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Abstract

The knowledge of the pollution stored in combined sewers is of prime importance in terms of management of wet
weather flow pollution since sewer deposits play a significant role as source of pollution in combined sewer overflows.
This work, which focused on the hydrocarb6aliphatic and aromatic hydrocarbonand metallic(Fe, Zn, Pb, Cu
and Cd pollution fixed to the different kinds of sewer depositgoss bed sedimedGBS], organic laye{OL] and
biofilm), was performed in order to provide a complete overview of the contaminant storage in the ‘Le Marais’
combined sewe(Central Paris, FrangeFirstly, our results have shown that, for all kinds of pollutants, a major part
was stored in the GBE87 to 98%), a lesser part in the OI2 to 13% and an insignificant part in the biofilrai<
1%). These results demonstrated that the potential contribution of biofilm to wet weather pollution was negligible
compared to the OL one. Secondly, the investigation of hydrocarbon fingerprints in each deposit has provided relevant
information about contamination originél) aliphatic hydrocarbon distributions were indicative of petroleum input
in the GBS and reflected a mixture of biogenic and petroleum inputs in the OL and bi6®)rayomatic hydrocarbon
distributions suggested an important pyrolytic contamination in all the deposits. Finally, the study of pollutant
fingerprints in the different deposits and in the suspended solids going through the collector has sho@in that:
suspended solids were the major component of OL and biofilm while urban runoff seemed to be the main transport
mechanism introducing pollutants in the GBS a®l the residence times in sewer of OL and biofilm were quite
short compared to those for GBS.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction — characterising the hydrocarbon and metallic fin-
gerprints in each sewer deposit,

The importance of the combined sewer overflow — €lucidating the hydrocarbon origins using ali-
(CSO pollution and its acute impact on receiving phatic and aromatic distribution indexes, and
waters have been largely demonstrated. Today, — studying the formation processes and the resi-
reduction of CSO discharges has become a major dence times of each deposit using the hydrocar-
concern for many municipalities both in order to ~ bon and metallic signatures.
recover the quality of the receiving water bodies
and in order to meet the new European regulations. 2. Materials and methods
The development of CSO management strategies
requires an improved knowledge on the pollutant 2.1. Sampling site
loads in sewer deposits since many authors have

underlined their significant role as source of pol-  This research was performed on a 42 ha exper-
lution in CSO dischargeBachoc, 1992; Chebbo, imental urban catchment, the ‘Le Marais’ catch-
1992; Krejci et al., 1994; Gromaire, 1998 ment, located in the historical centre of Paris

Three different categories of sewer deposits have (Chebbo et al., 2001 It is a densely populated
been defined by several authdi@rabtree, 1989;  residential are295 inhabitants per hectarevith
Ahyerre, 1999. Sewer bed deposit, accumulated small businesses and almost no industrial activities.
during dry weather flow periods’ can be subdivided The catchment area can be divided into three kinds
into two kinds of deposits: the gross bed sediment Of urban surfaces, leading to three types of runoff:
(GBS) and the organic layeXOL). The GBS, roofs (54.5%), streets(23%) and surfaces such as
which has a high mineral content, looks very dark courtyards, public squares and garde@2®.5%
(b|ack and grey and its partides appear well .(Grom.alre et al.', 200)1 90% of the catchment is
defined with millimetric diameters, whereas the impervious, which is typical of a dense town
OL, which has a high organic content, shows a centre. The sewer network is combined and com-
brown colour (Ahyerre et al., 2000; Oms et al., Pletely man-entry. It includes three ovoid trunks
2003. The third type of deposit is the biofilm. It ~ (‘Vieille du Temple’, ‘St. Gilles’ and ‘Rivoli’) and
is composed of a bacteria lay€b- to 10um  approximately 50 egg-shaped collectdfsg. 1).
thick), which totally covers an organic matrix Vieille du Temple’ and ‘St. Gilles’ trunks flow
(1- to 5-mm thicR. This complex is attached to into ‘Rivoli’. Experiments were carried out in the
the trunk wall at the mean water levéiRocher et~ ‘St. Gilles trunk, which is 798-m long, with a
al., 2003a. rectangular flow section of 0.7-m height and 0.6-

This work focused on hydrocarbon and heavy m width and an eC]UIValent SlOpe of 0.04%. It was
metal pollutants, which can have a harmful dam- chosen because it contained a significant amount
aging effect on human and environmental health. of all types of sewer deposits.

Aliphatic  hydrocarbons, polycyclic aromatic _

hydrocarbongPAHs) and heavy metal&ron [Fel, 2.2. Sampling procedures

zinc [Zn], lead [Ph], copper[Cu] and cadmium o

[Cd]) were measured in the different sewer depos- Bed deposits, i.e. the GBS and the OL, were
its and in the waste watdisuspended solidiSY sampled at the top of the 'St. Gilles trurl600
and dissolved phasfDP]) sampled in the com- ™M upstream ‘Rivoli trunk. The biofilm was sam-
bined sewer of the 4th district of Par(sjown pled every 25 to 50 m from the St. Gilles-Rivoli

town). This research program was aimed at: junction up to 600 m upstreafFig. 1). The GBS
was sampled with an adapted shovel that isolated

— investigating the hydrocarbon and heavy metal the sediment during sampling and trapped the fine
stocks in the different sewer deposits and assess-particles of the sedimelfFig. 2). The system used
ing the potential contribution of each deposit to to sample the OL was composed of a PVC box
the wet weather pollution, (85%x30%x50 cm opened on two opposite sides



V. Rocher et al. / Science of the Total Environment 323 (2004) 107-122 109

A XNIIe

- > ) % o

ling‘__‘

Fig. 1. Location of deposit and waste water sampling in the ‘Le Marais’ experimental urban catdi@eetil Paris.

so that water can flow through @#hyerre et al., The sampler pumped 100 ml per hour during 24

2000. Two panels closed the box. The unit was h. Then, all sub-samples were mixed in one sam-

inserted into the GBS in the direction of the flow. ple. From February to March 2002, seven waste

Samples were taken after each 5 to 10 dry weatherwater samples were collected.

day period. For sampling, the two panels were

lowered and the water in the box was pumped out 2.3. Experimental procedures

with a peristaltic pump. When all the waste water

was pumped, the OL was scraped until reaching 2.3.1. Physico-chemical parameters

the GBS. The GBS and the OL were sampled The physico-chemical nature of the sewer

simultaneously during 2 montigrom January to  deposits was investigated since all samples were

February 2001 and five samples were collected. analysed for volatile solid conterfiySC), estab-

The biofilm, attached to the pipe wall, was scraped lished following the NFU-44-160 AFNOR method

off using a little metallic scraper for hydrocarbon (calcination at 480°C), and for water content

analysis and using a porcelain scraper for metal (dried until constant weight at 4TC).

analysis; 14 and 17 samples were collected, in

December 2000, for hydrocarbon and metal meas- 2.3.2. Hydrocarbon analysis

urements, respective§Rocher et al., 2003a All samples were analysed for the aliphatic
Waste water was sampled using an automatic hydrocarbong»-C10 ton-C33) and the 16 PAHs

sampler(Buhler PBMOS located in the ‘St. Gil-  selected from the US-EPA priority list and their

les’ trunk. Samples were taken in the mid-depth alkylated derivatives. All solvents used for hydro-

of the flow with a sampling hose of 1-cm diameter. carbon analysis were purified by distillation. To

a)

50 cm

85 cm

Fig. 2. Sampling system fdia) gross bed sediment ari®) organic layer(Ahyerre et al., 200D
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avoid contamination, the glassware used for sam- under
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nitrogen flux before chromatographic

pling and analysis was cleaned with 5% Decon injection.

detergent(Prolabo, rinsed with deionised water
(Milli-Ro, Millipore SA) and heated at 45TC for
2 h to eliminate any trace of organic matter.

Hydrocarbons were determined by GC-MS
(GCD 1800 A, Hewlett Packapdusing a PONA
fused silica capillary column, 50 m0.20 mm

Extraction procedures depended on the type of ID 0.5 um film thickness (Hewlett Packaril

samples. For deposit sampleSBS, OL and biof-
ilm), approximately 1-2 g dwdry weigh? were
Soxwave (Prolabg extracted for 10 min with a
CH,CIl,—MeOH mixture(35 ml/5 ml) after addi-
tion of perdeuterated internal standafdedecane

The carrier gas was heliul.0 mkmin—1). The
injector temperature was set to 300 and 1pl
was injected. The column temperature was pro-
grammed from 70 to 300C (5 °C:min~?*) and
held for 24 min at 300°C. System control and

D, tetracosane B , triacontanes , naphthalene data acquisition were monitored with a HP

Ds, phenanthrene I , pyrene ;0 and ben-
zola]lpyrene D,). The extract was then concen-
trated to dryness under nitrogen flgk5.0, Linde
Gaz. Then 500ul of hexane(Merck) were added.
For liquid samples(waste water, an aliquot,
typically 2 I, was filtered by using a succession of

ChemStation software. The GCD apparatus was
operating in the scan mode. The whole analytical
procedure was validated using certified sample
(marine sediment SRM1941ENIST]), which is

certified for PAHs, whereas aliphatic concentra-
tions are given as non-certified, i.e. indicative

pre-combusted and pre-extracted filters, from 2.7 (Gonzalez et al., 1999

wm (GF/F, Whatman to 0.45um (Millipore), in

a glass filtration unit in order to separate dissolved 2.3.3. Metal analysis

and particulate phases. Particulate matter was dried The heavy metals measured in each sample were
to a constant weight at 40C and Soxwave Fe, Zn, Pb, Cu and Cd. All the materials used for
extracted in the same way as deposit samples.sampling and analysis were cleaned following this
After addition of perdeuterated internal standards, procedure:(1) washing with standard detergent

the dissolved phase was extracted by simple lig-

uid—liquid extraction in a separation funnel using
four successive 30 ml additions of GHLCI
(Merck). Before the last extraction, sample pH
was adjusted to 2 using concentrated, H,SO
(Merck). Each of the four portions was shaken
with the filtrate sample for 10 min. The extracts
were then combined, dried using CaCProlabg

and concentrated to approximately 5 ml using a
rotary evaporator at room temperature under vac-

uum. This fraction was further evaporated to dry-
ness under nitrogen flux. Then 5@0 of hexane
were added.

These aliquots were fractionated into two frac-
tions on a chromatographic column of 2 g of
activated silica gelAldrich, 5.5 mm IDx30 cm
in length), with 4 ml hexane and 6 ml CH ¢l —
hexane(80/20, v/v). The aliphatic hydrocarbons
were eluted with hexan€&~1) and PAHs with the
CH,Cl,—hexane mixturéF2). Silica gel(Aldrich,
70—-230 mesh, 60 Awas preactivated at 45TC
for 2 h and stored at 100C prior to use. F1 and
F2 were evaporated to approximately 50—100

and rinsing with deionised watéMilli-Ro, Milli-
pore SA); (2) complete immersion in a 2% Extran
bath during 24 h(3) rinsing with ultra pure water
(18.2 MQ Milli-Q water, Millipore SA) and com-
plete immersion in a 10% HNO batiHNO; 68%
normapur, Prolabpoduring 24 h;(4) rinsing with
ultra pure water and drying 24 h under a class 100
laminar hood; and5) sealing into a plastic bag.
Membranes used for sample filtratidi®artorius,
cellulose nitrate, 0.4um porosity, before trace
metal determination, were treated as follows$)
immersion into a 5% HNQ solution during 24 h,
(2) rinsing with ultra pure water and storing in a
ultra pure water bath.

Acid digestion procedures depended on the type
of samples. For deposit samplé&BS, OL and
biofilm), approximately 0.5 to 1 g dw was digested
in a Teflon cup with conc. HN® (18 ml) and
conc. HCIQ (2 ml). The liquid was evaporated to
dryness in a sand bath at 100. The final residue
was dissolved using 30 ml of 1 N HNO . After a
15 mn-centrifugation at 3500 revnin, the super-
natant was stored at AC prior to analysis. For
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Table 1
Physico-chemical parameters measured in the different sewer deposits sampled in the ‘St. Gilldénmi Pariy
Samples n Moisture content$%) Volatile solids content%)

d10 d50 doo d10 d50 doo
Gross bed sediment 5 29.0 32.0 41.2 5.9 6.6 10.9
Gross bed sedimerft< 400 pwm) 5 - - - 6.8 7.6 8.9
Gross bed sedimerft>400 pm) 5 - - - 5.2 7.4 8.8
Organic layer 5 74.3 85.5 90.4 38.8 51.4 70.5
Biofilm 17 87.3 90.0 92.7 55.5 60.5 67.4

n: number of samples

liquid samples(waste watex, an aliquot, typically
500 ml was filtered at 0.4p.m, in a polyethylene
filtration unit in order to separate dissolved and

sewer deposits are reported in this section. Con-
cerning the GBS, two-grain size fractions, i.e.
inferior and superior to 40Q.m, were considered,

particulate phases. Particulate matter was dried to GBSi and GBSs, respectively.

a constant weight at 40C and digested in the

same way as the deposit samples. The filtrate was3.1.1. Volatile solid content

acidified at pH 1 with conc. HN@ and stored at
4 °C prior to analysis.

Dissolved and bulk metals were determined
using a flame(Fe, Zn, Pb, Cuand furnace(Cd)
atomic absorption spectrophotometefPerkin
Elmer 1100B with argon flow(N5.6, Linde Gaz
and deuterium lamp for non-specific absorption
correction (matrix effecd. For Cd determination,
NH,H.,PO, (Merck, Suprapur was added for
matrix modification and prevention of Cd loss by
volatilisation.

3. Results and discussion
3.1. Sewer deposit characterisation

As previously noticed, the bed sediment, accu-
mulated during dry weather flow periods, is gen-
erally composed of the GBS and the OL. In the
‘St. Gilles’ trunk, which is a middle size collector,
the depth of GBS was between 5 and 40 cm
(Ahyerre, 1999; Oms et al., 20Dand the OL one
was between 2 and 15 c®ms et al., 2008 The
third deposit observed in the ‘St. Gilles’ trunk was
the biofilm. It was fixed to the trunk wall at the
mean water level all through the collector, i.e.
from the ‘St. Gilles’—‘Rivoli’ junction up to 650
m upstream. Contents of volatile solids, hydrocar-
bons (aliphatic and aromatic compoundsand

Table 1 shows the physico-chemical parameters
measured in the three types of sewer deposits.
Firstly, we observe that the humidity content of
the GBS was very low compared to the other
kinds of deposits. Secondly, these results illustrate
that the GBS had an inorganic natu(¢ SC of
6.6%) whereas the OL and the biofilm had an
organic naturdVSC of 51% and 61%, respective-
ly). These results are in good agreement with
previous studies carried out in the Paris combined
sewer. Indeed, Ahyerre et 2000 reported that
the median VSC in the GBS, OL and biofilm
extrated from the ‘Vieille du Temple’ trunk'Le
Marais’ catchment were 9.6%, 68% and 58%,
respectively. Moreover, a recent research program,
focusing on the GBS, exhibited that, at the whole
Paris network scale, the median VSC in this
sediment only reached 7.2%Rocher et al.,
2003b. Studies undertaken in other European
countries have also underlined these sediment
properties. For example, experiments carried out
in the United Kingdom(Crabtree, 1989; Arthur,
1996) and in Germany(Ristenpart, 1995; Risten-
part et al., 1995 showed that VSC were between
3% and 15% in the GBS and between 50% and
80% in the OL, respectively.

3.1.2. Hydrocarbon contents
The range of total aliphatic hydrocarb¢hAH)

heavy metals measured in these three types ofand total PAH contents measured in the different
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Table 2
Values of TAH, PAH and heavy metal contents in the three kinds of combined sewer deposits sampled in the ‘St. Gilles’ trunk
(Central Pariy

Gross bed sedimerft =5) Organic layer(n=5) Biofilm (n=14-17

<400 pm >400 pm
d1o d50 doo d1o d50 doo d10 d50 doo d1o d50 doo

This work
TAH (ng/9) 24 35 64 21 30 149 55 62 85 119 204 262
Total PAH (ng/g) 5.2  11.6 715 34 257 39.7 2.1 5.4 31.7 0.1 2.0 5.5
Fe (mg/g) 202 209 232 159 177 26.2 38 100 37.2 0.9 1.8 4.0
Zn (mg/g) 1.7 1.9 2.0 1.2 1.5 2.1 15 1.6 1.7 0.2 0.6 1.6
Pb (mg/g) 069 0.85 1.37 073 1.40 318 025 0.33 047 004 023 0.66
Cu (mg/g) 0.56 0.61 079 015 028 043 020 022 026 0.04 0.4 0.41
Cd (mg/g) 0.01 0.01 0.02 001 002 0.04 001 0.02 0.06DL <DL <DL

Previous studie$1994—-1999
Gonzalez (1)

TAH (ng/9) - 32 153 5 35 369 97 125 260 198 268 518

Total PAH (ng/g) - 2.7 6.9 0.6 3.3 9.5 0.6 2.9 8.0 0.1 0.5 17.6
Garnaud (2)

Zn (mg/g) 26 43 139 05 30 44 - 13 - - 214 -

Pb (mg/q) 125 194 383 048 137 492 - 021 - - 389 -

Cu (mg/g) 051 091 271 010 019 037 - 013 - - 291 -

Cd (mg/9) 0.002 0.005 0.013 0.001 0.002 0.002 - 0.001 - - 0.013 -

(1) Gonzalez, 2001; Moilleron et al., 200€2) Garnaud, 1999.

sewer deposits are summarized in Table 2 and themajority of metals, the highest metallic loads
Fig. 3 illustrates the median values. For TAHs, between the two kinds of bed deposits were found
median contents were estimated at 31, 62 and 204in the GBS. In this deposit, contents of Fe, Zn,
pg-g~* dw in the GBS, OL and biofilm. High Pb, Cu and Cd were 18.2 nw ! dw, 1.53
TAH amounts in the biofilm and, to a lesser extent, mg.g~* dw, 1.30 mgg~—* dw, 0.33 mgg~! dw

in the OL were probably linked to the biological and 0.017 mey~* dw, respectively. Nearly similar

nature of these two deposits. An opposite trend -gntents of Zn, Cu and Cd were measured in the
was observed for PAHs since median contents OL (1.58, 0.22 and 0.020 mg-* dw), while Fe

were 23.3ug-g”* dw in the GBS and only 5.4 and Pb contents in OL10 and 0.33 may~
) : I : @t dw)
a’?d 2.”“9 g~* dw in the OL and b'Of'lm.' For were two to four times lower than the GBS ones.
aliphatic hydrocarbons, our results are in good . .
The results here are in good agreement with a

agreement with previous study carried out in this previous study carried out in this urban catchment
urban catchment. Indeed, Gonzal@0)01) report- (Garnaud, 1999 Indeed, except for the Zn load

ed that median TAH contents in GBS, OL and . o )
biofilm were 34, 125 and 26§.g-g~* dw. For 'n_ the GBS(3.2 mgg™* dw), which is twice as
aromatic hydrocarbons, contamination levels Nigh as the values here, Garnalt®99 reported

observed in this work are two to seven times duite similar contamination levels in the GBS
higher than those reported by Gonzak200), (difference below 10%and OL (difference below

which ranged from 0.5 to 3.3g-g~* dw. 40%) for Zn, Pb, Cu(Table 2. o _
Secondly, Fig. 3 highlights the significant dif-
3.1.3. Heavy metal contents ference between the metallic loads in these bed

The range of heavy metal contents are summa- deposits and in the biofilm. In this latter, contents
rized in Table 2 and Fig. 3 presents the median of Fe, Zn, Pb and Cu were only 1.8 Agg?, 0.6
values. Firstly, this figure underlines that, for the mg-g—*, 0.23 mgg~! and 0.14 megy~?*, respec-
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Fig. 3. TAH, PAH and heavy metal conterltgg-g~* dw and mgg~* dw) measured in the gross bed sediment, the organic layer
and the biofilm sampled in the ‘St. Gilles’ collect¢€entral Paris

tively. Thus, depending on the metal considered, these studies. Indeed, a recent research program
metal contents in the biofilm were from 2.5 to 10 (Rocher et al., 2003afocused on the biofilm, has
and 1.4 to 5.5 times smaller than GBS and OL described, using a transmission electronic micro-
ones, respectively. This result is of prime impor- scope, the structure of the sewer biofilm and has
tance since it proves that, in this type of middle provided new knowledge required to identify and
size collectors, there is no phenomenon of metallic collect the biofilm in a combined sewer without
accumulation in biofilm. The fact that biofilm does error.

not accumulate metals is probably linked to the

hydraulic conditions inside the combined sewer 3.2. Pollutant stocks in the different kinds of sewer
system, i.e.(1) the quite high dry weather flow deposits

velocity—between 0.05 and 0.4 -s7! (Oms,

2003—which tends to inhibit metals passing from Fig. 4 represents the distributions of hydrocar-
waste water to biofilm and2) the regular occur-  bons and heavy metals between the different sewer
rence of rain events which induces the biofilm deposits in the ‘St. Gilles’ collector. The pollutant
erosion and, consequently, limits its residence time masses stored in each deposit were assessed by
in the collector. The results here invalidate conclu- multiplying the pollutant loads by dry masses.
sions drawn from the previous experiment led on Deposit masses used for calculation were 13 700
this catchment(Garnaud, 1999; Chebbo et al., kg, 2800 kg, 1200 kg and 22 kg for GBSs, GBSi,
2001 suggesting that biofilm might strongly accu- OL and biofilm, respectively. These masses were
mulate metallic elementéTable 2. It is probable  estimated by Ahyerre(1999 and Oms et al.
that the differences could be explained by the (2003, who established GBS and OL profiles in
development of the sampling procedures betweenthe collector ‘St. Gilles’ using a measuring rod

100

% 50

TAH Total PAH Fe Zn Pb Cu Cd

H GBSs OGBS aoL [ Biofilm

Fig. 4. Distribution of hydrocarbon€TAH and Total PAH and heavy metal§%) between the different sewer deposits in the ‘St.
Gilles’ trunk (Central Paris.
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and an endoscope. Whatever the pollutant consid-to TAH and PAH pollution reached 94% and 99%
ered, the highest pollutant mass was found in the of the total in-sewer pollution, respectively, while

GBS. Percentages of TAHs and PAHs stored in
the GBS reached 87% and 98% of the total in-

the biofilm contribution was only 6% and 1%,
respectively. A similar trend was observed for

sewer stock, respectively. Percentages of Fe, Zn,metals since, whatever the metal considered, the

Pb, Cu and Cd in this deposit were 96%, 93%,
98%, 96% and 92% of the total in-sewer stock,
respectively. Moreover, a great part of the hydro-
carbon and heavy metal pollutants was fixed to
the coarse particles of the GBE>400 pm).

OL contribution to metallic pollution was above

98% of the total in-sewer pollution whereas the
biofilm contribution was below 2%. These results
emphasize that, at the ‘Le Marais’ catchment scale,
the biofilm was not an important source of wet

TAHs, PAHs and heavy metals associated to this weather pollution and can be disregarded.

coarse fraction represented 70%, 90% and from

66% to 87% of the total in-sewer stock, respec-
tively. Remaining pollutants were mainly stored in

3.4. Pollutant fingerprints in the different sewer
deposits

the OL. Indeed, TAHs, PAHs and heavy metals 3, ; Aliphatic hydrocarbons

contained in this layer represented 13%,
from 2% to 8% of the total in-sewer stock, respec-
tively. Hence, pollutant stocks in the biofilms were
much smaller than for the GBS and OL. Whatever
the pollutant considered, the portion of pollutants
stored in the biofilms was lower than 1% of the
total in-sewer stock.

3.3. Sewer deposits as potential wet weather pol-
lution sources

A previous study showed that, during rain
events, an important part of pollution originates
from in-sewer sources, i.e. coming from the bed
deposit resuspension and the biofilm erodi@mo-
maire, 1998. The main mechanism involved is

2% and  nMore than 20 resolved hydrocarbons ar

alkanes, i.e. fromn-C10 to n-C33, have been
identified in the different samples. In addition,
pristane(Prist) and phytang(Phyt), two isopren-
oids, were also regularly observed. Fig. 5 illustrates
the distributions ofn-alkanes and isoprenoids in
the sewer deposifGBS, OL and biofilm) and
waste water(SS and DP samples. Concerning
sewer deposits, the GBS showed an aliphatic
distribution pattern very different to the other
deposits. The aliphatic distribution patterns of the
two GBS fractiond GBSi and GBSywere centred
on n-C18 and most ofi-alkanes were light com-
pounds (carbon numbex20). The light/heavy
molecular weight hydrocarbon ratio§LMW /
HMW), estimated at 1.4 and 2.2 for the GBSi and

the shear stress resulting from the increased veloc-ihe GBSs respectively, underlined the predomi-

ities under storm flow conditionéCrabtree et al.,
1995; Michelbach, 1995; Ahyerre et al., 2000

nance of light compound¢Table 3. The other
deposits, i.e. the OL and the biofilm, exhibited a

Recent studies have established that the OL WaSgistribution pattern mainly peaked at around

the main source of eroded soli(Ristenpart et al.,
1995; Ahyerre et al., 2000; Chebbo et al., 201

C29. Contrary to the GBS case, heavy compounds
(carbon number 20) were predominant since the

In the work described here, to approximately assess LMW /HMW ratios were calculated at 0.5 and 0.4

the contribution of the different kinds of sewer
deposits to the wet weather pollution, it was
assumed thafl) the GBS was not resuspended,
(2) the OL was entirely resuspended af®) the

for OL and biofilm, respectively(Table 3. The
heavy n-alkane predominance in OL and biofilm
has been already noticed in the ‘Le Marais’ com-
bined sewer, since Gonzal€2001) reported that

biofilm was entirely eroded. These hypotheses heavy compounds represented more than 60% and

were accepted even if, in fact, the GBS might be
partially eroded, a little part of the OL might resist

85% of TAHs in OL and biofilm, respectively.

resuspension and a part of the biofilm might resist 3.4.2. Aromatic hydrocarbons

erosion (Arthur et al., 1996; Ahyerre, 1999
Admitting these hypotheses, the OL contribution

All samples were analysed for the 16 PAHs
from the US-EPA list and their alkylated deriva-
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Cn values (n=8 to 33) represent the 26 n-alkanes measured during this study; n refers to the carbon number of the linear chain,

Fig. 5. Distributions ofn-alkanes and isoprenoid$s) in (a) the gross bed sedimefigrain size fractions above and below 400
wm), (b) the organic layer(c) the biofilm and(d) the waste watefsuspended solids and dissolved phasampled in the ‘St.
Gilles’ trunk (Central Paris

tives. Fig. 6 illustrates the PAH distributions in all of heavy compounds. Values of the light molecular
the sewer deposits and in the waste water. Global weight PAH (2—-3 ring9/heavy molecular weight
PAH distribution patterns were nearly similar for PAH (4—6 ring9 ratios(LMW /HMW) were 0.26,
all the deposits, i.e. characterised by an abundance0.22, 0.23, 0.25 for GBSi, GBSs, OL and biofilm,
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Table 3
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Values of alkane and PAH indices for the three kinds of sewer deposits and the wastéswspemnded solids and dissolved phase

sampled in the ‘St. Gilles’ trunkCentral Pari

Combined sewer deposits

Waste water

Gross bed sediment Organic Biofilm Suspended Dissolved

<400 um =400 um layer solids phase
Alkanes
MAH C18 C18 C29 C29 C29 C14
% MAH 12 10 17 10 14 13
LMW /HMW 1.4 2.2 0.5 0.4 0.2 1.1
UCM (g/g or ) 433 218 463 1571 3742 247
UCM/R 14.9 6.0 7.2 8.9 6.0 5.4
CPI 11 1.1 15 1.1 1.0 0.9
Prist/Phyt 0.8 1.0 1.4 1.2 0.6 1.2
C17/Prist 1.9 2.1 1.9 14 4.5 2.7
C18/Phyt 2.2 2.3 35 3.9 6.8 43
n-alkanegC16 23 11 27 26 140 31
C17/C29 2.3 1.9 0.2 0.3 0.1 0.5
PAHs
MPAH Pyr Fluo Fluo Pyr P P
%MPAH 40 40 43 67 100 60
LMW /HMW 0.26 0.22 0.23 0.25 - -
Alk. /Par. 0.07 0.09 0.0 0.0 0.0 0.0

For alkanes: MAH=major aliphatic hydrocarbon; LMWHMW = light molecular weight( <20 carbong/high molecular weight
(>20 carbony UCM=unresolved complex mixture; CRIcarbon preference index. For PAHs: MPAHnajor PAH; LMW/
HMW = light molecular weight PAH$2—3 ring9/high molecular weight PAH&4—6 ring9; Alk. /Par=alkylated derivativegparent

compounds.

respectively, (Table 3. A similar trend was

the deposits considered, phenanthréRg fluor-

observed in the combined sewer system of Bad anthene(Fluo) and pyrene(Pyr) were identified

Mergentheim (Germany, since Michelbach and

Wohrle (1993 reported that heavy PAHs account-
ed for more than 80 and 90% of total PAHs in
sewer sediment and biofilm. Moreover, whatever

as the most abundant compounds since their sums
accounted for 95, 89, 100 and 100% of total PAHs
in the GBSI, GBSs, OL and biofilm. Nevertheless,
the two fractions of GBS were distinguishable

100
75
% 50
2 H
0 s P i =
N Acyl  Acen F P A Fluo Pyr B(a)A Chry
O GBSi E GBSs B 0L [J Biofilm ass U DpP
N: Naphtalene, Acyl: Acenaphthylene, Acen: Acenaphthene, F: Fluorene, P: Phenanthrene, A: Anthracene, Fluo: Fluoranthene, Pyr: Pyrene,
B(a)A: Benzo{a]Anthracene, Chry: Chrysene

Fig. 6. PAH distributions(%) in the gross bed sedimefgrain size fractions above and below 4Q@n), the organic layer, the
biofilm and the waste watesuspended solids and dissolved phasampled in the ‘St. Gilles’ collectdfCentral Paris
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Fig. 7. Heavy metal distribution&b) in the gross bed sedimefgrain size fractions above and below 4@fn), the organic layer,
the biofilm and the waste watésuspended solids and dissolved phasampled in the ‘St. Gilles’ collectofCentral Paris.

from the other deposits byl) the presence of Mergentheim(Germany. Besides the Zn predom-
other heavy PAHs such as anthracdie), ben- inance, metal distributions in all the sewer deposits
zolalanthracenéB(a)A) and chrysen€Chry) and were characterised by the presence of Pb and Cu.
(2) the presence of alkylated derivatives illustrated In the GBS, the relative part of Pb was important
by alkylated derivativéparent compound ratios of  as it reached 26—44% of the total metals for GBSi-
0.07 and 0.09 for the GBSi and GBSs, respectively. GBSs. In the other deposits, this proportion was
slightly lower since it was assessed at 15 and 24%
3.4.3. Metal fingerprints of total metals in OL and biofilm. Contrary to the
Five heavy metaldFe, Zn, Pb, Cu and Od  pp case, relative parts of Cu were nearly similar
were measured in all samples. Fig. 7 illustrates the jn a)| kinds of sewer deposits, i.e. between 9 and
metallic distributions in the sewer deposits and 1894 of the total metals. These results are in good
waste water without taking into account the major ggreement with a previous study carried out in the
crustal element: Fe. Fe was excluded from this paris sewer network where Garnai®99 report-
representation because of its strong predominance.gq that the relative part of Pb was 27—-30%, 13%
which is harmful to the graphic readability. Indeed, ang 14%, respectively, of total metals in GBSi-
the relative part of this crustal element was above GBss, OL and biofilm and the relative part of Cu
80% of the total metals in bed deposits and was a5 between 4 and 13% of total metals in all
nearly 65% of the total metals in biofilm. Whatever  gewer deposits.
the deposit considered, Zn was identified as the
most abundant metal. In the gross sediment, Zn 3.5. Hydrocarbon origins in the different sewer
proportion was estimated at 56—-46% of the total geposits
metals for GBSIi-GBSs, respectively. Predominance
of this element was much more marked in the  The aliphatic and aromatic hydrocarbon distri-
other deposits, since Zn accounted for 73% and butions differ according to the production sources.
62% of the total metals for OL and biofilm, The evaluation ofi-alkane and PAH distribution
respectively. Zn predominance in sewer deposits indexes in sewer sediments helped to elucidate the
has already been noticed by several authors. Thus,origins of complex hydrocarbon mixtures. The
Garnaud(1999 reported that Zn represented 60— alkane indexes allowed the identification of bio-
66%, 79% and 76%, respectively, of the total genic and petrogenic sources while PAH ratios
metals for GBSIi-GBSs, OL and biofilm extracted were sensitive indicators of petrogenic and pyro-
from the Paris combined sewer. High proportion genic inputs.
of Zn in sewer deposits was also observed in other
European countries. For example, Michelbach and 3.5.1. Aliphatic hydrocarbons
Wohrle (1993 showed that Zn accounted for 85 The analysis of aliphatic distributions in the
and 87% of the total metals in sewer sediment and different sewer(Fig. 5a—9 was carried out using
biofilm extracted from the combined sewer of Bad indexes presented in Table 3. The major aliphatic
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hydrocarbon(MAH) was n-C18 in the GBS and
n-C29 in the OL and the biofilm. Abundance of
n-C18 in the GBS indicated that this sediment was
affected by the impact of petroliferous derivatives
(oils) (Colombo et al., 198Pwhile abundance of
n-C29 in the OL and biofilm was attributed to
biogenic inputs, i.e. terrestrial plants and faecal
matter (Moreda et al., 1998 Moreover, LMW/
HMW values were found to be higher than 1.4 in
GBS and lower than 0.5 in the OL and biofilm
(Table 3. These results confirm the MAH index

V. Rocher et al. / Science of the Total Environment 323 (2004) 107-122

Gas chromatographic traces of aliphatic hydro-
carbons were also characterised by an unresolved
complex mixture(UCM), i.e. the hump under the
baseline on a chromatographic trace. This unresol-
ved portion is generally considered as a mixture
of many structurally complex isomers and homol-
ogous of branched and cyclic alkar@&ouloubassi
and Saliot, 1993; Aboulkassim and Simoneit,
1996). The presence of an important UCM in the
aliphatic hydrocarbon chromatograms has a well-
known linkage to a contamination by petrogenic

since the petroleum contamination is characterised hydrocarbons(Colombo et al., 1980 Thus, the

by a ratio higher than unity and the biogenic
contamination leads to a ratio lower than unity
(Colombo et al.,, 1989; Moreda et al., 1998
Distinction between biogenic and petrogenic
origins can be carried out using the gédenn-
alkane predominance. This otelen pre-
dominance can be quantitatively formulated by
different specific indexes such as theC16 ratio
(sum of n-alkanegn-C16) or the carbon prefer-
ence index(CPI) defined as the weighted ratio of
odd to even carbon-numberedalkanes in the
rangen-C10 ton-C33. Then-C16 ratio is usually
large (approx. 50 in biogenic samples due to the
dominance of oddn-alkanes and is smaller
(approx. 15 in petrogenic sampleéColombo et
al., 1989. A value of CPI near unity is typical to
petrogenic origin while a greater valee. above
4-5) indicates a biogenic origifBomboi and
Hernandez, 1990; Bouloubassi and Saliot, 1993;
Wang et al., 199 Table 3 shows that the OL
and biofilm were characterised by values®e€16
ratio (27 and 26, respectivelygreater than for the
GBS (23 and 11 for GBSi and GB3sIn the
same way, the CPI value of the OL was calculated
at 1.5 whereas for GBS it was 1.1. Surprisingly,
the CPI value of the biofilm was equal to that for
GBS. Thus, except for the CPI value for biofilm,
these two indices confirmed the impact of the
biogenic contamination in the OL-biofilm and the
petrogenic contamination in the GBS. Neverthe-

absolute UCM content or, alternatively, its relative
importance expressed as the ratio of unresolved to
resolved compounddJCM/R) is commonly used

as a diagnostic criteria of pollutant origins. In all
sewer deposits, UCM was by far the major com-
ponent of the aliphatic fractiodresolved com-
poundst+ UCM). Depending on the sewer deposits,
UCM contents varied from 220 to 1570g-g*

dw, which accounted for 88—93% of the total
aliphatic fraction, and UCMR ratios showed val-
ues in the range 6—16Mable 3. These high index
values underlined the presence of petroleum con-
tamination since, according to the literature, values
below 0.1 indicate a biogenic contamination
whereas values above 2 indicate petrogenic inputs
(Simoneit, 1989; Aboulkassim and Simoneit,
1995; Bouloubassi and Saliot, 199Finally, com-
positions of aliphatic fractions were different in
the GBS and in the OL-biofilm. The aliphatic
distribution pattern was indicative of predominant
petroleum input in the GBS and reflected a mixture
of biogenic and petroleum inputs in the OL and
the biofilm.

3.5.2. Aromatic hydrocarbons

The aromatic compound distributions differ
according to the production sources. The finger-
prints of PAHs from pyrolytic or petrogenic origins
are different. These differences may be used to
elucidate the PAH origins by using various indices

less, the values of these origin indices obtained for presented in Table 3. As previously shown, the

the OL and biofilm were lower than those typically
attributed to exclusive biogenic impacfa-C16
ratio=50, CPI>4-5). This reflects the admixture
of petrogenicn-alkanes, with low oddeven pre-
dominance, in these two sewer deposits.

global PAH distribution patterns were nearly sim-
ilar for all deposits, i.e. characterised by the
predominance of heavy PAHs. This predominance,
underlined by the LMWHMW ratio values below
0.3, indicated pyrolytic origins for PAHs found in
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sewer deposit€Soclo et al., 200D In the same  total metal3. Nevertheless, contrary to what was
way, P, Pyr and Fluo, which were previously found in sewer deposits, SS exhibited a metal
identified as the most abundant PAHSs in all depos- distribution with a very low Pb percentagd&% of

its, were considered as typical pyrolytic products total metals.

derived from high-temperature condensation of  Similarities between the SS, OL and biofilm
lower molecular weight aromatic compounds pollutant fingerprints suggest that the SS were the
(Khalili, 1995; Soclo et al., 2000 In the GBS major components of OL and biofilm. It is possible
case, the impact of pyrolytic contamination was to assume that, during dry weather flow periods,
also suggested by the presence of Chry atdB, (1) a part of SS going through the combined sewer
which are considered as markers of combustion settles and leads to the OL accumulation #&u
processeéMoreda et al., 1998; Soclo et al., 2000  a small part of SS is fixed to the rough surface of
Nevertheless, the presence of alkylated derivativessewer trunk at the mean water level and leads to
in the GBS could reflect the admixture of petro- the biofilm formation. However, SS coming from
leum aromatic compounds since many authors domestic activities are probably not the only com-
consider that the presence of alkylated homologuesponents of OL and biofilm since, as previously
is a typical feature of petroleum derivativeBom-  noticed, pollutant fingerprints in these two deposits
boi and Hernandez, 1991; Bouloubassi and Saliot, reflected the admixture of anthropic pollutants.
1993; Aboulkassim and Simoneit, 1995; Notar et Thus, it may be assumed that anthropic pollutant

al., 2002.
3.6. Deposit dynamic in combined sewer

3.6.1. Sewer deposit formation

The objective of this section was to describe the
formation processes of the different kinds of sewer
deposits. The study of deposit formation was
performed by comparing suspended solids pollut-
ant fingerprints with those for sewer deposits.
Concerning hydrocarbon pollutants, the aliphatic
fraction was only considered since PAH distribu-
tions in SS—P accounted for 100% of total
PAHs—did not provide relevant information.

3.6.1.1. Organic layer and biofilm formation. Fig.

5d, which represents the-alkane distributions in
the SS and the DP of the waste water flow, shows
that SS had an aliphatic distribution pattern very
similar to the OL and biofilm ones. Indeed, as for
OL and biofilm, the aliphatic distribution in SS

was characterised by an abundance of heavy com-

pounds(LMW /HMW =0.2) and, especially, by a
strong predominance af-C29 (14% of TAHS9
(Table 3. The metal distribution in SS was also
found to be close to OL and that for biofilkig.

7). Zn was largely predominant77% of total
metal9 and Cu part was in the same order of
magnitude as the OL and for biofilng15% of

loads may be mainly conveyed into Paris com-
bined sewers by street cleaning waters. Indeed, in
Paris, like in many big cities, significant human
and financial efforts are devoted to the cleaning
of streets in order to control litter and to provide
suitable aesthetic and sanitary conditions. In this
catchment, street fountains are opened everyday in
order to wash the gutter and, from two to five
times a week, the sidewalks and gutters are washed
with pressurised water jets.

3.6.1.2. Gross bed sediment formation. Aliphatic
hydrocarbon and metal distributions in the GBS
were very different to the other deposits and in
the SS. These differences demonstrate that the
GBS does not originate from the dry weather
sedimentation of SS. Pollutant fingerprints in GBS,
indicative of petroleum and pyrolytic origins, sug-
gest that urban runoffstreets and roojsand street
cleaning constitute the main transport mechanism
that introduces pollutants into the GBS. Therefore,
it is possible to assume that some of the particles—
the setteable part—introduced by urban runoff and
street-cleaning waters is deposited in combined
sewer leading to the GBS accumulation.

3.6.2. Storage times of deposits in sewer
In combined sewers, the occurrence of hydro-
carbon pollutant degradation causes modifications
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in the hydrocarbon distribution pattern. The extent bon and metallic pollution fixed to the different
of these compositional changes mainly depends onsewer deposits and has provided new data on the
the residence time of the hydrocarbon pollutants contaminant storage in a Paris combined sewer.
in the sewer network. Therefore, the degradation Firstly, measurements of hydrocarbon and metal
degree can provide information about the residence contents in the three kinds of deposits have deter-
time of the different deposits in a combined sewer. mined the contaminant distribution between GBS,
Aliphatic hydrocarbon fingerprints are generally o[ and biofilm. For all pollutants, the major part
used as indicators of the changes in chemical \ya5 stored in GB%87-98%), a lesser part in the
composition due to weathering because they are 5 (2-13% and an insignificant part in the
less degradation resistant than PAHs. Among the piqgim (below 19. According to these results, at
various n—alkan.e indexes, n-alkan¢/isoprenoid the ‘Le Marais’ catchment scale, the potential
[;tbosse(g-tglg\{ ;H:ﬁ:?&ﬁig/e F;ng;{gn;g&g contribution of the biofilm to wet weather pollution
mixtures. Indeed, the isoprenoids being degraded can be considered as negligible compared to the
) ’ OL contribution. Secondly, hydrocarbon finger-

at a slower rate in comparison tealkanes, low ) . ) ) .
values for then-alkan€/isoprenoid ratios indicate prints were investigated in each deposit in order
to elucidate the contamination origins. Aliphatic

the presence of degraded aliphatic hydrocarbons Lo LD
(Colombo et al., 1989; Wang et al., 1994The hydrocarbon distributions were indicative of prom-

ratio used in this study wasC18/Phyt(Table 3. ingnt petrole_um inputs in the GBS ar_1d refle_cted a
As expected, SS, which were recently introduced Mixture of biogenic and petroleum inputs in the
into the combined sewer by way of domestic OL and the biofilm. Aromatic hydrocarbon distri-
effluents, exhibited a high ratio valué:-C18/ butions, characterised by the predominance of P,
Phyt=6.8). All the deposits showed-C18/Phyt Pyr and Fluo, suggested an important pyrolytic
values lower than in the SS reflecting that degra- contamination in all deposits. Finally, the deposit
dation processes have occurred in these depositsdynamics in the combined sewer were studied by
Nevertheless, the degradation degree differed comparing pollutant fingerprints in suspended sol-
depending on the deposit consideradalkanes in ids and in sewer deposits. Suspended solids com-
OL and biofilm, characterised by ratio values of ing from domestic activities were identified as the
3.5 and 3.9, respectively, were clearly less degrad- major component of OL and biofilm while urban
ed thamm-alkanes in GBSi and GBSs characterised runoff and street cleaning seemed to be the main
by ratio values of 2.2 and 2.3. transport mechanism that introduced pollutants into
These results emphasize that the residence timeshe GBS. Moreover, an evaluation of aliphatic
of the OL and biofilm in the combined sewer are nhyqrocarbon degradation showed that the residence
quite short. These low residence times are linked imes in the combined sewer for OL and biofilm

_to dthe :ﬁgul&i occurrence of ra&nthev%r_lt?_,l which were quite short compared to times for the GBS.
inauce the resuspension and the biollim €ro- — paqe results provide a complete overview of

sion. On the contrary, the high degradation degree hydrocarbon and metallic pollution accumulated in

of the aliphatic hydrocarbons in the GBS showed th bined d its during d th
that this coarse sediment is stored a very long time €se combined Sewer ceposits during dry weather
flow periods. This knowledge is needed to better

in the combined sewer. It is possible to assume X )
that the most setteable part of the GBS is retained Understand the role of sewer deposits as contribu-
in the middle-sized collector sewers and is only tors to spilled pollutants from CSOs. The next step

removed by regular operations of sewer pipe Of this work is to study the pollutant loads con-

maintenance. veyed by the different inputs to the sewer, i.e. road
and roof runoff and the sewer effluerisomestic
4. Conclusion waste water, industrial effluents, etcThis inves-

tigation is expected to guide new strategies, which
This research program focused on the hydrocar- aim at reducing in-sewer pollution stocks.
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