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a b s t r a c t

Sediment represents an important compartment in surface waters. It constitutes a habitat

or spawning site for many organisms and is an essential trophic resource for higher level

organisms. It can be impacted by anthropogenic activities, particularly through urban wet-

weather discharges like stormwater and combined sewer overflows. An approach was

presented for assessing the risks caused by urban wet-weather discharges to the sediment

compartment based on total suspended solids (TSS). TSS is routinely measured in field

surveys and can be considered as a tracer for urban wet-weather contamination. Three

assessment endpoints linked with TSS were proposed: a) siltation of the riverbed, b)

oxygen demand due to organic matter degradation and c) accumulation of ecotoxic

contaminants on the riverbed (heavy metals, PAHs). These criteria were translated in terms

of the maximal TSS accumulation load and exposure time (percentage of time exceeding

the accumulation criteria) to account for sediment accumulation dynamics and resus-

pension in streams impacted by urban wet-weather discharges. These assessment

endpoints were implemented in a stochastic model that calculates TSS behavior in

receiving waters and allows therefore an assessment of potential impacts. The approach

was applied to three Swiss case studies. For each, good agreement was found between the

risk predictions and the field measurements confirming the reliability of the approach.

ª 2012 Elsevier Ltd. All rights reserved.
1. Introduction ingestion) or through bioaccumulation (Borchardt and
Anthropogenic activities in urban areas have been shown to

impact both receiving waters and streambeds (Power and

Chapman, 1992; Burton and Pitt, 2002; Wildi et al., 2004;

Taylor and Owens, 2009). In particular, sediments accumu-

lated in rivers or estuaries in urban areas have been shown to

be hazardous to organisms either directly (by contact,
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Marsalek et al., 2002; Kabelkova et al., 2005; Taylor and Owens,

2009). Despite the general improvement in European water

quality over decades, many urban rivers still possess low

sediment quality (Taylor andOwens, 2009). This is a long-term

concern as the residence time of sediments in rivers is far

greater than that of water.
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Fig. 1 e Framework of risk assessment and management

for wet-weather discharges (from USEPA (1998) and EU

(2003)). Within each phase, rectangles designate inputs,

hexagons represent actions and circles represent outputs.

wat e r r e s e a r c h 4 7 ( 2 0 1 3 ) 3 3 9e3 5 0340
The legacy of polluted sediments is a major problem for

urban catchments. There is, therefore, a need to reduce the

impact of such sediments on urban regions. Among others,

urban wet-weather discharges can provoke displacement of

contaminated sediments and lead to ecological disruptions of

riverbed sediments downstream of urban areas. Indeed, total

suspended solids (TSS) transported by rain runoff water are

recognized as one important source of polluted sediments

from urban areas (Chebbo, 1992; Gromaire-Mertz, 1998; Rossi

et al., 2005). Many pollutants in urban wet-weather

discharges are attached to particles transported in suspen-

sion, with diameters ranging from a few micrometers to

1e2 mm, and a median diameter between 30 and 40 mm

(Chebbo, 1992; Ashley et al., 2004; Torres and Bertand-

Krajewski, 2008). These suspended solids can also be defined

as fine sediment carried in suspension that may settle on the

riverbed (Krishnappan andMarsalek, 2002). A largemajority of

harmful substances (tracemetals, polyaromatic hydrocarbons

(PAHs), etc.), as well as organic matter, are adsorbed onto

sediments, and so TSS is a proxy for pollutant load (Seidl et al.,

1998; Rochefort et al., 2000; Becouze-Lareure, 2010). TSS is also

considered to cause habitat deterioration for the benthic zone

(Alabaster and Lloyd, 1980; DFO, 2000; Henley et al., 2000; Paul

and Meyer, 2008). They can, for instance, blanket the bottom

of riverbeds inhibiting exchange processes in the hyporheic

zone, or block gravel spawning beds (EIFAC, 1969; Edberg and

Hofsten, 1973; Burton and Pitt, 2002; Ibisch and Borchardt,

2003). This siltation process is also described in the literature

as “embeddedness”, i.e., the proportion of coarse bed covered

by fine sediment, <2 mm, essentially TSS (Waters, 1995). TSS

from combined sewer overflow (CSO) discharges that are

deposited in rivers and receiving waters can represent also an

important source of problems for sediments due to the asso-

ciated organic matter (Ciffroy et al., 2000; Borchardt and

Reichert, 2001; Watts et al., 2003; Even et al., 2004). The

degradation of this organic content in the hyporheic zone can

cause anaerobic conditions, which are detrimental for many

sensitive species (Kodama and Horiguchi, 2011), and allow the

remobilization of various chemical compounds (Vink, 2002).

Evaluating the risk of TSS is therefore of crucial importance to

decrease the impact of urban areas on sediment (EU, 2003).

Risk assessment is generally conducted by comparing

environmental contamination with quality criteria related to

protection of organisms (EU, 2003). For wet-weather

discharges, information on both parameters (environmental

contamination and quality criteria) for TSS is therefore

needed. We propose to link the risk assessment approach for

sediments with TSS. Here, we (i) determine the TSS concen-

tration in urban wet-weather discharges, (ii) propose quality

criteria (assessment endpoints) for TSS and (iii) evaluate the

risk for streambeds impacted bywet-weather discharges. This

approach is illustrated and validated with three different

examples from Switzerland.
2. Methodology

The methodology (Fig. 1) is derived from the classical USEPA

approach for ecological risk assessment (USEPA, 1998) and is

divided into three phases: problem formulation, analysis and
risk characterization. As proposed in the USEPA formulation,

the conceptual model and the assessment endpoints are the

products of the problem formulation step. The analysis step

can be conducted based on this information, leading to the

risk characterization step.
2.1. Conceptual model

Two processes were considered for the exposure model: The

emission of TSS from urban sources during rain events and

the behavior of TSS in receiving waters (deposition, transport,

erosion). A probabilistic approach was applied to determine

the exposure in order to account for uncertainties linked to

the various processes and variability in climatic conditions

(Rossi et al., 2005).

For TSS emission, we used the REBEKA II stochastic model

of Rauch et al. (2002) as modified by Fankhauser et al. (2004)

and Rossi et al. (2005). This model predicts TSS concentra-

tions from combined sewer overflows (CSOs) in combined

sewer systems and from stormwater in separate sewer

systems. A long period (10 y) of historical rain informationwas

considered to account for rain variability. A Monte Carlo

approach was used to account for parameter uncertainty. The

UNCSIM package proposed by Reichert (2001) was used to

http://dx.doi.org/10.1016/j.watres.2012.10.011
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generate random values of a given multivariate distribution.

In this package, various random sampling techniques

(random, Latin hypercube, etc.) can be selected to produce

output samples for the simulation. As implemented, the

model estimates the TSS concentration and probability

density function at a given discharge point for a 10-min time

interval. For further information see Rossi et al. (2005).

For the TSS behavior in receiving waters, we extended the

existing TSS model with a simplified stream model. TSS

accumulation and re-suspension processes in receiving

waters vary with changing hydraulic conditions. The model

considers a homogeneous stream section, in which sediment

deposition/resuspension is modeled as being uniform. At

a given point in the receiving water, the probability that the

hydraulic conditions, defined by the relationship between the

shear stress s and a critical shear stress constraint scrit, allow

deposition (Fd) or erosion (Fe) of TSS (Krone, 1962; Ciffroy et al.,

2000) is calculated from:

Fd ¼ CWC

�
1� s

scrit

�
s < scrit

Fe ¼ e

�
s

scrit
� 1

�
s � scrit

(1)

where Fd is the flux of TSS to the riverbed (g m�2 s�1), C is the

initial TSS concentration in the stream after complete mixing

(g m�3), Wc is the settling velocity of particles in the receiving

water (m s�1), s and scrit are the shear stress and critical shear

stress (N m�2), respectively, Fe is the eroded flux of TSS

(gm�2 s�1) and e the erosion flux, taken as constant (gm�2 s�1)

(Ariathurai and Arulanandan, 1978). Indicative values for the

different parameters are given in Table 1. The shear stress s (N

m�2) is calculated using (Graf, 1971):

s ¼ rwg
V2

K2
sR

1=3
h

0 (2)

where rw is the water density (kg m3), g is the magnitude of

gravitational acceleration (m s�2), Ks is the Strickler roughness

coefficient (m1/3 s�1),V is themean flow velocity (m s�1) and Rh

is the hydraulic radius (m).
Table 1 e Default value for parameters in the different equatio
proposed for the various parameters.

Parameter Units

Settling velocity in stream Wc cm s�1

Erosion velocity e g m�2 s�1

Shear stress constraint Q e

Organic content of TSS

for CSOs

OCcso g O2 g TSS�1

Organic content of TSS for

stormwater

OCstorm g O2 g TSS�1

Degradation rate of organic

matter linked with TSS

DR g O2 m
�2 d�1

Inter-event degradation rate k d�1
Whether TSS accumulates on the riverbed depends on the

definition of the critical shear stress, which is specific for each

stream. The value of scrit can be estimated as (Schälchli, 1993):

scrit ¼ Qgðrs � rwÞdm; (3)

where Q is the non-dimensional Shield stress constraint, rs
the density of the riverbed material (kg m�3) and dm the

average diameter of the sediment particles (m).

In Equation (3), a relatively high value for dm is proposed

(4.5e7.8 mm), which takes into account an “armor effect”

(Vericat et al., 2006). This phenomenon corresponds to trap-

ping of the fine particles on the riverbed in the interstices

formed by the coarser elements. Only bedload events can

dislodge these particles.
2.2. Assessment endpoints

Three TSS-based assessment endpoints were defined to

characterize the risk of urban wet-weather impact on

sediments:

a) Siltation of the riverbed (Cmax). The release of TSS through

wet-weather discharges should not impair fish reproduction

and maintenance of benthic organisms by clogging the

riverbed;

b) Oxygen depletion (Omax). TSS discharges, especially from

CSOs, should not lead to anaerobic processes in the riverbed

due to an excess of organic matter;

c) Accumulation of persistent pollutants (Emax). After TSS depo-

sition on the riverbed, the concentration of toxic substances

in riverbed sediments (e.g., heavy metals, PAHs) should

remain below the levels sustainable for benthic organisms

and fish fry.

Exceedance of the assessment endpoints is defined as the

proportion of measurements that exceed critical exposure

values, calculated over an annual cycle. In terms of stream

morphology, the proposed values (Table 2) are defined for

central European conditions, and may differ as a function of
ns. A uniform distribution between the min-max values is

Mean value and
range (min e max)

References

0.024

0.012 e 0.063

(Chebbo et al., 2003; Minshall et al.,

2000; Gromaire-Mertz et al., 2008)

1.36

0.678 e 2.03

(Ariathurai and Arulanandan, 1978)

0.072

0.047 e 0.078

(Schälchli, 1993)

0.47

0.23 e 0.65

(Gromaire-Mertz, 1998)

0.15

0.10 e 0.19

(Gromaire-Mertz, 1998)

2.4 (Gujer, 1999; Ibisch and Borchardt,

2003)

0.24

0.12 e 0.3

(Gujer, 1999)
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Table 2e Proposed threshold values for a tolerable TSS level in streambeds near urbanwet-weather discharges. The values
are given in grams of TSS per square meter and year or in grams of TSS per square meter and day.

Assessment endpoint Maximum accumulation
value for TSS

Maximum annual duration in which
the accumulation could be exceeded

Cmax: Colmation of the riverbed 625 g m�2 y�1 20%

Omax: Oxygen deficit on the riverbed

Combined sewer overflows: 5 g m�2 d�1 10%

Stormwater discharges: 16 g m�2 d�1 10%

Emax: Accumulation of persistent pollutants 25 g m�2 y�1 5%
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the characteristics of the riverbed. Numerical values for the

assessment endpoints are defined below.

2.2.1. Siltation of the riverbed (Cmax)
Fine particles are deposited on the riverbed or are incorpo-

rated into its top layer so that the pore space is reduced, i.e.,

the riverbed is progressively clogged (Schälchli, 1993). This can

reduce water exchange and is especially critical for spawning

sites where there is a risk of limiting the reproduction of

sensitive fish like salmonidae. The siltation criterion is

therefore based on this clogging process. Following different

regulations, the percentage of fine particles input (less than

2 mm) in the streambed substrate composition must not

exceed 10% at salmonidae spawning sites (EIFAC, 1969; CCME,

1995), especially during the spawning period (2e3 months in

spring). The maximum acceptable input of TSS following this

criterion is calculated with:

Cmax ¼ VrPðCcrit � CnatÞ; (4)

where Cmax is themaximum tolerable amount of TSS (kgm�2),

V the specific volume of streambed considered (m3 m�2), r the

TSS density (kg m�3), P the volumetric porosity of the

streambed (�). Ccrit is the defined criterion (less than 10% of

fine sediment) and Cnat the natural volume fraction of fine

sediments (<2 mm), both dimensionless.

The first 5 cm of the streambed is relevant for the siltation

assessment criterion. This means that the input of TSS from

the urbanwatershedmust not exceed the available porosity of

the first 5 cm of the riverbed in the event of adequate gran-

ulometry for egg-laying (2e5 cm; (Ottaway et al., 1981; Crisp

and Carling, 1989)). Higher inputs of TSS over that depth

could block exchanges between the water column and the

streambed. In order to avoid long-term diminution of gas

exchanges between the stream and the riverbed, the value

Cmax must not be exceeded more than 20% of the time. This

figure was defined on the basis of professional judgment after

discussions with hydro-biologists and was approved by the

Swiss authorities (VSA, 2007).

For example (Table 2), for 1 m2 of streambed

(r ¼ 2500 kg m�3, porosity of 10%, with 5% of “natural” fine

sediments less than 2 mm), the acceptable supplementary

amount of TSS fromwet-weather discharges (Cmax), in the first

5 cm (V ¼ 0.05 m3), is 0.625 kg m�2.

2.2.2. Oxygen depletion (Omax)
In order to avoid anaerobic processes in the sediment

compartment, the input of organic matter (expressed as

equivalent TSS) must not exceed the degradation capacity of
the riverbed. The criterion is based on a general correlation

between TSS and organic substances (expressed as grams of

O2 per gram of TSS):

Omax ¼ DR

OC
; (5)

where Omax is the maximum input of TSS in (g TSS m�2 d�1),

DR is the degradation rate (g O2 m
�2 d�1) and OC the quantity of

O2 required for the degradation of organic matter linked with

TSS (g O2 per g TSS). Values for the degradation rates DR and

organic content OC are given in Table 1. These values, derived

from different experiments, allow the calculation of Omax for

CSO (5 g TSS m�2 d�1, range: 3.7e10.4) and stormwater

discharges (16 g TSS m�2 d�1, range: 12.6e24).

2.2.3. Accumulation of persistent pollutants (Emax)
The concentrations of contaminants adsorbed on TSS in

stormwater and CSO discharges are often above the effect

concentrations defined for sediment (MacDonald et al., 2000).

PEC concentrations (Probable Effect Concentrations values,

i.e., above which harmful effects are likely to be observed) are

frequently exceeded, for example, in stormwater discharges

(Rossi, 1998). This indicates that particles settling on the

riverbed could affect organisms living there. The definition of

the assessment criterion, Emax, is based on experiments that

show acute effects (EC50) on different trophic levels with

sediment accumulation of up to 1 cm m�2 y�1 (Institut Forel,

1996; Marsalek et al., 1999). The maximum accumulation rate

of TSS is therefore defined, per square meter of riverbed, as:

Emax ¼ hr
SFsed

; (6)

where Emax is the maximum tolerated amount of contami-

nated TSS in contact with the riverbed per year (kg m�2 y�1), h

is the critical height of accumulated sediments from wet-

weather sources that can generate ecotoxicological effects

(m y�1), for instance 1 cm y�1, r is the density of TSS in wet-

weather discharges (median value: 2500 kg m�3) and SFsed is

a risk assessment factor, here taken as 1000. SFsed accounts for

extrapolation from acute to chronic data and from laboratory

tests with single organisms to aquatic ecosystems. It was

adapted from the Technical Guidance for Risk Assessment

from the European Union (EU, 2003).

Taking into account a value of h ¼ 0.01 m y�1, the value of

Emax is 25 g m�2 y�1. A potential risk results if more than

25 gm�2 of wet-weather sediments remain in contact with the

riverbed during more than 95% of the time (exposure time

defined by professional judgment, VSA (2007)).

http://dx.doi.org/10.1016/j.watres.2012.10.011
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2.3. Analysis

Risk assessment is based on a comparison of the TSS exposure

and the assessment endpoints. The exposure time (Tacc)

during which a criterion is violated is given by:

AtotðtiÞ ¼ Aðti�1Þ þ ½FdðtiÞ � FeðtiÞ�D�
< Cmax/TaccðtiÞ ¼ Taccðti�1Þ

� Cmax/TaccðtiÞ ¼ Taccðti�1Þ þ Dt
;

(7)

where Atot is the total amount of TSS accumulated on the

riverbed at a time ti (g m�2), A(ti�1) is the amount at the

previous time step (g m�2), Fd and Fe the accumulation and

erosion fluxes (g m�2 s�1), respectively, Dt the time step in

seconds (10 min in our case), Cmax is one of the three criteria

(computed from A(ti)), and Tacc is the cumulative time for

which the relevant criterion is violated. For the oxygen crite-

rion, Omax, we also take into account the degradation rate of

the organic matter linked to TSS between two rain events.

This is expressed as a first-order kinetic rate:

dO2

dt
¼ �kO2/O2 ¼ O2 iniexpð�k tÞ; (8)

where O2 is the oxygen demand on the riverbed linked to TSS

(g m�2), k (d�1) is the degradation rate constant (Gujer, 1999)

considering the riverbed as a bioreactor (indicative values in

Table 1) and O2 ini is the initial oxygen demand on the riverbed

linked to TSS (g m�2).
2.4. Risk characterization: Application to different case
studies

The methodology proposed in this paper was applied to the

Allaine, Urtenen and Sion-Riddes watersheds, located in

Switzerland (Fig. 2), which cover different topographic and

climatic conditions. This part represents the third part of the

methodology expressed in Fig. 1. The global characteristics of

the watersheds and receiving waters are given in Table 3.

More details on the catchments can be found in Margot (2008)

and Curdy (2010).

At each location, sediment samples were collected

upstream (relative reference site) and downstream of the wet-

weather or CSO discharges using a PONAR grab sampler,

which consists of two opposing semi-circular jaws. This device

sampled a surface area of 340 cm2 to a depth of approximately

10 cm. The upper layer (1e5 cm depending on the site) was

collected at different locations within each site. Individual site

samples were mixed to form a single sample. Visual inspec-

tions, based on Schälchli (2002), were conducted at each site to

assess if siltation processes were evident. The presence of

anoxic conditions (odor, color) was also reported. The sedi-

ment samples were transported to the laboratory within 24 h.

There, extractions were conducted for heavy metal and PAH

analyses. The samples were dried at 40 �C during 2e4 d and

passed through a 2-mm sieve. For heavy metal analysis

(Pb, Cu, Cd, Zn, Ni, Cr, Co), 1 g of dry sediment was mixed with

7.5ml HCl (30%) and 2.5ml HNO3 (65%) and heated for 2 h after

one night (minimum 12 h) of digestion. The analyses were

performed on the mixture filtrate, diluted five times, on
a PerkineElmer ICP-OES (Optima 3300 DV). For PAH analyses,

10 g of sediment were extracted with a 75:25 (v/v) mixture of

hexane and acetone in a soxhlet extractor for 12 h. The organic

extract was then concentrated by evaporation under low

pressure (Rotavapor, 40 �C, 330 mbar). Purification and sepa-

ration steps were conducted on a chromatographic column

(40 cm long, Ø 10 mm, filled with 8 g of silica gel and 40 g of

deactivated alumina). The samples were eluted three times

with respectively 20 ml n-hexane, 20 ml 90:10 n-hexane:di-

chloromethane and 40 ml 80:20 n-hexane:dichloromethane.

Only the last fraction was used for PAH analysis, and was

reduced in a Rotavapor before injection into a HPLC-FLD

(Agilent 1050) equipped with a Vydac 201tp54 column.

Following Chapman et al. (1982), 16 priority PAHs were quan-

tified: naphthalene (Naph), acenaphthene (Ace), fluorene (Flu),

phenanthrene (Phe), anthracene (Anth), fluoranthene (Fluo),

pyrene (Pyr), benzo[a]anthracene (BaAn), chrysene (Chr),

benzo[e]pyrene (BeP), benzo[b]fluoranthene (BbFl), benzo[k]

fluoranthene (BkFl), benzo[a]pyrene (BaPy), dibenzo[a,h]

anthracene (DiAn), benzo[g,h,i]perylene (BePe), and indeno

[1,2,3-cd]pyrene (InPy). Total PAH concentrations were ob-

tained by multiplying the sum of the 10 main PAHs by a factor

two (Van Metre and Mahler, 2003). The laboratory regularly

participated in ring tests to check the validity of the analytical

values. The PEC (Probable Effect Concentrations) and TEC

(Threshold Effect Concentrations) values from MacDonald

et al. (2000) were used as comparisons for risk evaluation.
3. Results

Fig. 3 illustrates the exposure of TSS in the riverbed of the

Urtenen case study. The TSS accumulation on the riverbed is

presented for one run of the Monte Carlo simulation for a sub-

period of 1 y. The results of the entire Monte Carlo procedure

consider a period of 10 y and multiple runs (typically 2000).

Therefore, the results illustrated in Fig. 3 can vary, depending

on the set of parameters selected randomly from their

respective distributions.

For this example, rain intensities and the resulting flows in

the stream did not allow significant TSS accumulation on the

riverbed during the summer months (June to September). The

horizontal lines correspond to the TSS accumulated on the

riverbed between two rain events. This means that the shear

stress is too low to mobilize previously accumulated sedi-

ments. Some high values (peaks) deal with accumulation at

the beginning of the rain event itself and remobilization with

increased flow in the stream.

From these results, it is possible to calculate the duration

for which the accumulated TSS mass exceeds a given

threshold (such as 25 g m�2, left axis of Fig. 3). The accumu-

lated time of exceedance during 1 y is plotted as a probability

(Fig. 4). The horizontal axis represents the percentage of a year

that a given criterion is exceeded. For example, a value of 20%

represents a criterion violation for 73 d annually. The proba-

bility of non-exceedance is presented on the vertical axis. In

fact, all the results of the Monte Carlo simulation are ranked

and normalized from the smallest to the largest value.

The probability is relatively high that the accumulation of

TSS (Cmax criterion) does not exceed the defined quality

http://dx.doi.org/10.1016/j.watres.2012.10.011
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Fig. 2 e Locations of the three investigated case studies in Switzerland. Detailed information is given in Table 3.

Table 3 e Characteristics of the studied streams and catchments. Average values and min-max values used in the Monte
Carlo simulations are shown. Rain information was extracted for a 10ey period from the nearest meteorological station
from the Swiss federal office of meteorology and climatology network (www.meteossuisse.ch).

Watershed Allaine stream Urtenen stream Sion-Riddes channel

Urban watershed area (ha) 950a 126 928

700e1000 e e

Inhabitants on the watershed (�) 24,000 18,500b 50,000c

15,000e27,000 8600e23,500 50,000e65,000

Upstream watershed (km2) 130a 18 0.07

127e133 e e

Base Flow (Q95%) (m
3 s�1) 1 0.15 0.19

0.3e1.5 0.1e0.2 0.18e0.25

Stream width (m) 11.5 1.5 3.7

7e15 1.2e2 2.6e4

Slope (%) 0.34 0.24 0.06

0.17e0.51 0.05e0.3 0.05e0.7

Strickler coefficient (m1/3 s�1) 30 40 40

20e35 25e45 20e45

Average particle size on the riverbed dm (cm) d 2 0.7 1.7

1e3 0.5 - 1 1.5e2.5

90% particle size on the riverbed d90 (cm) d 4.5 1.7 3.8

3.5e5.5 1.5e2.5 3.5e4.5

Local rain information [mm y�1] 1037 1077 573

700e1500 739e1318 429e892

a The size of the catchment is not fully defined due to a karstic geological context.

b The number of habitants varies considerably due to industrial activities on the watershed.

c The number of habitants fluctuates due to influxes of tourists.

d In-situ measurements based on Fehr (1987).
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criterion for the Allaine (84%) and the Sion (69%) case studies.

The probability is lower for the Urtenen (46%). This reflects

field observations. Siltation processes were not observed in

the Allaine and Sion watersheds. In contrast, the riverbed was

covered by a fine deposit on the whole section downstream of

the wet-weather discharges for the Urtenen. The general

aspects of the curves in Fig. 4, with an initial rapid increase

and a relatively large flat zone, indicate that the percentage of

time annually (horizontal axis) does not have a significant

impact on the results. In fact, changing the reference value of

annual time from 20% to 40% or 60% does not change the

interpretation of the results. Generally, the results for other

Swiss watersheds showed that the siltation criterion was

never exceeded (results not presented). Siltation processes

were observed near urban areas, but were mainly due to

wash-off from construction sites, cement spills or erosion of

non-stabilized riverbanks and agricultural fields.

For the accumulation of ecotoxic TSS (Emax criterion), the

most problematic location identified was again the Urtenen

stream, with a probability of only 7% to not exceed the defined

criteria (i.e., probability of 93% to exceed the defined goal). For

the other sites, Allaine and Sion, the probability was higher

(about 45%). These results are also in agreement with the

concentrations of organic compounds measured in the sedi-

ments (Table 4). The highest contamination was observed in

the Urtenen stream, with the trace metals Cd, Pb, Cu and Zn

concentrations between TEC and PEC values (MacDonald

et al., 2000). At this location, PAH values for Phe, Anth, Fluo,

Pyr, Chr and BaPy were the highest measured over the three

case studies; concentrations were also between TEC and PEC

values. The value for BaAn even reaches the PEC value, indi-

cating a potential impact for organisms. In the reference site

for the Urtenen, all sediment concentrations were below the

TEC values. This highlights the impact of wet-weather

discharges on the riverbed.

For the Allaine case study, the reference site was already

contaminated by Cd. A geogenic source of Cd seems to be the

reason for this result (Vasquez, 1999). Below the CSO

discharge, heavy metal concentrations of Cd, Ni and Cu are

above the TEC value. The situation is identical for five PAHs
(Pyr, BaAn, ChrBaPy and DiAn). Contamination of the riverbed

through stormwater and CSO discharges were confirmed for

this site. However, concentrations are lower than for the

Urtenen. Observed concentrations never reached PEC values.

For the Sion case study, concentrations in sediment were

already high upstream of the CSO discharge. This can be

attributed to Sion’s numerous stormwater discharge pipes

upstream of this channel. Copper concentrations were higher

than at the other sites, due probably to the presence of large

vineyards in the watershed. Downstream of the CSO,

discharge concentrations increased, especially for Cu, Zn, Phe,

Anth, Fluo, Pyr, BaAn, Chr and BaPy. Again, the effect of the

CSO on the sediment compartment is confirmed and well

predicted by the model (probability of 46% to not exceed the

criterion). Globally, for the Emax criterion, the shape of the

probability curves indicates relatively robust results, as

changing the reference value for the percentage of average

annual time does change them significantly.

For the risk assessment of accumulated organic matter

linked with TSS on the riverbed (Omax criterion), the Urtenen

stream was estimated as the most problematic, with a proba-

bility of only 30% to not exceed the criterion. This was

confirmed by in situ observations during the sampling phase.

The sediment profile was brown on the upper part and black

just below with a strong smell of sewage. The texture was

sticky, while the presence of red worms and leeches

confirmed the anoxic conditions. For the Allaine stream,

visual and olfactory in situ analysis of the sampled sediment

revealed a brown sediment with little organic matter and

a low odor level, consistent with aerobic conditions. Biotic

organisms Gammarus and Tubifex were observed, indicating

the presence of organic matter but in limited quantities. This

observation is in accordance with the results of the model,

which calculated a 53% probability of not exceeding the

criterion. Nearly the same probability was estimated for the

Sion case study (56%). In this case also, in situ investigations

were in accordance with the model. The sediment was sepa-

rated into two regions, with a brown oxic upper layer without

odor and a dark-colored anoxic lower layer due to the degra-

dation of organic substances. For the Omax criterion, the shape
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Fig. 4 e Calculation results for the three different criteria

(2000 Monte Carlo repetitions). The horizontal axis

represents the percentage of the annual time during which

the criterion is exceeded. The vertical axis gives the

probability of achieving this goal.
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of the probability curve is sharp around the critical percentage

of annual time (10%). As anoxic conditions are critical during

the egg-laying period (typically in early spring for salmonidae),

a more refined analysis of the results would be necessary for
the identification of potential problems. Results of the model,

however, are in agreement with site observations.

A sensitivity analysis is also integrated in the approach, in

order to identify the most important parameters in the

different processes. Not surprisingly, parameters like rough-

ness, slope and particle size of the riverbed are the most

sensitive for the Allaine case study. They are directly linked

with the dynamics of TSS on the riverbed, i.e., erosion or

accumulation processes. To improve the modeling approach,

priority should be given to the acquisition of these parame-

ters. The heterogeneity of the ecomorphological stream

criteria are accounted for in the probabilistic approach as they

are defined in a given range of variation. This allows themodel

to reflect the reality of in situ conditions.

For the Urtenen case study, the same parameters were

identified as important, with the addition of the critical shear

stress value (scrit), which affects evaluation of the Emax impact.

This parameter is also linked directly with sediment

dynamics. Similar results were found for the Sion case study.

Overall, the range of values proposed for the different TSS

processes gives estimates consistent with real situations.
4. Discussion

The proposed strategy allows an assessment of the risk for

receivingwaters linked to the accumulation of TSS from urban

wet-weather discharges. In the illustrated examples, the

model estimates a potential risk for the streambed. To reduce

this risk, TSS control measures (for example with CSO or

stormwater detention tanks) can be simulated with the model

and the beneficial effects of such installations estimated. After

validation, this TSS model provides a tool to estimate the

necessary investments for protection of receiving waters. This

approach also allows for actions to be prioritized based on

ecological risk assessment. Such approaches for sediments fit

well with the EU Water Framework Directive philosophy

(Apitz, 2008; Brils, 2008). Similar approaches for prioritization

of contaminated sites are, for example, applied to historical

contaminated sediments in Germany (Heise and Förstner,

2006) and in the USA (Suter, 2008).

Different problems were identified during the modeling

and sampling steps of our approach. The hydrological model

was unable to estimate correctly the measured flow upstream

of the CSO discharge for the Allaine case study. Here, the

upstream watershed is situated in a karstic region where the

hydrological processes do not follow classical behavior. For

that case, one recommendation is to use a detailed deter-

ministic model for the simulation of the upstream part of the

watershed, and to use its outputs as the input time series for

the stochastic simulation (Margot, 2008). The simplified

description of the urban watershed (the model considers only

one global catchment) was also a difficulty for modeling the

three case studies, even if results were in accordance with

measured flow data. For the field evaluation step, it was

difficult to find a deposit of fine sediment for the Sion case

study. As illustrated in Fig. 3, the accumulation of TSS on the

riverbed is related directly to the past rain conditions. If

sampling occurs after an intense rain event, most of the TSS

from urban sources would have already been transported

http://dx.doi.org/10.1016/j.watres.2012.10.011
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Table 4 e Concentrationsmeasured in the sediments at the different locations, and TEC/PEC values for comparison. Values
upstream (up) and downstream of the wet-weather discharges are presented, except for the Allaine (upstream
concentrationsweremeasured near the source of the stream). Values exceeding the TEC values are in bold, values equal or
bigger than the PEC in gray.

Parameter Allaineup Allainedown Urtenenup Urtenendown Sionup Siondown TEC PEC

Metals

[mg kg-1 DW]

Cd 2.7 2.4 0.6 1.1 1.5 1.6 0.99 4.98

Co 7.0 8.9 2.5 3.3 5.9 5.3 e e

Ni 21.8 32.2 15.6 16.0 32.7 31.2 22.7 48.6

Cr 29.2 40.6 13.1 27.8 31.3 35.7 43.4 111

Pb 4.7 26.8 17.9 50.2 43.2 34.3 35.8 128

Cu 8.9 34.0 14.4 65.2 85.1 100.8 31.6 149

Zn 67.0 117.3 51.2 355.5 131.3 150.0 121 459

PAHs

[mg kg�1 DW]

Naph 10 10 4 16.1 12.9 8 176 561

Ace LD 3.5 LD 11.4 LD 8 e e

Flu LD 7.6 1.7 27 6.5 17 77 536

Phe 25 134 34 581 92 351 204 1170

Anth 2.4 21 6 98 34.0 95 57 845

Fluo 81 386 51 1673 194 873 423 2230

Pyr 69 327 73 1345 189 760 195 1520

BaAn 24 189 45 653 124 394 108 653

Chr 28 206 44 840 137 390 166 1290

BeP LD 236 LD 972 162 LD e e

BbFl LD 194 39 731 113 300 e e

BkFl 12 131 27 451 70 207 e e

BaPy 21 261 59 762 138 368 150 1450

DiAn LD 36 8 LD LD LD 33 e

BePe LD 245 43 811 150 316 e e

InPy 24 339 59 893 154 420 e eP
16 PAHs 295 2726 493 9864 1577 4508 e e

Total PAHs 519 3155 649 11990 1855 6514 1610 22800
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downstream. A careful analysis of past rainy conditions is

therefore necessary before carrying out field studies. Prelimi-

nary modeling efforts could guide the definition of optimal

sampling conditions.

For TSS inputs into receiving waters, in terms of concen-

trations and loads, we have proposed a stochastic approach.

However, anymodel able to generate TSS concentrations from

urban watersheds can be used. No global consensus for

particle transport in streams exists yet and it is possible to

modify our approach incorporating different processesmainly

linked with armor effects, biostabilization, trapping in the

hyporheic interstitials of the riverbed, consolidation of the

sediments, etc. (Graf, 1971; Schälchli, 1995; Ciffroy et al., 2000;

Krishnappan, 2000; Minshall et al., 2000). These more refined

approaches will increase the complexity of the modeling

approach and will have as consequences the incorporation of

new parameters and site-specific constants. The goal here is

not to be able to measure directly in the river itself down-

stream of the wet-weather discharge the sediment height, but

rather to identify, among numerous wet-weather discharges

along a river, the most problematic ones linked to TSS. The

proposed model works with a limited number of variables

(seven for TSS in the receiving water) and reasonable default

values are provided for most of them, as demonstrated in the

field studies. We use uniform distributions for these parame-

ters in the Monte Carlo calculation, due to a lack of knowledge

concerning their values. A sensitivity analysis, also incorpo-

rated in our model, can further underpin investigations on the

effects of different parameter distributions. Due to its influ-

ence on themodel results, the TSS settling velocity,WC, should
be chosen with care. In our case, it has been estimated from

measurements made in streams using fine organic particles

marked by a tracer (Minshall et al., 2000; Thomas et al., 2001)

and on laboratory measurements. The average settling

velocity suggested corresponds to measurements conducted

on the River Seine after a CSO discharge (Even et al., 2004) and

is in accordance with settling velocities observed using the

French VICAS protocol (Gromaire-Mertz et al., 2008).

The entire procedure was simplified by incorporating all

the steps of the risk assessment in the software tool REBEKA II

(Fankhauser et al., 2004). The risk-assessment process can be

conducted directly on the basis of the model outputs. The use

of the model for three case studies showed that predicted

problems are effectively identified in the receiving waters.

Deterministic models could be also used to calculate the

various endpoints for sediment exposure. For example,

a model has been developed for estimating oxygen depletion

in the hyporheic zone (Borchardt and Reichert, 2001). A

deterministic model for siltation has also been proposed by

Schälchli (1995), while Wu (2000) presented a model to assess

the effects of sediment deposition on embryo survival.

However, it is very demanding to validate such models in

terms of data. Moreover, the investments in time for deter-

ministic modeling are often disproportionate in view of the

large number of urban wet-weather discharges in streams.

Three ecological criteria, linked with TSS, have been

proposed to assess the risk of wet-weather discharges for

sediment. Based on current knowledge, they are three of the

most important parameters to characterize the state of

riverbed sediments. Furthermore, they have the advantage of

http://dx.doi.org/10.1016/j.watres.2012.10.011
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being linked to a parameter commonlymeasured in all studies

of urban storm drainage, namely TSS. The knowledge of the

TSS exposure allows, therefore, assessment of the risk of wet-

weather discharges for the riverbed. However, note that this

risk is theoretical and based on modeling. The field investi-

gations reported here represent a validation of the proposed

approach. To identify the clogging problem or oxygen limita-

tions in sediments, visual investigation of the riverbed was

proposed as a screening procedure in Switzerland (Schälchli,

2002). Due to the dynamics of TSS in the receiving waters,

these visual inspections have to be repeated several times.

Actually, long-term integrated measuring campaigns that

take into account urban wet-weather discharges and sedi-

ment assessment are very rare.

The assessment endpoints proposed in Table 2 are defined

for classical Swiss situations. They can be refined and adapted

to each specific situation in the receiving waters. For the

siltation assessment endpoint, for example, if the amount of

fine sediment is relatively high upstream of urban discharges,

the additional contribution from urban discharges that can be

tolerated will be reduced. In the same manner, we can

consider also sediments with background contamination for

the accumulation assessment endpoint, or a constant input of

oxygen demand from a wastewater treatment plant for the

oxygen endpoint. Regarding TSS accumulation rates on the

riverbed, the proposed values are in agreement with other

values measured in urban environments in the UK. Lawler

et al. (2006) reported fine-grained sediment deposition of

50e100 g m�2 for the urbanized Upper River Tames. For the

Aire and Clader Rivers (UK), Walling et al. (2003) measured

values in the range 100e1450 g m-2.

For simplification, we consider the three assessment

criteria independently, but they are not. Riverbed siltation, for

instance, will limit the oxygen transfer and thus induce

oxygen depletion. Borchardt and Fischer (2000) observed that

the longitudinal gradient of oxygen between down and up-

welling zones was a function of the siltation process during

periods of low discharges in the Lahn Riverwith no scouring of

the bed material and the surface/sub-surface biofilms. More-

over, the impacts of oxygen depletion may reinforce toxic

effects linked to contaminants, allowing the remobilization of

heavy metals. However, as cumulative effects of the different

criteriawere not studied,we did not consider them together in

our assessment procedure.

For the three ecological criteria, pragmatic choices were

made based, for example, on the zone where TSS will have

most effect. Thus, we consider the top 5 cm of the streambed

as relevant for the siltation assessment criterion. We also

consider a safety factor of 1000 for the ecotoxicological effects

of accumulated pollutants (EU, 2003). Such simplifications do

not take into account the complexity of the processes that

occur in the riverbed and that can induce toxicity, and thus

risk, for the aquatic organisms. In particular, we did not

consider the differences that could exist in the bioavailability

of the compounds for the different species, nor the aging of

compounds that can decrease their toxicity (Reid et al., 2000).

Thus, they must be considered as indicative more than

mandatory values and could be updated based on new data.

As a screening tool, this approachwill highlight risk hot spots,

but the results have to be supported by further investigations
considering chemical analysis, ecotoxicological testing and

biological survey (e.g., the TRIAD approach of Chapman, 1990).
5. Conclusion

Sediment represents an important compartment of the

receiving waters as a habitat or spawning site for organisms.

The approach we propose allows assessment of the risk of

wet-weather discharge for sediment based on TSS and three

related assessment endpoints crucial for sediment quality.

The procedure proposed is implemented in a software

program, from which results can be used directly for wet-

weather management. This global approach was shown to

be suitable to assess the risk of the wet-weather discharge for

sediment in three Swiss case studies. However, it must be

considered as a screening evaluation rather than providing

deterministic results.

Tools for the in situ assessment of specific urban wet-

weather discharges are still needed, as the entire biological

integrity of the receiving water has to be considered. A future

research program must first and foremost include compre-

hensive, long-termmonitoring of the linkages between urban

wet-weather discharges, the flow regime in the receiving

water and the biotic or physical response of the riverbed

ecosystem. Greater interdisciplinary research is therefore

needed, combining sedimentologists, hydrologists, chemists,

biologists and ecotoxicologists.
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