ms1, h=4.1m, and, =2600 m.
time of the landslide is set to=0 in the analytical solution, Analysis indicated that a representative settling velocity for
but this starting time should be related to the time of mea-the sediment in the river is 0.002m’ although the slide
surements to obtain the same reference for the solution anthaterial might have had slightly different properties. The dis-
the data. In essence, a starting timesshould be introduced persion coefficient was calculated based on the river proper-
for the measurements that corresponds=® in the model,  ties for the actual flow to be 230481 using the formula
and this value should be subtracted from the measurementroposed by Kashefipour and Falconer (2002), where a Man-
times. ning’s roughness of 0.04 was selected (employing the expres-
In a first approach, both andz, were used in the calibra- sion suggested by Deng et al. (2001) gave a value for the dif-
tion process simultaneously. The sum of the least-square ddusion coefficient of 180 rhs~1, somewhat lower but still in
viations (§%) of measured and modelled concentrations wasthe same range).
minimized to find optimal parameter values. The minimiza-
tion was done through a “brute-force” approach whéfe 4.3 Predictions by the analytical solutions
was calculated for a large number of combinationgfoénd
to. However, it proved difficult to find a stable global min- Figure 7 illustrates the calculated and measured time varia-
imum for $2, because of the sensitivity to the value rf tion in SPM for the first event in the Agnesberg landslide,
The measured concentration variation with time involved awhere the SPM base level has been subtracted (estimated to
rapid increase towards the peak value, followed by a sloweB.4mg1; a general correlation between turbidity and sus-
decrease back to the normal concentration (base level) in thpended matter was established for th&&River based on
river. Thus, small shifts in time of the concentration distribu- field measurements). The initial landslide maks (vas de-
tion may cause large changes in the valu§%falthough the  termined to be 170000 kg from Eq. (2). As discussed in the
agreement visually looks satisfactory. Another strategy wasrevious section, no attention was paid to the occurrence in
then devised to determine optimum parameter values. Théime of the event ), and the landslide mass was calcu-
emphasis in the calibration was put &h whereas, was not  lated to produce the correct maximum observed concentra-
included, implying that the precise occurrence of the eventtion (cmax). When plotting the results, in Fig. 7 and subse-
in time was not described. In order to find the proper valuequent figures, the measured and calculated concentration dis-
of M, tmax from Eq. (8) was first calculated and then used tributions have been aligned to yielgax at the same time.
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Fig. 8. Calculated and measured variation in SPM concentrationF. 9. Calculated variation in SPM trati ith time for th

with time for the second and third event in the Agnesberg Iandslide,f_'gt' ' att_:utar\]eAvarlatl)on 'T d I_((j:once_n radl_?fn Wlt |r|ne or ti

using a dispersion coefficient &f =230 nf s~ 1. Irst event in the Agnhesberg landslide, using difierent vaiues on the
dispersion coefficient.

The general features in the observed time variation(of tribution with a narrower peak, more similar to the measured
at xo are reproduced by Eq. (2), although the measured peak(r). In contrast, a smalleb yielded a more symmetric dis-
tends to be narrower and the asymmetry in time arayid tribution, further away from the shape observed in the mea-
a bit larger. surements. Regarding the initial mass of material released,
This behaviour is even more pronounced when the seclarger D-values produced smalléi-values. Figure 9 illus-
ond part of the landslide, containing two individual events, istrates howe(z) responds to changes i, where values 10
simulated, as shown in Fig. 8 (concentration peaks alignedand 1/10 times the value predicted by the theoretical formulas
as mentioned above). Also, after the second peak of the landi.e. D =230 n? s~1) were employed. The increase in asym-
slide (i.e. first peak in Fig. 8), a rather high concentration ismetry forc(¢) as D increases is clearly seen in the figure, as
observed before the third peak occurs, which is not reprowell as how the arrival time for the peakxa decreases with
duced by Eq. (2). The analytical solution yields a more rapidincreasingD. The more important advection becomes in re-
decay towards zero concentration (above the base level), béation to dispersion, the closer the time whepy occurs will
fore the next event occurs. The predicted total masses obe toxo/U, which is about 145 min (a value &f =23 nf st
suspended sediment involved in slides two and three wer@approaches this limiting value). The value of the settling ve-
estimated to beV =215000 and 130000kg, respectively. locity (w) had a pronounced effect a¥, but less so on the
Measurements indicated that the landslide encompassed shape ofc(r), where a smallew-value implied a smaller
total surface area of approximately 8008, which implies  M-value. For fine material, the settling velocity will be low
that about 0.6 % of the landslide-released material was transand the influence on the concentration distribution negligi-
ported downstream as SPM, if a bulk density of 1600kgm ble. Thomas et al. (2001) performed field measurements in
(Larsson et al., 1994) is assumed and the slide depth is sdtvo streams and found poor correlation between the calcu-
to an average of about 7 m (the disturbed part of the rotajated settling velocity and the deposition rate estimated from
tional slide). This may be considered as a low suspended sedhe collected data. Their assessment was that for sediment
iment ratio, but the slides taking place in the study area aresizes below the range of 0.05 to 0.1 mm, gravitational effects
dominated by rotational movements of coherent soil masseanight be small.
meaning that the movements are classified as slides and not In order to improve the agreement between the analytical
flows. The uppermost part of the moving mass consists ofsolution to the ADE and the measurements, more complex
filling material and some sand above the clay. The sedimensolutions were investigated, including superimposing two so-
that comes into suspension originates most probably fromutions for different sediment particle sizes (i.e. settling ve-
material in the uppermost part that is more loosely packed|ocities) and describing the release of material through the
together with disturbed river bottom sediment. landslide by using a time-varying function rather than an in-
Sensitivity tests were performed by varying the valuesstantaneous source (see Eq. 6). The latter approach could po-
of the main parameters in Eq. (2) and observing the retentially describe the asymmetry irir) better than Eq. (2),
sponse of the shape fexr) (the fitting procedure still en- if a suitable function for the release of landslide material is
sured thatcmax Was obtained, which affected the value of employed (e.g. Eq. 5). The former approach, using for ex-
M). A larger value ofD produced a more asymmetric dis- ample two different sediment sizes, where one is coarser and
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Fig. 10. Calculated and measured variation in SPM concentrationFig. 11. Calculated and measured variation in SPM concentration

with time for the first event in the Agnesberg landslide, using two with time for the first event in the Agnesberg landslide, using

different analytical solutions (Egs. 2 and 6). the combined effects of two different sediment sizes (coarse and
fine silt).

one finer, could produce a slower overall decay () with
higher concentrations at the tail, as was observed particularl¥oCities of 0.002 msl (associated with concentratien(r))

aft_?rr]the slico?d event (seetF% ?)' ine th i | and 0.0002ms! (concentrationco(¢)). The second sedi-
€ calibration process 1o determine the oplimum Valu€,q a5 given a much lower settling velocity in order to

for M in these more involved solutions, as well as the values

P ters introduced b ) inal reproduce the extended tail observed in the measurements.
of new parameters introduce (eag, ecomes Increasingly s gitference in settling velocities was reflected in e
complicated and trial-and-error techniques must often b

Salues obtained, which were 140 000 kg and 7000 kg, respec-

used. Figure 10 illustrates how well Eq. (6) can describe thetivel LY :
. o y. The overall shape of the distribution is well described,
first landslide in the Agnesberg event, whafe=190 000 kg but the width is too large. Further manipulation of the set-

— 1
anda _bqt'oo.Tg \;vered gmpllpye;jr; -tI-I:[]fel vaI;Je (nfa‘ (Eq. 5t) tling velocities and the initial sediment mass released would
Wai Er |(rjar|y s€ ;r: gg’/'ei " at 't'el rale 0 ?aszorans'yield better agreement, but would produce optimum values
port has decreased to o OLILS Inthial value after sSUMIN. a1 are difficult to justify with regard to the conditions dur-

Ehe I2arg$rr] thfg valuehoi |st,hthte. ctlos(,jer Eq. (Gf) ptecorlrles to fing the Agnesberg landslide. It may be easier to improve the
a. ( ) € higure shows that Introducing a finite release o agreement with measurements for events two and three using
material from the landslide using Eq. (5) yields limited im-

) ) ) ._a solution involving two grain sizes, since the tail drops off
prove'ment. for thg studied case: the'ta'ul of the ca'lculated d'sét a markedly slower rate for these two slides compared to
tribution slightly improves, but the rising phase is less well lide one
described (has a lower gradient) and the distribution arounc? '
the peak is too wide.

Employing two different sediment sizes and superimpos-5 Discussion
ing the solutions obtained from Eq. (2), a more asymmetric
shape ofc(r) may be simulated. However, more quantities Different analytical solutions to the ADE were tested against
emerge that need to be assigned values, unless informatiathe measured data from the shallow rotational, retrogressive
from the landslide is available. No particle grain size analy-landslide in clayey sediments that took place in 1993 on the
ses were done in connection with the geotechnical analysisGota River, SW Sweden. To our knowledge, the registration
but a good estimate for the clayey layer is a general particleof the impact on the river (suspended sediment) at a fresh wa-
size of 0.002 mm. It is more difficult to estimate a general ter treatment plant downstream the landslide is one of the few
particle size for the second (main) and the third (retrogres-of its kind in the world and unique for Sweden considering
sive) events, which also contained filling material and possi-the low frequency of landslide events.
bly fluvial sediment, but it is reasonable to assume a particle The classical analytical solution to the ADE for an in-
size in the silt and sand fraction. stantaneous release of a fixed amount of matefs) {o
Employing two solutions implies that two initial sediment a river produced satisfactory agreement with the observa-
masses are released, resulting in more complex calibratiotions. In the comparison with the data, almost all quantities
with less generality in the results. Figure 11 illustrates thewere measured or estimated from available formulas except
result from using two analytical solutions to represent the M, which was back-calculated from the measured maximum

release and transport of two sediments with the settling ve-
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concentration. The asymmetric shape of the observed corhave more like a liquid. Schwab et al. (2008) confirmed that
centration distribution in time was reproduced by the so-only a fraction of material displaced by earth slides may be
lution, but the width of the distribution was overestimated. released to the sediment transport system but that a land-
Also, for the second event (main slide), the decay rate for theslide should be considered as a point sediment source in the
measured concentration was lower than for the calculated. Bglrainage basin. The instantaneous release of material, even
modifying some of the main parameters, particularly the dis-though at a small rate, can reach several tons if the landslide
persion coefficient), improved agreement is obtained, es- is large enough, causing high concentrations in the water for
pecially with regard to the width of the distribution. A larger a limited period of time. In river or lake waters that normally

D will produce a narrower, more asymmetric distribution in have low turbidity, such a sudden increase may cause harm
line with the measurements. However, value®ahat yield  to sensitive species and can also affect beneficial uses such
the best agreement tend to be in a range that is non-physicahs drinking water and swimming.

More advanced solutions were employed to improve the For the studied case, the landslide partly involved an in-
agreement, including having a sediment release that is a funadustrial area with possible soil contamination from diffusive
tion of time and employing different sediment grain sizes. leakage or accidental spills. Sediment samples from the dis-
In the former case, a slightly better fit was obtained for theplaced soil and water taken some time after the landslide
tail of the distribution, but the width was still overestimated. event indicated low contamination. However, no sampling
Using two grain sizes with different settling velocities could was done in conjunction with the event. Instead, the results
also give better agreement for the tail-end of the distribution;from the ADE solution where used, together with the sed-
again, the distribution was too wide. Furthermore, the differ-iment sampling, to estimate the probable instantaneous re-
ence inM between the two grain sizes in the solution was lease of some metals and organics that could be associated
significant and not very realistic. with the release of suspended sediment. Even though there

The instantaneous release of sediment represents the phasee uncertainties, the result indicates that several kilos of
when the soil mass moves into the water. The mobilisationcopper, lead, and chromium were released with each of the
of sediment by the landslide and the associated water mothree slides, which correspond to between 0.1 and 0.5 % of
tion generates a large amount of suspended sediments, initihe total annual load for these substances. The total content
ating the transport of a sediment pulse and associated coref the contaminants in the displaced soil mass, the release
taminants. When the concentration of suspended materiaiate, as well as the ratio between dissolved and particle bound
exceeds the transport capacity of the water body, materiatontaminants, depending on the biogeochemical conditions,
starts to settle. This course of event is rapid and intense, antemain unknown and cannot be assessed.
the contaminants are mobilized instantaneously with the sus- The additional suspended sediment load and pollution load
pended sediment. The long-term release and associated infrom the Agnesberg landslide may seem small, but then one
pact over longer distances occurs when the hydraulic regiméas to keep in mind that this was a minor slide with a sur-
returns to normal conditions and the suspended sediment seface area less than 2% of the largest landslides in the area.
tles in the far field. Long-term release of contaminants takesAlso, the soil contamination at the site was considered low
place through erosion of the run-out deposits during high-(Natunéardsverket, 1999). Nevertheless, it indicates that even
flow events in the areas where sediment from the sedimensmall mass movements may affect the overall water quality,
pulse has settled. Most likely, also landslide scars may conboth in terms of chemical and physical properties, and that
tribute additional contaminants, as they may lay bare andarge slides do have the potential to yield large impact on
hence are exposed to diffusion, surface erosion (wind, water)water quality. This also demonstrates that landslides are pos-
and groundwater transportation; however we do not knowsible sources of pollution and ought to be considered in the
their contribution to surface water quality. risk analysis for landslide hazard, as well as for contaminated

Based on the solution presented here, it was estimated thdand and water quality management.
only a small part of the displaced soil instantaneously came Sedimentation, diffusive, advective, and break-down pro-
into suspension (about 0.6 %, which corresponds to 1-2 % ofesses impact both concentrations and quantities that end up
the annual load) and that most of the material remained at that a particular location (e.g. lake or estuary). Even though
site in the river. This is also consistent with the observationsthe slide itself does not involve areas with possible contam-
geotechnical investigations, and the dredging that later wagnation, the run-out or generated impulse wave may cause
undertaken to secure and clear the fare way. The cohesivdamage to nearby industries or landfills (organic and in-
forces in the clayey sediment and the shallowness of the landerganic pollutants), and fertilized agriculture (nutrients) or
slide can probably explain this. Landslides in cohesive soilspastureland (E. coli from faecal).
such as rotational slides, translational slides, and slumps, of-
ten form the movement of coherent soil clods around a slip
surface, in contrast to other mass movement such as debris
falls, debris/mud/earth flows, and debris avalanches in fric-
tion soil, where particles lose contact, start to mix and be-
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