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The decrepitude of infrastructures currently threatens developed countries, including Japan. Thus, the

development of effective management and maintenance techniques is important. In this respect, the

leakage and destruction of separated domestic sewer pipelines are worsening in urban areas because of

poor maintenance, as they have existed for over 60 years. Even minor cracks could cause sewer leakage

and severe potential subsurface and surface water pollution. Thus, in order to examine the urban

stormwater pollution due to leakages of domestic sewers in urban areas, the concentrations of domestic-

use chemicals (fragrance compounds) and polycyclic aromatic hydrocarbons (PAHs) were measured in

storm drains on no-rain days in an urban watershed area with old separated sewers developed over 40

years back. From the measurements, the concentrations of the domestic-use chemicals were higher at the

final outlet of the storm drain than those in rainfall and puddle waters. On the other hand, the PAH

concentration was similar to or higher for rainfall and puddle waters. The high concentration of the

domestic-use chemicals in the discharge was mostly attributed to chemical inputs during subsurface water

transfers, rather than solid/liquid/air partition changes. By measuring concentrations in the storm drain

networks in the area, two hot spots were found. One was suggested to be from direct discharge from a

household, and the other could be due to double misconnection from one or more households

(unrevealed) to a vestige of an old sewer pipeline and from the vestige to a storm pipeline. The stable high

concentration at the final discharge was suggested to be due to the loading from these hot spots. The

study pointed out the possibility of leakages of domestic sewages due to poor maintenance in old

domestic sewer networks, which can increase the risks for public health and indicated the effectiveness of

fragrance compounds as tracers for the leakages.

Introduction

In urban areas with separated sewers, domestic wastewater is
separated from rain drainage and is designed not to directly
flow out to urban water areas with rainfall. However, because
of improper management such as connection mistakes, poor
maintenance, or deterioration of pipelines, rainwater and/or

groundwater inflow or infiltrate into domestic sewer systems
or, adversely, domestic wastewater leaks to urban water areas,
including subsurface water systems.1–3 Furthermore, in worst
cases, pipes can collapse with covering road pavements,
which may cause severe traffic accidents or even human
injury. Besides these worst cases, the leakage of domestic
wastewater into water areas can cause water pollution or
pathogenic public health risks. For many urban areas, it has
been a long time since sewer pipelines were first developed.
Moreover, even for separated sewer systems, more than 50
years have passed for the most neglected pipelines since they
were first constructed in developed countries such as Japan.
Hence, nowadays, the decrepitude and renewal of such
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Water impact

A field research technique for finding the leakage from decrepit sewer pipelines into urban water areas has been demonstrated. A possible leakage was
found by this methodology in the central district in an urban area, using fragrance substances as a tracer. While the tracers used in this study were found
to be applicable, the background level, i.e., the rain input also proved to be nonnegligible.
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infrastructures have become important issues for such
countries.

Leaks from sewer pipelines may pollute urban
groundwater and surface water. In these cases, storm
pipelines would be important paths for the transfer of such
pollutants because storm discharge networks are sometimes
even older than sewer pipelines.4 Sewage leakage would vary
greatly by location, and effective diagnosis is difficult because
the leakage is ordinarily hidden in subsurface layers and just
a point or line (one-dimensional) probing is available for at
least the two-dimensional distribution under subsurface
layers. In this regard, various diagnostic methods have been
developed (Panasiuk et al.4 [stormwater]; De Silva et al.;5

Rutsch6 [groundwater]), such as direct eye (or camera)
observation, spot leakage measurements, sewer condition
monitoring, and tracer spiking testing. Estimates for leak
ratios sometimes vary up to thousands of times,7,8 possibly
reflecting the spatial diversions in subsurface layers, and the
long history differences in developing the sewer networks.
Studies confirming such influences are limited, and their
methodologies have not been well developed,9,10 despite the
leakage situation being expected to be rather diverse. The
applicable detection technique would, by necessity, be
common regardless of the situations when in fact, different
application techniques should be considered for different
situations.

There have been several studies evaluating the
contribution of domestic wastewater contamination in storm
drains and surface water.11–18 They have two different areas
of focus: to examine the contamination level of the surface
water for a wide spatial range, and to find the specific
leakage points. Tracers for detection are classified as
bacterial and chemical analysis. For chemical analysis,
Buerge et al.11 chose caffeine as a tracer, and the
concentrations in rivers in urban to rural areas and lakes
were measured in Switzerland. The concentrations ranged
from 6–250 ng L−1, and from a mass-balance analysis, the
authors concluded that more than half of the caffeine would
come from untreated domestic wastewater.
Sankararamakrishnan and Guo12 measured fecal coliforms
and caffeine in storm drains in an urban residential area
facing a small lake in New Jersey, USA, and found that both
contaminants were high in a storm drainage during rainfall
events (fecal coliforms: 5000 − >160 000 MPN/100 mL,
caffeine: 45 000 ± 3000 ng L−1). Sauvé et al.13 measured
caffeine concentrations of the discharges after rainfalls in
small streams, brooks, collectors and storm sewer outfall
pipes from a stormwater system in a residential area in
Montreal, Canada. The concentrations were up to 104 ng L−1

with a high correlation with E. coli, suggesting the influence
of domestic wastewater runoff observation by high caffeine
concentration. Carbamazepine was also measured as a tracer,
but no correlation with E. coli was obtained. Yin et al.14

analyzed storm drainage during dry periods at a residential
area in Shanghai, China, with acesulfame and theanine as
markers of domestic wastewater, which were chosen from 52

chemical species as candidates from their precedented
pollution source analysis. Their detected concentrations were
up to 104 ng L−1 in order, and the authors claimed this would
be due to the inappropriate inflow of domestic wastewater.
Turning further to studies on groundwater pollutions, we
find that in addition to caffeine, carbamazepine, and
acesulfame,2,19,20 amidotrizoic acid2 and HHCB20 have been
applied as successful chemical tracers of domestic
wastewater contamination. However, the number of studies
are limited, and background effects such as rainwater have
yet to be fully discussed.

The purpose of this study is to explore the leakage
situation of domestic sewers in an urban separated sewer
area having an aged separate sewer and storm drain network.
To determine this, the extent of micropollutant discharges
thought to be derived from domestic wastewater was
investigated in the baseflow of the storm drain during no-
rainfall periods, and the source of the discharges was
explored. The target area is a district where a separate sewer
system had been developed dating back to 40 years.
Artificially synthesized fragrance substances, which are stably
detected in urban domestic sewers worldwide, were chosen
as a tracer of the domestic sewage. Polycyclic aromatic
hydrocarbons (PAHs) were also introduced as reference
substances. These substances have been included in major
non-point pollutants from urban areas, such as vehicle
exhaust, asphalt and tire debris, roof linings.21 Their
introduction enables a comparison of the sources and paths
with the tracers, as the pollution sources and the paths are
considered to be different.

For the first step, the concentration of the fragrance
substances was measured for the water flowing from the
most downstream storm drain of a rain outflow basin during
dry periods in an urban area with a separated domestic
wastewater system. In the studied area, water steadily flowed
from the storm drain even on dry days, albeit in small
amounts. For the second step, following the observation of
the stable higher concentration in the first step, the
distribution of running water or standing water in storm
drainages in the area was measured during no-rainfall
periods, and the hot spots were explored. Their emission
source was inferred from further field surveillance around
the determined hot spot areas. Based on the measurements,
the possibility of discharge of domestic wastewater into water
bodies, its sources and impacts, and the validity of the
methodology of this study were discussed.

Materials and methods
Description of the storm drainage area

The study area is a storm drainage area in the central district
of Higashi-Hiroshima City, located 20 km east of Hiroshima
City, southwestern Japan (Fig. 1). This area is in the city
center area of the city, of which the population is
approximately 200 000. The land use of the area is a mixture
of historic, business, commercial, and residential districts.
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The storm water was collected and drained at a major storm
drain outlet (urban storm drain [USD] A; Fig. 1). All storm
surface drains were designed to concentrate in this outlet.
This major line (blue line on the figure) was constructed (in
2018) to prevent flooding during intense rainfall. Other storm
drain pipelines were fairly old, dating back to 40 years. The
domestic sewer pipelines were also fairly old, date back to 40
years at the oldest (see “Domestic sewer pipeline” in Fig. 1).
The watershed area is 103 ha and is home to 6000 people
(population density: 59 person ha−1). The yearly precipitation
is 1200–1800 mm year−1. The sewage coverage is almost
100% with several exceptions, and sewage is conveyed to a

sewage treatment plant by sewer pipelines, which are
separate from the storm drainage.

Sampling

The sampling campaign was divided into two stages. In the
first stage, samples were collected from the storm drain
outlet, and domestic sewages and rainfalls (direct collection
and puddle water) were collected for reference and
background, respectively (Table 1). The storm drain was
collected 11 times from the stormwater outlet (USD A) during
no-rainfall periods (Fig. S1†). Meanwhile, domestic sewage

Fig. 1 Map of storm drainage area.
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was collected four times directly from a sewer pipe at a
point in the downtown area (Fig. 1). The aerial coverage of
the collection of the sewage at the point is approximately
one-fifth in the area. These waters were collected during
no-rainfall times more than 48 h after the last rainfall
ended. The rainwaters were collected in Hiroshima
University campus, which is located 4 km away from the
area (Fig. 1). The water was collected using a stainless tray
and a bottle. The collection items were set up on noticing
the rainfall; consequently, the collected rainwaters did not
necessarily contain the first flush. The puddle waters were
collected at a point on a roadside in the area (point 1 in
“Sampling points” in Fig. 1). Additionally, in order to check
a possible field variation of puddle waters, puddle water
samplings were conducted in eight sampling points in a
rainfall time at a day (2022/11/23 13 : 45–14 : 45, at points 1
to 8). The rainfall and puddle sample collection were
limited to just once for a rainfall event, respectively. All
samples were collected from May 2021 to December 2021
for storm drains, to July 2022 for rainwater, and to
November 2022 for puddle water.

In the second stage, the storm drain water samplings
were conducted in the catchment area during no-rain
periods. Standing residue waters were collected from storm
drain pitches during no-rainfall periods. All these waters
were collected from the area shown in “Storm drain
pipeline” in Fig. 1, and at a time more than 48 h after the
last rainfall ended. Samplings were conducted one to seven
times for each rainfall event interval. Characterizing the
sampling point, the northern part is a historical area
(points N, J, R, K, and C). The southern part is a
comparably newer residential and commercial area (points
M, E, I, P, and Q), though not simply divided. Some
pipelines are in the vicinity of the older sewer pipelines (N,
J, R, and K; see “Domestic sewer pipeline” in Fig. 1). For N
and J, the storm drain also seemed to be older (Picture of
points J, N, and Q are shown in Fig. S1†).

For the analysis, 0.2–2 L of water samples were collected.
Thereafter, the concentrations of suspended solids (SSs;
filtered using a glass-fiber filter with a cutoff pore size of 0.7
μm) and the targeted micropollutant concentrations were
measured for both SS (particulate) and dissolved phases. The
targeted compounds were classified as domestic-use
chemicals and PAHs. For domestic-use chemicals, five
fragrance compounds (FCs) were targeted: 6,7-dihydro-
1,1,2,3,3-pentamethyl-4(5H)-indanone (known as cashmeran),
(1,2,3,4,5,6,7,8-octahydro-2,3,8,8-tetramethylnaphthalene-2yl)

ethan-1-one (known as iso-E-super), 1,3,4,6,7,8-hexahydro-
4,6,6,7,8,8-hexamethylcyclopenta[g]-2-benzopyran (known as
galaxolide), 1-(5,6,7,8-tetrahydro-3,5,5,6,8,8-hexamethyl-2-
naphthalenyl)-ethanone (known as tonalide), and musk
ketone 4′-tert-butyl-2′,6′-dimethyl-3′,5′-dinitroacetophenone.
For the PAHs, three species were targeted: phenanthrene,
fluoranthene, and pyrene. These FCs are frequently detected
in high concentrations in domestic wastewaters in many
countries, including the United States, European countries,
and Japan,22–33 and are thus expected to be effective tracers.
For conventional water quality indices, SS and dissolved
organic carbon (DOC) concentrations were measured.

Pretreatment

Each water sample was filtered through a 0.7 μm glass-fiber
filter (GF/F; Whatman Co. Ltd.), and the filter was dried for 2
days at room temperature in a desiccator in the dark. The
filtrate was percolated through a silica column cartridge (Sep-
Pak Plus tC18, Waters Co.) at a flow rate of 1 mL min−1 and
dried with airflow for 2 h. The filtered sample was extracted
using 10 mL of dichloromethane (DCM) in an ultrasonic
water bath. The column was eluted with 10 mL of DCM at a
flow rate of 1 mL min−1. Both DCM extracts were
concentrated into 100 μL with a gentle stream of nitrogen
gas. The laboratory processing commenced within 2 h after
sampling. Before use, the laboratory glassware was cleaned
with DCM and heated to 100 °C for 24 h or 600 °C for 4 h for
glass vials. The glass fibers were heated to 100 °C for 24 h.
The silica cartridge was preconditioned using 100 mL of
methanol at a flow rate of 3 mL min−1, and cleaned with 100
mL of pure water at the same flow rate.

Mixtures of benzophenone-d10, phenanthrene-d10, and
chrysene-d12 were applied as internal standards for the
correction of the gas chromatography/mass spectrometry
(GC/MS) peak detection sensitivity for the five FCs,
phenanthrene, and both fluoranthene and pyrene,
respectively.

Instrumental analysis

The compounds' concentrations were analyzed using a gas
chromatograph equipped with a mass spectrometer (GC-17A/
MS-QP5050A; Shimadzu Co.) operated in the single-ion
monitoring mode. The injection was 1 μL in volume and was
split with the detector, and the inlet temperature was set to
300 °C. The initial temperature was 130 °C, which was held
for 2 min. The samples were then heated at 30 °C min−1 to
210 °C, at 5 °C min−1 to 295 °C, and at 2 °C min−1 to 315 °C
with 10 mL min−1 He as the carrier gas. The mass transfer
line and ion source were held at 300 °C.

Quality control

The detection limit was set at the level of 3 for the signal-to-
noise ratio. The instrument detection limits ranged from 0.7
to 7 pg for each species. Within this level, the coefficient of
variation of each compound was less than 20%. The

Table 1 Sampling campaign (for both first and second stages)

Sample name Number

Rainwater 10
Puddle water 15
Urban storm drain water (USD A) 11
Urban storm drains 30 (12 points)
Domestic sewage 4

Environmental Science: Water Research & Technology Paper
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extraction quality was checked through spike recovery testing
for dissolved phases, and the recovery ratio was 80–110% for
each species. The solid-phase extraction was checked using a
dried marine sediment sample certified for PAHs (HS-3B,
National Research Council of Canada Institute for Marine
Biosciences). The recovery averaged 50–80%, and the
repetition error was 5–10%. During the sampling campaigns,
a traveling blank was occasionally processed (five times). The
concentrations of the targeted compounds were below the
detection limits.

Results and discussions
Comparison of different field stages

The levels of conventional tracers (SS and DOC), the sum
of the five FCs, and the sum of three-PAH species were
summarized for each field stage (rain, puddle, USD A, and
domestic sewage) (Fig. 2; date series of sampling are shown
for rain, puddle, and USD in Fig. S1†). The highest
concentrations were commonly observed for the domestic
sewage for all items. For domestic wastewater, water quality
is measured officially in Japan as the influent of every
wastewater treatment plant. The nationwide average for SS
can be calculated from Japan's official yearbook of the
sewer system as 170 ± 88 mg L−1 (mean ± sd; FY2019),
which was comparable with our results. Although the total
organic carbon (TOC) or DOC was not measured regularly,
potassium permanganate oxidation (CODMn) was
periodically measured, which is considered similar to TOC
as an organic substance index if the pollutants are
primarily composed of organic substances. If they are
represented as (CH2O)n, the value can be converted to 40 ±
18 mg L−1 using the molar weight ratio of C/O2 as 12/32.
This converted value is also comparable with our DOC
value. The levels of the three PAHs and five FCs for the
domestic sewage were 51 ± 23 ng L−1 and 6002 ± 822 ng
L−1, respectively.

Musk compounds and PAHs have been extensively
measured in domestic wastewater in various studies, such as
our previous measurements at the inlet of a wastewater
treatment plant for the area including this watershed.33,34

The concentrations of each PAH species were in the order of
tens to thousands of ng L−1,35–42 whereas those of the musk
compounds were in the order of several thousands to tens of
thousands of ng L−1.43 Our results for domestic wastewater
were comparable to these values.

The rainwater concentration and puddle water
concentration were 35 ± 18 ng L−1 and 27 ± 25 ng L−1,
respectively. Both were comparable, indicating that the
surface concentration level primarily reflected the rainfall
loading itself. To compare the different places of the puddles,
the other puddle water (points 2–7) concentration was 2–25
ng L−1, which was comparable to point 1 (the concentration
was 20 ng L−1 at the time), and rainwater. Studies involving
fragrance substances in rainfall are very limited, and only a
few reports were found. Peters et al.44 measured xeno-
estrogenic compound concentrations for the rainfall water
nationwide in the Netherlands, and the target compounds
included DPMI, HHCB, AHTN, and MK. The most frequently
detected compound was HHCB (50/50 samples), followed by
AHTN, (44/50 samples) and the level was 2.3–25 ng L−1, which
was comparable to our results.

Other than those for domestic sewage, different patterns
can be seen for DOC, FCs, and PAHs. DOC followed the
order: puddle ∼ USD A > rain. The five FCs followed the
order: USD > rain ∼ puddle, and the pattern for the three
PAHs was rain ∼ puddle ∼ USD A.Fig. 2 SS, DOC, targeted compounds concentrations (mean ± sd).
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The observed pattern differences potentially reflect the
source, air/water/solid partition, and/or biological/photolytic/
hydrolysis decomposition differences. Because the targeted
compounds are not regarded as very reactive substances and
the transfer from rain precipitation to discharge via puddles
occurs in a shorter time compared with regional or global
transference, decomposition difference is not expected to
play a primary role. For the air/water/solid partition, in terms
of the octanol–water partition coefficient (Kow) and Henry's
constant, log Kow is in the order of four to seven, whereas
Henry's constant is from 0.001 to 1000 Pa m3 mol−1 (Fig.
S3†). Prior to the discussion of the transfer, the water transfer
direction is naturally presumed to be from rain to puddle
and puddle to USD A, but it is not necessarily limited only to
this passage. However, this path cannot occur in reverse, at
least for the primal path. In the passage from rain or puddle
to USD A, the concentrations of the five FCs increased; in
contrast, those of the three PAHs decreased. However, this
difference cannot be simply explained by the phase change.
For the liquid–solid change, the decrease in concentrations
observed for the three PAHs from absorption in the path
should have occurred similarly or to a greater extent for the
five FCs because Kow is similar to or higher for the latter.
Meanwhile, the liquid–air change cannot be explained by the
vaporization difference alone. This is because the
vaporization difference would have resulted in the
concentration decreasing more for the five FCs because their
Henry's constant is far greater than that of the three PAHs.

Unlike the partition or decomposition processes, leakage
from domestic sewage can compellingly explain such
concentration changes. If the increased concentrations of the
five FCs at USD A were attributable to domestic sewage, this
increase would have occurred similarly for the three PAHs. In
this case, the increased concentrations for the three PAHs
must be negligible because the concentration ratio of USD A
to domestic sewage was only in the order of one-hundredth
for the five FCs. In this regard, the concentrations of the
three PAHs did not significantly increase, which does not
contradict the stated case. The fact that the concentration
decreased from puddle to USD A should be explained by
some different processes. Still, as mentioned earlier, a
partition change or decomposition cannot be an alternative
explanation for the increased concentrations of the five FCs
at USD A.

Overall, the five FCs' high concentrations may reasonably
be attributed to domestic sewage. Meanwhile, the three PAHs
are considered to be from atmospheric fallout,45,46 including
rainfall, as measured in our results (19 ± 8.8 ng L−1; Fig. 2),
or from roadside particulate matter, which is presumably
mainly emitted from vehicle transportation activities in
urban areas.34,47

To consider the effect of the solid–liquid partition in more
detail, the dissolved phase concentrations, particulate phase
content per SS weight, and the solid–liquid partition
coefficient Kp, denoted by the following, are shown for every
compound (Fig. 3).

Kp [L kg−1 SS] = (solid contents [ng kg−1 SS])/
(liquid concentration [ng L−1])

For log Kp, the ratios were fairly invariant within the five-
FC group and three-PAH group, but quite different in
different environmental stages. Among them, the domestic
sewage ratios were commonly the lowest. This is very
interesting because if the partition is normally influenced
primarily by the organic matter contents in the solid
phase,48,49 then Kp would have been the highest because
the organic matter contents are normally very high for
domestic sewage. Unfortunately, we cannot discuss this
further because the organic matter contents in SS were not
measured in our study. Some different processes possibly
influence this partition, and it is suggested that the

Fig. 3 Comparison of different stages for a) dissolved phase
concentration, b) particulate contents, and c) Kp (geomean ± sd; musk
ketone Kp was not calculated because the particulate phase content
was note detect for most cases).

Environmental Science: Water Research & Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
1/

1/
20

25
 6

:0
0:

54
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ew00736c


1348 | Environ. Sci.: Water Res. Technol., 2023, 9, 1342–1353 This journal is © The Royal Society of Chemistry 2023

partition is not in equilibrium at least in either of the
environmental stages.

Concentration distribution of the storm drain pitches

From the first sampling campaign at USD A, the five FCs
concentration was substantially higher at USD A than
rainwater or urban surface loading. This implies that there is
possibly extra input subsurface infiltration in the storm drain
networks. In order to determine if there are some specific
infiltration points having a spike-high concentration of the
five FCs in the network, storm drainage standing waters were
collected from the storm drain pitches during no-rainfall
periods in the area. In some cases, the water was almost
standing. However, the waters generally moved a little and
seemed to comprise the base flow during the no-rainfall
time. The field concentration patterns are shown in Fig. 4
and 5 as averages. These are not the results of systematical
areal and spatial measurements, and are not necessarily
enough approximations of the true spatial distribution of this
area. For example, the low concentration points (points K, C,
M, E, P, and I) would not mean they are never contaminated
by these substances. Further routine measurements are
required for this proof. Still, the consistency of these
measurements of “clean” level implies the background level
of this area. Conversely, the points marked with high values
(points N, J, and Q) would be suspected to be the points of
contamination. The SS concentration was clearly divided into
two categories: higher (25–98 mg L−1) and lower (1–9 mg L−1).
The DOC also followed a similar trend with some exceptions.
The five FCs' concentrations drastically differed by points
(18–1399 ng L−1, CV = 158%), with a significantly higher

variation than that of the three PAHs (23–247 ng L−1, CV =
96%). This difference was also found for the dissolved phase
(CV = 144% and 93% for the five FCs and 16 PAHs,
respectively). A similar trend was also found for the
particulate phase (CV = 191% and 93% for the five FCs and
16 PAHs, respectively), but the difference was suppressed
when evaluating on the basis of the SS contents (ng g−1 SS;
CV = 71% and 54% for the five FCs and 16 PAHs,
respectively). This implies that the variation was mainly
driven by the dissolved phase and was most notable for FCs.

For the FCs, we found three stable high-concentration
points (Q, N, and J) where the concentrations for the five FCs
were 897–1399 ng L−1, comparable with those for the five FCs
in domestic sewage (5273–7288 ng L−1). For point Q, the
water was taken from a branch pipe outlet, rather than a
major open channel (Fig. S2†). At one time in a field
observation, the water discharged occasionally and
intermittingly despite no rainfall, suggesting that there are
some discharges other than standing rain residues, and the
high concentrations of the five FCs may be attributed to this
undefined source. For point J, the drain was directly
connected only to the upstream point N. This indicated that
the water at point J directly comes from point N, and that
these two points must practically be just one hot spot.

Besides the samplings, the electrical conductivity (EC) was
measured on a day with no rainfall, and their patterns were
then compared (Fig. 4c). The EC values were higher for the
higher FC concentration points, but were not necessarily
simply correlated with them. Fig. 6 shows the relation
between EC and the sum of the five FCs for the dissolved
phase of the drainage samplings. The FCs' concentrations
tended to increase with EC, but not necessarily. If the place-

Fig. 4 Spatial distribution of conventional water indices (EC field measurements were conducted in '21/08/05; lines in the area indicate the main
storm drainage network; filled circles indicate the upper most point for the drainage).
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specific pollution criterion of the FCs was set to around 40
ng L−1, which mostly exceeded the rainfall concentration level
(mean + sd was 34 [= 22 ± 12] mg L−1 or the highest value of
44 ng L−1 for rainwater), the points having <100 μS cm−1 of
EC would mostly meet the criterion. Furthermore, there were
at least no excessively high concentrations (>200 ng L−1)
would be found for the points below this criterion. In
addition, excessively high concentrations were mostly found
for >300 μS cm−1. Because of the simplicity of the handling
and measurements of the EC meter, the EC values are good
indicators for in-field screening.

Collectively, we found two high-concentration points for
domestic-use chemicals (i.e., the five FCs): points Q and N.
Possible sources include the accidental spills of personal-use
perfumes, cleaning, and others from some openings of storm
pipes, such as gratings or leakages from domestic sewer
pipelines, or misconnections. For both Q and N, the
concentrations were measured several times for different
rainfall intervals to ensure that the high concentrations were
not accidental, and the concentrations were almost always
higher than 200 ng L−1 (198–2541 ng L−1 for point Q [n = 7]
and 549–2208 ng L−1 for N [n = 7]). For point Q, we found

from a document of the city bureau that one household,
located very close to being upstream of the point, was
unconnected to the domestic sewer pipeline. Some graywater
may be discharged from the household. However, the precise
situation was not determined because of privacy concerns.
Still, although further exploration was not possible due to
legal barriers, the authors showed the effectiveness of the use
of targeted compounds as tracers of inflows of domestic
sewage.

Meanwhile, for points N and J, no possible household
inflow was suggested primarily in the vicinity and along the
upstream storm pipelines both by the information from the
city bureau and the field survey around the area, including
some interviews of the residents. Thus, further field
observation was conducted occasionally to justify the high
concentrations of the FCs. During such field observation, a
discharge from one small hole was found accidentally on a
wall in a subsurface stormwater channel connecting to point
J (Fig. S4†). Water was found flowing for a time, and high
concentrations of fragrances were detected in the water (790
and 1350 ng L−1 [n = 2]). This hole was connected to an old
pipeline (seemingly a domestic sewer pipeline) because two
small manholes for this pipeline were found, and the term
“sewage” was engraved on the manhole surface. However,
this old pipeline was not the sewer pipeline because the true
sewer pipeline runs just next to it, which was validated by the
official sewer map published by the municipality. Moreover,
no other pipeline was registered there. Upon further
exploration, we found that this line seemed to start just
around 30 m away from the other end. The role of this old
pipe was not clarified even upon inquiry to a section of the
sewer pipeline management office in the city bureau
afterward. Nonetheless, this pipeline seemed to be a vestige
of an old sewer pipeline (probably from 50 years back). We
found no households disconnecting to the sewer pipelines
(unlike the household near point J mentioned above) around
this vestige, at least nominally. If the intermittent discharge

Fig. 5 Spatial distribution of 3 PAHs and 5 FCs concentration for a)
dissolved + particulate phase and b) dissolved phase concentration.

Fig. 6 EC and 5 FCs concentration of dissolved phase.
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with a very high concentration of FCs was some discharge of
domestic wastewater, this must have been due to some
unintentional misconnection. Actually, point N was in the
historical district, or old town, and on the former historical
principal road. The town area is dated back to several
hundred years. There may be historically some community
sewage drainage systems. When the pipeline was replaced by
the municipalities, some old misconnection was possibly left
behind. The construction date of the municipality was also
older, dating back to the 1980s (see Fig. 1, “Domestic sewer
piepline”), and the detailed record was possibly lost. With
this respect, points R and K are also in the same old town
area, having similarly older sewer pipelines. However, the
road pavement was renewed about ten years ago, and the
storm drains were also most likely renewed at that time. The
sewer leakages must be blocked by the renewal, if existing,
and this may have resulted in our stable lower fragrance
concentrations.

For further examination, some different methodologies
would be required, such as the on-site investigation of
possible misconnecting households. Still, the candidates for
some leakages were focused down to very limited ranges,
indicating the effectiveness of this methodology.

Lastly, the usage and the limitation of this methodology
are discussed. The points are as follows: first, we applied
fragrance substances as a tracer of domestic sewers; second,
PAHs were applied for reference; third, the rain and urban
surface puddle water concentration were measured and
compared with those of domestic sewer and urban drainage.
There are many trace organic substances that are introduced
for tracers of domestic sewers, such as artificial sweeteners,
drugs, caffeine, and others. Among them, fragrance
substances were shown to be a promising application for the
monitoring of sewer leakage, although the application of such
fragrance substances is rather limited to date.11,20,50 At the
same time, a limitation was also unveiled by the results, i.e.,
the background effect of rainwater. The fragrance substances
were contained in rain and puddle water in the 1–10 ng L−1

range. The level was 0.1–1% of those of domestic sewage. This
may be due to volatilization from domestic usage, and the
effect should be clarified in the future. Considering the
influences of the leakages of direct domestic sewages into
storm discharges, this indicates that an infiltration-loading
contribution cannot be proved by these substances if the
contribution is just an order of one percent. Although this
finding showed the drawbacks of the application of the
substances, the significance of the measurements of
rainwater and subsequent ground surface water was shown by
this study. The measurements of such compounds in
rainwater were very limited.44 Our study showed that there
should be further investigations in the future.

Conclusions

In this study, the concentrations of domestic-use chemicals
were measured for the discharges and residues of sewer

pipelines during no-rainfall times in an old urban drainage
area with a separated sewer system. The concentrations were
generally not high, and were comparable with those of
surface puddles and rainwater itself. However, in some cases,
the detected concentrations were very high and comparable
with those of domestic wastewater. These high
concentrations were observed stably in some limited, specific
points. This suggests some leakages of domestic wastewater
that are not time-accidental, but point-specific. The authors
found two high-concentration points. One point was
presumed to be from a household discharge unconnected to
the sewers, and the other was suggested to be the leakage
from a vestige of an old sewer pipeline, which is
unintentionally connected with some domestic sewer.

These days, the deterioration of infrastructures is
becoming a concern for developed countries, including
Japan. Among these, domestic sewer pipeline deterioration is
one important issue. Pipeline renewal and earthquake
resistance are pressing issues for the sustainability of urban
areas. However, pipeline renewal is not progressing well
because of the financial limitations of governments. With
this predicament, effective prioritization is important, which
requires an important technique for deterioration diagnosis.
However, this is not easy, especially as sewer pipelines are
hidden in subsurface areas and given the extreme total
length of these pipes. Thus, there must be not just one
ultimate technique for such diagnosis, and our methodology
is just one of such techniques.

One diagnosis difficulty is that measurements of
chemicals are not so simple for wide aerial surveillance. Still,
in some cases, measurements are easier than direct eye or
camera observations of sewer pipelines, especially in
congested urban areas. Another possible merit of such
measurements is that they can detect resultant thin leakages
directly even in cases when the crack is difficult to observe
directly by eye or using cameras. Presently, extraction and
measurement methods such as GC/MS are unfortunately not
easy as routine tasks. However, as our study suggested, this
method can be more effective if it is combined with simple
EC measurements as screening methods. Furthermore, if the
required detection level is proven at a certain level, for
example, at around one to several hundreds of ng L−1 in our
case, the minimum requirement of the sampling volume can
be lessened to just a hundred milliliters or less per sample,
making the whole pretreatment processing far easier.
Moreover, mass spectrometry with chromatographic
instruments could become a more affordable commodity
technique in the future.

The extent and spread of influence can be discussed if the
long-time average loading is evaluated from a set of
consecutive measurements. In this study, we did not conduct
flow rate measurements combined with concentration
measurements; instead, the measurements were performed
just intermittently. Thus, we fell short of knowing the leakage
loading qualitatively. For the next step, the evaluation of
mass loading and the extent of leakage in areal scales would
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be possible through consecutive measurements at the final
discharge point (at USD A in our case). The significance of
the methodology of this investigation is that we introduced a
process for indicating the point of leakage with limited effort.
The choice or combination of this kind of probing technique
and systemic loading quantification on aerial scales would
become important according to the demands of future
surveying. In the future, a comprehensive approach to
detecting and evaluating loading, and its combination with
eye/camera observations shall become necessary techniques
for old sewer pipeline management.
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