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ABSTRACT

This paper investigates the potential of stable isotopes of both water (5D and §'®0420)
and dissolved sulfate (5**S and §'®0so4) for determining the origin and the amount of clear
waters entering an urban sewer. The dynamics of various hydrological processes that
commonly occur within the sewer system such as groundwater infiltration, rainwater
percolation, or stormwater release from retention basins, can be readily described using water
isotope ratios. In particular, stable water isotopes indicate that the relative volumes of
infiltrated groundwater and sewage remain approximately constant and independent of
wastewater flow-rate during the day, thus demonstrating that the usual quantification of
parasitic discharge from minimal nocturnal flow measurements can lead to completely
erroneous results. The isotopic signature of dissolved sulfate can also provide valuable
information about the nature of water inputs to the sewage flow, but could not be used in our
case to quantify the infiltrating water. Indeed, even though the microbial activity had a limited
effect on the isotopic composition of dissolved sulfate at the sampling sites investigated, the
dissolved sulfate concentration in sewage was regulated by the formation of barite and
calcium-phosphate mineral species. Sulfate originating from urine was also detected as a
source using the oxygen isotopic composition of sulfate, which suggests that 5'®0sos might

find use as a urine tracer.



INTRODUCTION

The reduction of groundwater infiltration and stormwater inflow in sewer systems is a
major concern in urban water management (Marsalek et al. 2006). On a general basis,
groundwater infiltration occurs through cracks or loose joints in sewer pipes, whereas in
separate sewers, inflow is the result of improper connections between storm and sanitary
sewers. Estimates of clear water discharge reported in the literature range from 30 to 72 % of
the sewage flow (Valiron and Tabuchi 1992; Verbanck 1993; Kracht and Gujer 2005; Kracht
et al. 2007). Therefore, the extraneous flow drastically increases the costs associated with
sewage treatment, the problem being magnified in wet weather especially as sudden inflows
of clear rainwater often cause severe dysfunctioning of the treatment plant.

The total amount of clear water entering the sewer system is classically inferred from
the minimal nocturnal flow of wastewater (Chocat 1997). Such an approach is rarely reliable,
and further methods have been proposed to assess more accurately the volume of extraneous
flow. Thus, the fraction of clear water has been obtained by following both the wastewater
flow and the concentration of specific sewage components such as borates (Verbanck 1993),
or chemical oxygen demand (Kracht and Gujer 2005). In recent years, water isotope tracers
(D and *®0) have become increasingly used in the context of the urban hydrological cycle,
essentially to investigate the groundwater recharge from leaky sewers and water mains (Butler
and Verhagen 1997; Barrett et al. 1999; Navarro et al. 2007). Thus, Kracht et al. (2007)
demonstrated that stable isotopes of water show promise for monitoring both the origin and
the amount of extraneous waters in the sewer system. This method only requires that the
isotopic signature of sewage be distinct from that of infiltrating water, which is the case in
most cities where drinking water - a proxy for sewage - is imported from outside the urban
catchment area.

However, the hydrological processes that occur in a sewer system can be quite
complex, and the extraneous flow may involve more than two water sources. A multi-isotopic
approach and/or supplementary hydrochemistry data are then required to quantify the various
components of clear water (Barrett et al. 1999). Stable isotopes in dissolved sulfate (3*S and
¥0s04) have been considered for tracing water sources in urban aquifers (Barrett et al. 1999;
Osenbrick et al. 2007). Indeed, the wide range of sulfate isotopic signatures make those
isotopes particularly sensitive indicators for investigating hydrological processes, provided
that microbially mediated sulfate reduction does not alter the isotopic content of dissolved



sulfate (Knoller et al. 2008). The purpose of this study was then to explore the potential of
stable isotopes of both water and dissolved sulfate, as tools to identify and to quantify the

various sources that enter the sewer system in Greater Nancy urban community.

EXPERIMENTAL SECTION

Study area. This study was conducted in the Greater Nancy urban catchment between
Novembre 2004 and December 2006. Nancy, a city of about 270,000 inhabitants located in
north-eastern France, lies on both banks of the Meurthe river with a total catchment area of
193 Km? (144 km? on left bank) (fig. 1). As the Meurthe river water is brackish, the municipal
water system is supplied with treated surface water originating from the Moselle river. The
source of the Moselle river is located in the Vosges mountains, 250 km southeast of Nancy.
The Moselle river mainly drains silicate formations in the upper part of the catchment,
whereas it flows on carbonate and evaporite sediments downstream of Epinal (Brenot et al.
2007). The imported water is pumped at Messein and conveyed to the drinking water
treatment plant through two 11 km aqueducts. Three reservoirs with a total storage capacity of
2.5 10° m® secures the water supply in case of pollution or high turbidity level in the Moselle
river. The drinking water distribution system delivers daily about 67600 m® via 950 km of
pipes and 33 storage facilities (Total capacity of 600 000 m®). Approximately 26% of
drinking water is lost through leakage.

The sewer system comprises about 1200 km of pipes, 250 km of them man-entry
sewer (pipe diameter > 1.2 m). As Nancy is established in basin position surrounded by hills
dominating the Meurthe valley by about 200 m, the slope of the gravity sewer pipe may reach
5%. The central core of Nancy urban community is served by a combined sewer, whereas the
peripheral areas are drained by separate systems. 25 detention basins (180 000 m® storage
capacity) have been constructed to limit discharges from combined sewer overflows in the
Meurthe river.

As depicted in figure 1, the geological subsurface of Nancy area is composed of three
main units: the downtown area is underlain by Meurthe river alluvial deposits, Toarcian
shales extend to the hillsides, whereas Bajocian recifal limestone caps the surrounding hills.
Shallow aquifers are found in the three geological units, their hydraulic head being monitored
from 40 piezometers spread over the catchment area. However, the rather narrow diameter of

most piezometers prevented groundwater sampling with the submersible pump in the vicinity



of sewage sampling sites. Groundwater recharge occurs mainly from rainfall infiltration,
leakage from water mains being negligible (< 4% over the catchment area).

The local climate is continental with an average annual precipitation of 760 mm
occuring mostly during summer. Temperature and precipitation data were obtained from
Nancy-Essey meteorological weather station, whereas Moselle river flow discharge data were
measured at nearby gauge Tonnoy (Hydro Bank, Moselle Tonnoy Station, A5110610).

Sample collection and analysis. Three sampling campaigns (29-30 March 2005, 4-5 April
2006, 25-26 October 2006) are reported in this paper. The location of sampling sites for
sewage, drinking water, rainwater, and groundwater is shown in figure 1. A detailed
description of those sampling sites has been provided in a previous publication (Houhou et al.
2009). Supplementary information on piezometers location and characteristics are given in
table 1. Figure 2 shows the temporal evolution of rainfall amounts and Moselle river flow
discharge during the month preceding each of three sampling campaigns. Sampling was
generally conducted in dry weather, the minor precipitation event on March 29 not generating
surface runoff. It should be noted that snowfalls occurred during the last two weeks of
February 2005, which then led to the application of deicing salts on the roads.

Grab-samples of sewage were taken from the sewer through open manholes using a
polyethylene bucket, whereas groundwater was collected from piezometers using a portable
submersible pump (Mini-Twister (9.5 L/min) SDEC France). The piezometer was first purged
for at least three well volumes before being sampled. Integrated rainwater samples were
collected between September 2006 and November 2006 using a homemade sampler placed on
the roof of LEM laboratory. Tap water was sampled at CRPG and LEM laboratories before
and after the sewage sampling campaigns. Prior to sampling, the faucet was left open for 15
minutes.

Sample characteristics such as temperature, pH, conductivity, dissolved oxygen
concentration, redox potential (WTW, Multiline F/SET) were measured immediately after
collection. The water sample was then filtered on-site through pre-washed 0.22 pum pore-size
cellulose-acetate membranes (Chromafil CA-20/25) and split into five aliquots for cations,
anions, dissolved organic carbon (DOC), and isotopic analyses. The filtrates were stored in 65
mL polyethylene or glass bottles at 4°C until analysis. Soluble cation and trace element
concentrations were measured on HNO3 acidified samples using a Jobin-Yvon JY70 ICP-
AES (Inductively Coupled Plasma Atomic Emission Spectrometry) and Perkin-Elmer ELAN
6000 ICP-MS (Inductively Coupled Plasma Mass Spectrometry), respectively. Uncertainties
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were better than 2% for major cations and 5% for trace elements. Sulfate, chloride, nitrate,
and phosphate anions were determined by ion chromatography using a Dionex ICS-3000
(AS9-HC column). The lower dectection limits were 50 ppb for PO4 and 20 ppb for the other
anions. DOC was measured with a Dohrman 190 analyzer.

The oxygen isotope composition of water was measured by the conventional H,O-CO,
equilibration method (Epstein and Mayeda 1953), using a modified VG 602D dual-inlet mass
spectrometer. D/H isotopic ratio was obtained with a Isoprime mass spectrometer (GV
Istruments, Manchester, UK) coupled with an elemental analyzer EA3000 after reducing the
water to hydrogen gas on chromium at 1050°C (Morrison et al. 2001). The dissolved sulfate
in water samples and the aluminum coagulant used at the drinking water plant, were
precipitated as BaSO, by adding a 5% BaCl, solution (Brenot et al. 2007; Calmels et al.
2007). In order to prevent BaCO3 co-precipitation, the water samples were first acidified with
HCI to pH 4.2 and then heated to boiling point to ensure a complete removal of CO,. BaSO,
precipitates were carefully washed and dried, and purity was checked by X-ray Diffraction
(Bruker D8 diffractometer). The sulphur isotopic composition was analyzed from the SO,
released from BaSO, at 1100°C in presence of Sn and tungsten oxide (Giesemann et al.
1994), whereas the 20/*°0 of SO, was determined from the CO generated by mixtures of
BaSO, and glassy carbon at 1270°C in presence of Ni catalyst (Koziet 1997). **S/*2S and
80/**0 isotopic ratios of sulfate were measured using a GV Instruments Isoprime mass
spectrometer coupled in continuous flow mode with a EuroVector elemental analyzer.

The results are reported in -notation (5'®0w20, 8D, &**S, 80s04), i.e. the permil
deviation of the measured isotopic ratio (Rsampie) relative to a reference material (Ryef.mat.):

d= (Rﬁa”“' 1]*1000

ef .mat.
The standards materials are V-SMOW (Vienna Standard Mean Ocean Water) for 8040,
80504 and 8D, and CDT (Canyon Diablo Troilite) for 5**S. The accuracy of isotopic
analyses was estimated by replicate analyses of internal-standards along with the sample
series. Data presented in this study are given with uncertainty of +0.2%o and %1% for 8**Oyz0
and 8D respectively, and the overall reproducibility (26 level) of §¥0sos and §3*S analyses is

better than 0.3%o using the barium sulfate NBS 127 international reference.



RESULTS AND DISCUSSION

Suitability of isotopic systems. The identification of various water sources that may contribute
to the flow of sewage requires, to the least, measurable isotopic differences between them.
Previous successful studies using stable isotopes of water in an urban context relied on quasi-
constant hydrological differences between the source of water supply (i.e. reservoir or lake
water) and the local groundwater (Butler and Verhagen 1997; Kracht et al. 2007). In our case,
the water supply comes from treated Moselle river water, which implies that drinking water,
and hence domestic sewage, possess a distinct isotope composition from local rainwater and
groundwater. Indeed, the isotopic signature of meteoric waters depends on local geographic
and climatic factors, whereas that of groundwater integrates over time the composition of
water inputs (precipitation, mains and sewer leaks...) that recharge the aquifer (Mook 2001).
However, the hydrological regime of a river may strongly influence the isotopic signal of the
surface water (Mook 2001), and accordingly that of the corresponding treated water. As
illustrated in figure 3, the temporal evolution of 8D values from tap water collected at CRPG
over a four month period, clearly follows the discharge of the Moselle river with a temporal
shift of about 4 days. A decrease in 6D that ranges from 2 to 5 %o, can be measured after each
peak in flow discharge. The temporal shift between the two curves includes both the transport
of surface water from the pumping facility to the treatement plant, the treatment of raw water,
and the residence time within the drinking water distribution system. As a result, a drinking
water of slightly varying isotopic composition may be supplied over the urban community.
Nevertheless, the deviation in 6D was not observed to exceed 2%o over two consecutive days,
which is the magnitude of analytical uncertainty for oD.

The applicability of stable sulfate isotopes to differentiate water inputs in the sewer
system is more arguable. On the one hand, dissolved sulfate may be derived from a variety of
sources (evaporite dissolution, sulfide minerals oxidation, atmospheric precipitation,...),
whose distinct isotopic signatures make 5**S and §'®0y,0 effective indicators for investigating
hydrological processes (Berner et al. 2002; Osenbriick et al. 2007). On the other hand,
dissolved sulfate rarely behaves as a conservative tracer, both its concentration and its
isotopic composition being most often affected by a combination of redox reactions and
physico-chemical processes such as H,S release and mineral sulfide precipitation (van
Everdingen and Krouse 1985; Kndller et al. 2008). In the sewer system, microbially mediated
sulfate reduction is likely to occur (Zhang et al. 2008). This would induce significant, but not

easily predictible, isotopic fractionations essentially characterized by an enrichment in heavier



isotopes in the remaining dissolved sulfate (Chambers and Trudinger 1979; Rudnicki et al.
2001 and references herein). Such fractionation could then drastically alter the initial isotopic
composition of sulfate.

In the present study, the isotopic signatures of local water sources should allow a
ready discrimination: the 8**S values of dissolved sulfate in Moselle river water vary from
12.1%o to 13.4%o with little seasonal variation (Brenot et al. 2007), that of rainwater are about
5.8%0 (Brenot et al. 2007) which is consistent with the range of published values for
atmospheric sulfate derived from anthropogenic sources (Yu et al. 2007), whereas
groundwater from Toarcian aquifers should display a negative isotopic signal as dissolved
sulfate originates in that case from sulfide oxidation (Goldhaber and Kaplan 1980). Such
isotopic contents should not be significantly modified during sewage transport as the sloped
catchment maintains a relatively high oxygen content in most sewer pipes (4.06 + 3.29 mg/L),
and thus restricts the activity of sulfate-reducing bacteria (SRB) to biofilms (Vollertsen et al.
2008 and references herein). Moreover, the amount of SRB in sewage was found to be rather
limited at our sampling sites (counts lower than 4033 per mL) (see the supporting information

material).

Stability of water and sulfate isotopic signatures in the sewer. Figure 4a shows the &D -
8020 plot of sewage samples collected during a diurnal investigation (29 March 2005)
from a trunk in the separate domestic sewer that was unlikely to undergo groundwater
infiltration. In that context, the temporal evolution of isotope signals is expected to be limited.
Indeed, for stable isotopes of water, most of §'%0}0 - 8D values fall into a small range that is
close to the local meteoric water line (LMWL). However, four samples (sewage taken at
15h50, 02h05, 03h50, and 06h20) clearly diverge to the right of LMWL and show a fair
correlation between 8D and §'®0y0 values. Such linear trend is reminiscent of a local
evaporation line, the observed slope of about 4 being typical of waters undergoing secondary
evaporative isotopic enrichment (Gibson et al. 2008). However, a significant increase in
sewage flow rate was noted at these particular sampling times. This suggests that the observed
correlation would rather correspond to a binary mixing line between two water sources.
Groundwaters collected from two piezometers located nearby the study site present a distinct
isotopic composition (fig. 4a) and do not identify the unknown end-member source.

The distribution of stable sulfate isotopes (8%0sos and &°'S) reveals a slightly

different pattern (fig. 4b). If the four previous samples are again characterized by a distinct



trajectory denoted SWML hereafter (StormWater Mixing Line), the other §*30sos values vary
from 7.4 %o to 11.2 %o with an almost constant 5>*S at about 6.3%o. Interestingly, the isotopic
signature of gypsum from evaporite layers (5**S = 14.1%o and 8'®0s04 = 12.6%0) (Brenot et al.
2007), is situated on SWML, suggesting that this sulfate source contributes to the isotopic
composition of four samples. The unknown end-member water source could then correspond
to surface runoff, since some gypsum is present in the deicing salt used for melting snow and
ice on roadways (Legret and Pagotto 1999). Moreover, as shown in table 2, the concentrations
in anions and trace elements of samples collected at 3h50 and 06h20 are remarkably close to
the median compositions of filtered runoff waters collected by Legret and Pagotto (1999).
Indeed, the Greater Nancy Hydraulic Department later confirmed that a retention basin
collecting stormwater runoff, was emptied in that section of separate domestic sewer during
low-flow periods. Assuming that the 6h20 sample represents the end-member source, the
deviation from LMWL observed for water isotopes suggests that the amount of rainwater
evaporated during surface runoff was about 6% for that particular rain event (Craig and
Gordon 1965).

Figure 4b also reveals that the isotopic composition of sulphur in drinking water (5**S
= 6.70%0) has undergone a significant depletion in **S compared with that of Moselle river
water (from 12.1%o to 13.4%o). Such variation is primarily due to the addition of aluminum
sulfate (5%*S ~ 0%o) during the coagulation stage of raw water treatment. Furthermore, as
indicated by the arrow in fig. 4b, the measured §'®0so4 is generally slightly shifted to the left
of possible mixing lines between the aluminum coagulant and the Moselle river water end-
member sources. This presumably originates from the oxidation of carbon-bonded sulphur
contained in natural organic matter (Brenot et al. 2007), the raw water being chlorinated at the
pumping facility and the clarified water undergoing ozonation at the treatment plant. The §*S
value of carbon-bonded sulphur is generally similar to that of initial sulfate contained in
rainwater, i.e. about 5.8%o in the present study (Brenot et al. 2007), and it does not
significantly change upon re-oxidation (Krouse and Grinenko 1991).

The isotopic signal of sulphur remains relatively constant in sewage samples during
the diurnal investigation, whereas that of oxygen presents a slight enrichment in lighter *°0
for most of them (fig. 4b). Such variation in oxygen isotopic composition suggests that a
supplementary source contributes to the dissolved sulfate pool in sewage. The fair correlation
obtained between 80504 and phosphate concentration (fig. 5a) identifies sulfate from human

excreta as a potential source. Indeed, inorganic sulfate represents the main end-product of



sulfur metabolism in the human body, though other forms such as ester sulfate represent a 9-
15% fraction of urinary sulfate (Hoffer et al. 2005). Sulfate excreted in urine derives from the
oxidation of aminoacids such as cysteine and methionine. To our knowledge, the 80504
value generated by such a process has not been documented in the literature. Our own
measurements obtained from the urine of three healthy people drinking only Greater Nancy
tap water, gave values around 4.5 %o for 8**S and between 5.9 %o to 7.5 %o for 8®0so4 (fig.
4b). 1t should be noted that sulfate esters are not precipitated upon BaCl, addition (Lundquist
et al. 1980), and that the oxygen isotopic composition of such compounds is not taken account
in the 8*%0s04 of urinary sulfate. The fate of sulfate esters in the sewer has not been described
in the literature, but they are likely to generate inorganic sulfate upon microbial hydrolysis
(Fitzgerald 1976).

In principle, the relative contribution of dissolved sulfate from urine in sewage can be
calculated from:

(@)

504(33Nage)[$4]saNage = XDWdSOSO4(DW)[$4] ow Xirinel? 80804(urine)[$4]urme (1)

where Xpw and Xurine represent the percentages of drinking water and of urine contained in
sewage, respectively. Average [SOq]urine is taken equal to 0.016 mol/L (Udert et al. 2003).
However, negative values of Xyrine are then obtained from equation (1), thus implying a non-
conservative behavior for dissolved sulfate. Solubility calculations reveal that the domestic
sewage at JB is slightly supersaturated with regard to barite (BaSO,) — saturation indices
ranging from 0.04 to 0.38 - except during the stormwater discharge episodes from the
retention basin (Saturation as low as -2.2). Moreover, Houhou et al (2009) have shown that
brushite, a common calcium-phosphate mineral species that controls the dissolved phosphate
concentration in Greater Nancy sewage, also incorporates small amounts of sulfate in its
lattice. It is then likely that the activity of dissolved sulfate in sewage is regulated by the
formation of barium sulfate and phosphate minerals (fig. 5b). Therefore, even though urinary
sulfate certainly contributes to the shift in §'®Osos, its relative proportion in sewage can not
simply be inferred from the oxygen isotopic compositon of dissolved sulfate. It should also be
pointed out that the involvement of inorganic sulfate from personal care products and
detergents in the §'%0so4 of sewage is not known either. The highest §¥0so4 values at 10.6 %o
and 11.2%o are observed during and just after the afternoon low flow period. No consistent

explanation for those two values has yet been identified.
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Tracing parasitic sewer infiltration. Figure 6a shows the §'®0y0 - 8D values of (i) sewage
grab-samples collected over a 24 hour sampling period at PVP, (ii) water samples taken the
same day from the Gremillon urban stream which is adjacent to the sewer pipe, (iii)
groundwater sampled at a nearby piezometer located at about 3 km downstream of the
sampling site, and (iv) drinking water. The isotopic compositions of groundwater and
drinking water differ by about 10 times the standard deviation of measurement, which ensures
the detection of about 10% of infiltrated groundwater in sewage. Two outliers (sewage
samples collected at 21h00 and 24h00) are shown in fig. 6a but excluded from the discussion.

Three main fields can be distinguished on the graph. Sewage samples taken during
day-time are clustered around §®Onz0 = -8%o | 8D = -54.5%0, whereas Gremillon water
samples occupy a field around 800 = -7.7%o | 8D = -52.8%o0. Both groups are located near
a mixing line between drinking water and groundwater. Assuming binary mixing — e.g.

Dgyage = XowDpw + Xaw ey, (2) Where Xew is the percentage of groundwater in sewage and

Xpw + Xew = 1 - about 63% of wastewater is composed of infiltrated groundwater, whereas
the urban stream should contain approximately 20% of mains water. Such values are
consistent with those calculated from soluble Ca and Ni concentrations in groundwater and in
drinking water (fig. 7a-b). Gremillon stream may receive sewage, i.e. drinking water, from
leaks of the adjacent separate sanitary sewer. However, as several storm drains empty into the
urban stream, it may also be contaminated through unintended cross-connections between
sanitary sewer and storm sewer pipes. Interestingly, sewage samples collected during night-
time and at 14h15 are characterized by 6D values sligthly lighter than those of day-time
sewage. This indicates that a third end-member source contributes to the flow of sewage in
this area. As these water isotope data plot close to the local meteoric water line, they might
identify recently infiltrated rainwater.

The §*5-8"%0s04 diagram shows that samples from Gremillon stream, day-time and
night-time sewage, occupy three fields that clearly overlap (fig. 6b). The relatively low §**S
value at -10.50%o for sulfate in groundwater may be attributed to the oxidation of sulfide
minerals contained in the Toarcian shales that form the shallow aquifer at PVP sampling site
(Berner et al. 2002; Calmels et al. 2007). The isotopic composition of sulfates contained in
sewage and in the urban stream, is intermediate between those of drinking water and of
groundwater. However, the parasitic discharge in the sanitary sewer can not be calculated

from isotopic values because the content in dissolved sulfate found in sewage largely exceeds
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that measured in RG groundwater. Such discrepancy likely results from an incorrect
identification of an end-member source, i.e. RG groundwater.

Surprisingly, all day-time isotopic values are in the same close range. This implies that
the relative volumes of sewage and groundwater remain almost constant in those samples,
even though the amount of discharged wastewater obviously varies during the day. In their
study of Rumlang sewer system, Kracht et al. (2007) observed the same phenomenon and
attributed the diurnal variation of the infiltration discharge to the presence of water pools and
backwater zones in the sewer system. A similar explanation can certainly be invoked here.
Furthermore, it is puzzling that the large amount of infiltrated groundwater becomes much
lesser at night, the additional extraneous flow evidenced at that time being clearly minor
during day-time. The presence of a nearby inverted siphon used to convey the sewage
underneath a roadway, might explain such phenomenon: a decreased head at the upstream end
of the siphon would stop its functioning during low-flow periods, and more particularly at
night, the groundwater then infiltrating originating from a different sewer section located
downstream of the siphon. These two observations clearly demonstrate that the quantification
of clear water discharge from minimal nocturnal flow measurements can lead to erroneous

results.

Isotopic tracing in the sewer system at the city scale. Fig. 8a shows the water isotopic
compositions of samples collected during the October 2006 campaign in the Greater Nancy
catchment area. Drinking water and the majority of sewage samples plot close to the LMWL,
whereas most groundwater define a straight line parallel but slightly offset to the right of
LMWL. Unfortunately, the isotopic content of drinking water varied significantly during this
sampling campaign, which may account for part of the scattering in sewage samples.
Nevertheless, it is clear that most sewage samples are influenced by rainwater, their position
being roughly intermediate between drinking water samples and the 11-23 October integrated
rainwater end-member source. Such influence is also revealed by the change in sewage
hydrochemistry at downstream sampling sites. Figure 9 indicates that while sodium and
chloride concentrations have been halved between JB and PV sampling sites, the sewage has
acquired calcium and barium, the solute concentrations of those increasing by a factor of 2.
Indeed, PV is positioned approximately halfway between rainwater and JB in the 8D-8"20p0
space.

However, the increase in calcium concentration can not be related to a release of

stormwater from a detention basin. Instead, as rainwater infiltrates through the vadose zone,
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the weak acid formed from the solubilization of CO, gas promotes the dissolution of minerals
and the release of Ca** ions when the ground is dominated by carbonates (Stumm and Morgan
1996). The change in the isotopic composition of sewage is then consistent with a significant
rainwater percolation in the sewer system. Groundwater infiltration may however dominate at
RA and LO sampling sites, the isotopic characteristics of these sewage samples being located
close to the groundwater line (GWL).

The isotopic compositions of sulphur and oxygen in dissolved sulfate are presented in
figure 8b. Drinking water shows a slight depletion in both 3*S and 20 between 24-25 Oct. and
27-28 Oct. that can be interpreted as an intensification of the coagulation process applied to
clarify Moselle river water. The isotope data from dissolved sulfate in groundwater appear to
plot along a mixing line, thus suggesting the presence two main local aquifers of differing
water quality in the urban watershed. Most isotopic values of dissolved sulfate in sewage are
clustered between drinking water and urine pools. Unlike water isotopes, rainwater
percolation in the sewer system can not be easily detected from the sulfate isotopic signature
of sewage since the sulfate concentration in precipitations is quite low (Brenot et al. 2007).
Two sewage samples show a drastically different behavior: (i) CL sewage, taken from a
domestic sewer, is characterized by a dissolved sulfate enriched in **S, which might be
attributed to bacterially mediated SO, reduction with removal of lighter H,S species; (ii) the
relatively low 8**S-SO, value of RA sewage supports a significant groundwater infiltration at

this sampling site.

CONCLUSION

This study confirms the interest of a multi-component approach to unravel the
complex nature of hydrologic phenomena that may occur in an urban sewer. Thus, typical
processes such as (i) groundwater infiltration, (ii) stormwater release from a retention basin,
and (iii) rainwater percolation, were readily identified from the combined use of isotopic and
hydrochemistry data. Water stable isotopes were effective tools for determining the quantity
and the nature of clear waters entering the sewer system. Isotopes from dissolved sulfate were
also found appropriate for constraining the origin of water inputs, but could not be used to
evaluate the contributions of infiltrating water to the sewage flow due to the non-conservative
behavior of dissolved sulfate. Diurnal sampling campaigns at a given sampling site always
provided valuable information about the local functioning of the sewer system, provided that
all end-member sources could be identified. In contrast, spatial sampling of sewage conducted
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at the urban catchment scale, showed various entries of clear waters and thus introduced
supplementary difficulties in the interpretation of results.
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