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A B S T R A C T   

Effective identification and quantification of groundwater (GW) infiltration into sewage collection networks 
represents an important step towards sustainable urban water management. In many countries, including 
northern regions, sewage networks are aging to the point where renovation is needed. This study focused on the 
utilization of stable water isotopes as tracer substances for GW infiltration detection. The main objectives were to 
investigate the validity of the method for quantifying GW infiltration in cold climate conditions and to test the 
robustness of this method under assumed low GW infiltration rates. In general, the stable water isotopes (δ18O) 
produced reliable results regarding origin identification and quantification of GW infiltration rates in winter 
conditions (continuous below zero temperatures and snow accumulation during preceding months). The 1.6‰ 
distinction between the δ18O isotope composition signals of the two water sources (drinking water from river and 
groundwater) in the studied network was sufficient to allow source separation. However, a larger distinction 
would reduce the uncertainties connected to GW-fraction identification in situations where low GW infiltration 
rates (<8%) are expected. Due to the climate conditions (no surface water inflow), GW infiltration to the network 
branch monitored represented the totality of I/I (infiltration/surface inflow) flows and was estimated to reach a 
maximum daily rate of 6.5%. This being substantially lower than the 29% yearly average I/I rate of ca 29% 
reported for the city’s network. Overall, our study tested the stable water isotope method for GW infiltration 
detection in sewage networks successfully and proved the suitability of this method for network assessment in 
cold climate conditions. Isotope sampling could be part of frequent monitoring campaigns revealing potential 
infiltration and, consequently, the need for renovation.   

1. Introduction 

Sewage collection systems and networks are critical infrastructures 
and have a fundamental role in the operation and development of so-
cieties (Lofrano and Brown, 2010). Sewage systems are commonly 
classified into combined sewers (also known as conventional sewers) 
and separate sewers. Combined sewers carry both urban runoff water 
and wastewater from households, while separate sewers have two 
different networks: one carrying urban run-off and the other wastewater 
(Lofrano and Brown, 2010). Damaged networks lead to well-known 
problems such as leakages of wastewater (WW) to surrounding soils 
(Cao et al., 2019) or infiltration of groundwater (GW) into pipe systems. 
Leakages (or exfiltration) refer to wastewater seeping out of the network 
through manholes or broken pipes depending on the relative difference 
between wastewater level in the sewer and groundwater level (Rutsch 

et al., 2008). The occurrence of leakages can cause WW to disperse into 
aquifers, causing impacts on the surrounding environment and potential 
harm to human health by, for example, contaminating GW sources used 
for drinking water supply (Rutsch et al., 2008; Vystavna et al., 2019; Cao 
et al., 2019). On the other hand, infiltration, and other extraneous flows 
(rain, surface water and/or snowmelt-derived inflow), increase the 
amount of water in the network, leading to the hydraulic overload of 
pipes and other structures (pumps, valves, rising mains, etc.) (Anbari 
et al., 2017; Jenssen Sola et al., 2018; Guo et al., 2020). In addition, 
these extraneous flows disrupt the performance of wastewater treatment 
plants (WWTPs) and increase treatment costs (Damvergis, 2014; Rehan 
et al., 2014). Moreover, the occurrence of GW infiltration has a wider 
environmental impact than normally perceived, as large volumes of 
clean (low organic, mineral and pathogen concentration) GW are 
exposed to contamination (not fully eliminated during wastewater 
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treatment), thus becoming a continuous source of environmental 
pollution (Pizzol et al., 2013). Therefore, effective identification and 
quantification of GW infiltration in sewage collection networks repre-
sents an important step towards sustainable urban water management. 

In many countries, including in northern regions, sewage networks 
are aging to the point where renovation is needed (Laakso, 2020). If 
renovations are not carried out quickly enough, the risk of infiltration 
and leakages increases. Thus, there is a need to develop easily applicable 
methods for leakage and/or infiltration detection. Typically, flowrate 
and chemical-based methods are used for GW infiltration detection in 
sewage collection systems. For these, the occurrence of (defined) dry 
weather periods, i.e., lack of surface runoff and GW recharge, is of 
critical importance. Commonly applied flow-rate methods for identifi-
cation and quantification of GW infiltration are, for example, the min-
imum nocturnal flow and the flow rate methods. Minimum nocturnal 
flow method assumes late-night strict-WW (population-derived) flow as 
minimal, thus the remaining flow originates from GW infiltration (Hey 
et al., 2016). The flow rate measurement (dry weather flow) method 
assumes dry weather flow as the mean daily strict-WW flow, and esti-
mates infiltration rates by deducting daily average water consumption 
per capita from the WW-mixture. (Beheshti et al., 2015; Hey et al., 
2016). Chemical methods mostly involve concentration dilution analysis 
of pollutants (chemical oxygen demand (COD), phosphorus (P), sulphate 
(SO4), suspended solids (SS), etc.) (Beheshti et al., 2015) or tracer sub-
stances (purposefully added salts or substances naturally contained in 
the WW, like stable isotopes of the water molecule, i.e., 18O and 2H, etc.) 
(De Bènèditis and Bertrand-Krajewski, 2005a; Kracht and Gujer, 2005; 
Hauhou et al., 2010; Jenssen Sola et al., 2018). Large uncertainties are 
connected to the outcomes of most methods in terms of i) origin iden-
tification and ii) quantification of infiltration rates (De Bènèditis and 
Bertrand-Krajewski, 2005b; Beheshti et al., 2015). With these un-
certainties mostly resulting from e.g., flow measurement equipment, 
assumptions regarding reference flows (water consumption = strict-WW 
flow) or the occurrence of dry-weather conditions (unverifiable 
assumption of no surface-inflow) (De Bènèditis and Bertrand-Krajewski, 
2005b; Jenssen Sola et al., 2018). 

The stable water isotopes (δ18O and δ2H) can be informative tracers 
in urban settings (Marx et al., 2021) and they have been suggested as a 
powerful and flexible tool for infiltration detection (Kracht et al., 2007; 
De Bondt et al., 2018). The methodology is capable of directly sepa-
rating the sources of water in networks (with no need for reference flow 
assumptions) where incoming isotope values differ (De Bènèditis and 
Bertrand-Krajewski, 2005a; Schilperoort et al., 2007; De Bondt et al., 
2018). However, the applicability of the stable water isotope method has 
some limitations as only two components, i.e., water source interactions, 
can occur (binary mixing, dry-weather conditions must prevail) (Kracht 
et al., 2003; Schilperoort et al., 2007). Moreover, the method is highly 
dependent on the stability of isotope signals, the difference between the 
isotopic composition of the two water sources in the system (infiltrating 
and drinking water), and the magnitude of infiltration flow relative to 
the WW-mixture (Kracht et al., 2003, 2005, 2007; Schilperoort, 2004; 
De Bènèditis and Bertrand-Krajewski, 2005a; Schilperoort et al., 2007; 
Hauhou et al., 2010; De Bondt et al., 2018). 

Cold climate regions, such as Northern Europe, Canada, Russia, and 
the Northern United States, have specific challenges in urban water 
management due to snow and frost conditions (Thorolfsson, 2000). 
Simultaneously, however, these varying hydrological conditions offer 
opportunities to separate the water sources more effectively within 
sewage networks. In such regions, dry periods can be considered to 
occur while air temperatures remain continuously below zero and all 
precipitation accumulates as snow. For example, in the study area in 
northern Finland, average temperature normally stays below zero be-
tween November and March (Finnish meteorological institute, 2021). 
During these dry-weather periods, it is possible to assume, more accu-
rately, that only two water flows might occur in the network, sewage 
and GW in case infiltration is present. Thus, hypothetically, offering 

optimal hydrological conditions for the use of stable water isotopes as 
tracers for GW infiltration detection. Such hypothesis has not been 
tested so far (to the authors’ knowledge) as no study has reported on the 
use of stable water isotopes for the assessment of networks in regions 
with distinct and continuous below zero degrees winter conditions. 

Based on the background provided, this study focused on the utili-
zation of stable water isotopes as tracer substances for GW infiltration 
detection. The main objectives were to investigate the validity of the 
method for quantifying GW infiltration in cold climate regions and to 
test the robustness of the method under assumed low GW infiltration 
rates. To reach these objectives, a section of the city of Oulu (Northern 
Finland) sewage network was selected. The presence of soil frost and the 
accumulation of precipitation as snow had led to a 3-month long dry 
period prior to the sampling campaign conducted. The selected area’s 
main potable water source is surface water (a river flowing from a lake) 
which should make it possible to evaluate GW fractions within the WW- 
mixture at a selected sampling location. 

2. Materials and methods 

2.1. Study site 

The city of Oulu, Finland, has a population of over 200 000 in-
habitants and is situated 170 km south of the Arctic Circle (65.0121◦ N, 
25.4651◦ E). The city’s main sewage network was established in the 
1950s with most of the current network built in the 1970s and 1980s. 
Presently, the network includes connections to rural areas with a total 
WW network length of 1300 km (2020), the longest sewage line 
reaching 81 km. The majority of WW is produced in the metropolitan 
area with 140 000 inhabitants. In 2020, approximately 17.4 million m3 

of municipal WW was treated at the main (Taskila) wastewater treat-
ment plant (WWTP) (Oulun Vesi, 2021). Finland, and specifically Oulu, 
experiences a particularly cold climate with low temperatures and, 
therefore, soil frost and snowpack occurring over a large portion of the 
year. The presence of soil frost and the accumulation of precipitation as 
snow ensures no infiltration into the ground, leading to long dry periods. 
Because of this, it can be assumed that the amount of surface runoff or 
rainwater entering the sewers is negligible during the defined dry pe-
riods. The average monthly temperatures for December, January and 
February in Oulu (between 2010 and 2017) were − 5.2 ◦C, − 9.8 ◦C and 
− 7.7 ◦C respectively and the average temperature in February 2017 
(study period) was − 6.8 ◦C (Finnish Meteorological Institute, 2021). 
Approximately 1/3 of the total precipitation in the city falls as snow with 
average annual rainfall (2010–2017) of 605 mm (Finnish meteorological 
institute, 2021). Soil frost is commonly present from December to late 
April (Finnish Environment Institute, 2021). 

2.2. Network properties, sampling location, and time 

A sub-catchment (branch) of the city of Oulu sewage network was 
selected for the study. The section of the network ending at Hollihaka 
pump station (referred to as sampling station) serves the central/south 
area of the city (70 000 inhabitants and local industry consisting of one 
dairy plant, haulage sector, service sector and ICT service facilities), 
which is supplied mostly with potable water extracted from the river 
Oulujoki (Fig. 1). In addition, a portion of the population living in the 
adjacent municipalities of Muhos and Utajärvi, 8946 and 2768 in-
habitants respectively, are also connected to the portion of the network 
and are supplied with drinking water produced from GW sources. The 
WW from Muhos and Utajärvi is first directed to a pumping station in the 
outskirts of Muhos (referred to as station 1) and subsequently conveyed 
to Hollihaka (sampling station). The combined flow is then transferred 
to the Taskila WW treatment plant. The main sewer line from pump 
station 1 to the sampling (pump) station consists of approximately 7450 
m of gravity sewers and 14 650 m of pressurized lines. The quantifica-
tion of the determinable amount of GW flow (arriving from adjacent 
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Fig. 1. Main sewer line connecting (pump) station 1 (right) and (pump) sampling station (top-left), GW and drinking water sampling points as well as estimated GW 
level in relation to sewer lines in the network area during the sampling period. 
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municipalities) was used to assist the evaluation of the isotope method’s 
robustness for quantifying GW fractions within the WW-mixture at the 
sampling station. 

The studied network branch can mostly be defined as a separate 
sewage system, except for a small group of blocks in the central area of 
the city of Oulu, which is serviced by combined sewage. The area is 
relatively flat, with the main gradient towards the Baltic sea. The soil in 
the region mainly consisting of fine sand, silt, and till formations with 
usual depths of ~10 m on top of a hard crystalline bedrock (Geological 
survey of Finland, 2018). During the sampling period for this study, GW 
elevation around the network sub-catchment was available from 32 
piezometers. The GW elevation at individual piezometers was classified 
as: i) below or ii) above/same (infiltration possible) level as the closest 
sewer pipe, according to the pipeline placement level (Fig. 1). 

Based on hydrological and climate data from previous years, the 
sampling campaign was planned and conducted in February 2017. Dry 
conditions (a lack of precipitation runoff and/or snowmelt) occurred 
approximately 3 months before the sampling day. Snow depth, air 
temperature, and precipitation amount preceding and succeeding the 
sampling campaign were recorded (Fig. S1, Supplementary material). In 
general, the temperature remained mostly below 0 ◦C between 
November 26th, 2016 and March 17th, 2017 and the snowpack 
increased throughout the period. 

2.3. Sampling procedure and isotope composition analysis 

Wastewater samples were collected from the sampling station on the 
23rd (starting at 9:30 a.m.) and 24th (ending 3:00 a.m.) of February 
2017 in a 17.5-h sampling campaign. A 24-h sampling campaign was 
executed however, samples from the remaining 6.5 h had to be dis-
carded due to pump-related issues which occurred at the sampling sta-
tion. Samples (0.8 L) were collected every 30 min using an automatic 
sampler (ISCO, model 6712) equipped with high density polyethylene 
(HDPE) bottles; these were subsequently kept refrigerated (4 ◦C). 
Isotope composition analyses were performed in filtered samples (0.20 
μm) using a Cavity Ring-Down Spectroscopy (CRDS) laser device (Pic-
arro L2120 - i). The isotope composition of the water is referred to on the 
vSMOW – SLAP scale. The results are reported in δ -notation (δ18O and 
δ2H). The uncertainties of the reported δ18O and δ2H values linked to the 
analyzer used were ±0.1 and ± 1.0‰, respectively. Ten surface water 
derived drinking water (DW) samples were collected from two house-
holds within the network area during the 17.5-h sampling campaign on 
the 23rd of February. Local groundwater samples (2) were collected 
from a piezometer located in the middle of the sewage network area on 
the 24th of February and on the April 11, 2017 with mean δ18O 
− 13.00‰ and δ2H − 94.94‰. These were compared to the isotopic 
composition of GW samples collected in the Muhos/Utajärvi region 
(station 1) during a 2010–2012 study by Isokangas et al. (2015) (mean 
δ18O − 13.00‰ and δ2H − 94.9‰) revealing a stable isotope signal of GW 
sources in the network location. Local event-based precipitation isotope 
samples were collected 6 km north of the network area for the local 
meteoric water line (LMWL) (Kyllönen, 2018). 

2.4. Isotope composition and mass balance 

Binary mixing was assumed among the two water sources, surface 
water (surface water-derived drinking water) and GW (groundwater- 
derived drinking water and possible GW infiltration). Calculations were 
conducted using δ18O isotope due to its heavier mass and, consequently, 
lower sensitivity to fractionation processes, and the fact that it has been 
the isotope of choice for most published reports (e.g., De Bènèditis and 
Bertrand-Krajewski, 2005a; Schilperoort et al., 2007; Kracht et al., 2003, 
2005, 2007; Hauhou et al., 2010; De Bondt et al., 2018). The isotopic 
composition of the WW-mixture is the weighted average of the signal 
(isotopic composition) of its two components (Eq. (1); Schilperoort, 
2004). When the signal of the three water sources is known, the fraction 

of GW in the system can be determined. Subsequently, the volume of GW 
in the WW-mixture at the sampling time (t) time can be calculated (Eq. 
(2); Schilperoort, 2004). 

δ18OWW =(x)δ18OGW +(1 − x)δ18ODW → x=
δ18OWW − δ18ODW

δ18OGW − δ18ODW
(1)  

Q  (t)GW = x*Q  (t)WW (2)  

where: 
δ18OWW = Isotopic composition of the wastewater mixture (drinking 

water discharged to sewers plus any extraneous flows). 
δ18OGW = Isotopic composition of the groundwater. 
δ18ODW = Isotopic composition of surface water-derived drinking 

water. 
x = Fraction of groundwater in the wastewater mixture. 
1-x = Fraction of strict wastewater (surface water-derived drinking 

water discharged to sewers). 
Q(t)GW = Groundwater volumetric rate. 
Q(t)WW = Wastewater mixture volumetric rate. 
The uncertainty connected to Eq. (1) can be calculated (with a 95% 

confidence interval) applying the uncertainty propagation law (Schil-
peroort, 2004, Eq. (3)). 

Δx=
Δδ18O

̅̅̅
2

√

δ18OGW − δ18ODW

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 − x + 1

√
(3) 

Δx = uncertainty in the calculated value of the GW infiltration 
fraction x. 

Δδ18O = uncertainty in the δ18O analysis linked to the equipment 
used = 0.1‰ (present study). 

2.5. Wastewater flow data 

Hourly WW-pump data (m3/h) from the sampling station and station 
1 were provided by the city of Oulu and Muhos municipality water 
utilities the managers of the studied network. Pump data was used to 
calculate the hourly and total volume (m3) of WW arriving at the sam-
pling station during the sampling campaign. The amount of WW arriving 
at the sampling station from pump station 1 (GW-derived) was deter-
mined based on pump data and the WW residence time (delay) in the 
sewer lines. A WW residence time of 9 h was determined based on the 
type of sewer (gravity or pressure) pipe material, as well as diameter, 
flow velocity, and pipe length. 

3. Results and discussions 

Climate conditions in the city of Oulu, Northern Finland during 
winter months, with the presence of soil frost and the accumulation of 
precipitation as snow ensuring no surface water infiltration into the 
ground, led to a long dry period prior sampling campaign. The isotopic 
composition (δ18O) of the WW-mixture samples collected was used to 
identify and quantify GW flows in the network branch during the sam-
pling campaign, in combination with hydraulic (pump) data. 

3.1. Isotope composition analysis 

Isotopic composition of GW and DW sources in the study area were 
inherently different with GW mean values of δ18O = − 13.0‰ and δ2H =
− 94.94‰ and a drinking water (surface water-derived) mean value of 
δ18O = − 11.4‰ and δ2H = − 86.3‰. Overall, the difference in δ18O 
isotope composition signals of the two water sources was considered 
distinct (1.6‰) enough to allow the application of the method (Fig. 2). 
The isotope method was successfully used to quantify GW-flows in the 
networks of Arnhem (the Netherlands, Schilperoort et al., 2007) and 
Hamme (Belgium, Dirckx, et al., 2009) where the distinction between 
δ18O signals of GW and DW were 2.25‰ and 1.4‰ respectively. Thus, 
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the difference in our water sources offered a good potential for source 
separation. The WW-mixture samples’ isotopic composition fell mostly 
along the mixing line between GW and drinking water (Fig. 2), indi-
cating no alteration due to evaporative enrichment (Kracht et al., 2007; 
Schilperoort et al., 2007). The isotope signals of the ten DW samples 
collected had a standard deviation of 0.1‰ for δ18O, which is equal to 
the internal precision of the analytical equipment used. Thus, possible 
intrinsic variability of the (surface water-derived) drinking water signal 
in the network, over the 17.5 h sampling period was assumed negligible 
(Kracht et al., 2007). 

3.2. Identification of groundwater infiltration volume and related 
uncertainty 

The GW volume identified in the WW-mixture at the sampling station 
consisted of all possible GW sources, i.e., WW arriving from pump sta-
tion 1 (GW-derived drinking water) and any possible infiltration flow. In 
general, there was a clear difference between the known hourly GW flow 
(GW-derived drinking water, pump-based data) and the δ18O isotope- 
estimated hourly GW volume (Fig. 3). The total volume of WW 
arriving at the sampling station during the 17.5-h sampling period 
(pump data, sum of the hourly rates) was 15 417 m3. The total volume of 
WW arriving from station 1 (GW-derived drinking water) was 892 m3 

(sum of hourly rates with 9-h delay in the connecting sewer line) cor-
responding to 5.78% of the total WW-mixture volume. The total volume 
of GW detected at the sampling station based on the δ18O isotope 
method was 1148 m3 (7.44% of total WW-mixture volume). In simpli-
fied terms, it could be stated that the stable isotopes of the water method 
identified the known GW flow (arriving from station 1) and an addi-
tional GW infiltration volume of (1148–892) 256 m3 (ca 1.7% of total 

WW- mixture volume). However, the uncertainty Δx linked to the 
isotope-estimated GW-fraction (x, Eq. (1)) contained in the WW-mixture 
samples was substantial (represented as error bars in Fig. 3). It is 
important to note that the uncertainties linked to flow rates generated 
from pump-hydrograph data were not assessed. 

The suitability of the isotope method for estimating GW infiltration is 
considered pertinent only if the relative uncertainty Δx/x is lower than 1 
(Schilperoort, 2004). For several (ca 56%) of the collected WW-mixture 
samples, the ratio Δx/x was >1 (Table S1, supplementary material, 
Fig. 4). While disregarding the supposed inadequacy of the method (for 
samples with relative uncertainty Δx/x > 1), but considering the un-
certainty, Δx on the determined GW fraction “x” and subsequently in the 
determined hourly GW volume detected (Fig. 3), the total volume of GW 
arriving at the sampling station during the sampling period could range 
between 294.4 m3 and 1489.2 m3 (1.9–9.6% of total WW-mixture vol-
ume). As it was known that 892 m3 of GW-derived wastewater arrived at 
the sampling station during the sampling period, it appears that the 
uncertainty linked to the method was not as pronounced as was esti-
mated, based on the uncertainty propagation law (Eq. (3)). 

The uncertainty (Δx) depends on the accuracy of isotope analysis 
(0.1‰ for the equipment used), on the difference between the δ18O 
isotope signals of the two water sources, and the magnitude of “x” itself 
(i.e., the contribution of GW-infiltration to WW-mixture). The 1.6‰ 
distinctions between the δ18O isotope signals of the DW and GW sources 
in the network was considered sufficient for source separation (De 
Bènèditis and Bertrand-Krajewski, 2005a; Belgium, Dirckx, et al., 2009). 
However, the detected fraction of GW in the network was low (average 
7.8%) varying between 0 and 19% which led to high uncertainty on the 
estimated GW-fractions for samples with x ≤ 8%. Although several 
samples presented x values > 8% throughout the sampling period, the 
highest fractions were observed between 23:00 and 3:00 (Fig. 4). Not 
coincidently, samples collected during the same period led to relative 
uncertainty Δx/x lower than 1 (mostly <0.5) thus, validating (95% 

Fig. 2. Plot of the stable water isotope composition of drinking water (DW), 
groundwater (GW), river water (RW), and WW-mixture (WW) samples 
collected. Global Meteoric Water Line (GMWL, blue dotted line) and the Local 
Meteoric Water Line (LMWL, brown dotted line) (Kyllönen, 2018). (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

Fig. 3. Hourly GW (groundwater) volume arriving at 
the sampling station based on 1) isotope composition 
analysis including uncertainty (Δx, Eq. (3), error 
bars) connected to the determination of GW fraction 
(x, Eq. (1) and Eq. (2)) and 2) pump data from station 
1 (GW-derived drinking water). Red squares present 
samples where relative uncertainty Δx/x is lower 
than 1 (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 4. δ18O isotope signal of WW-mixture samples (samples resulting in rela-
tive uncertainty Δx/x < 1 highlighted) in relation to the δ18O isotope signals of 
DW and GW sources. GW-derived WW-mixture volumetric rates according to 
pump data. Red circles highlight the period with increased GW contribution. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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confidence interval) the use of the isotope method for GW detection 
based on uncertainty propagation analysis (Figs. 3 and 4) (Schilperoort, 
2004; De Bènèditis and Bertrand-Krajewski, 2005a). 

The increased isotope-detected GW fraction in the WW-mixture be-
tween 23:00 and 3:00, correlated very well with the increase in WW 
(GW-derived) arriving from pump station 1 (high nocturnal flow due to 
delay in the sewer line) and the decrease in the total volume of WW 
arriving at the sampling station (Fig. 4). It can thus be concluded that the 
isotope method was good at detecting the increase in the known GW 
fraction in the network, attesting to the reliability and robustness of the 
method. 

In general, low GW infiltration rates were expected due to the pro-
longed dry-weather conditions observed before the sampling day and 
the consequent lowering of the GW table (Fig. 1, GW level below 
network lines in more than 43% of monitored piezometers). Infiltration 
into the network was estimated using the GW fractions detected in the 8 
samples collected between 23:00 and 3:00 o’clock (Δx/x < 1). The total 
volume of WW arriving at the sampling station, (pump data 
23:00–03:00, the sum of hourly rates), was 2976 m3. The total volume of 
GW detected at the sampling station based on the δ18O isotope method 
was 489.8 m3 (16.5% of total WW-mixture volume). The total volume of 
WW arriving from station 1 (GW-derived drinking water) was 260.3 m3 

(sum of hourly rates with a 9-h delay in the connecting sewer line). 
Therefore, GW infiltration volume of 229.5 m3 (489.8–260.3) was 
detected (7.7% of the total WW-mixture volume, ca 57.4 m3/h). When 
the same procedure is applied to the four samples (Δx/x lower <1) 
collected in the morning period (11:00–13:00, Fig. 4) the resulting GW 
infiltration rate is 23.8 m3/h. Although the assumption of constant 
infiltration rates throughout the day is a common practice when 
assessing infiltration in sewage networks, studies have reported higher 
nocturnal infiltration volumes (De Bènèditis and Bertrand-Krajewski, 
2005a; Prigiobbe and Giulianelli, 2009). This was attributed to factors 
like the decrease in the pipe’s wet perimeter during the night (decrease 
in water level), leading to the exposure of more pipeline defects to 
surrounding GW (Prigiobbe and Giulianelli, 2009). Information 
regarding detailed GW infiltration flows to sewage networks in northern 
areas, including Finland, is scarce. Average yearly inflow/infiltration 
(I/I) rates are generally informed with an average of 40% reported for 
Finland and other Nordic countries (Jenssen Sola et al., 2018). The 
annual I/I rate in the city of Oulu for the year 2018 was 29% (VVY, 
2020). No specific information is available on I/I rates for the winter 
months or the contribution of GW infiltration to the I/I flows. As inflow 
was safely assumed to be non-existent during the sampling campaign of 
this study (3-month dry period), GW infiltration represented the totality 
of I/I flows and was estimated to reach a maximum rate of 6.5% 
(nocturnal GW-infiltration of 57.4 m3/h assumed constant through the 
day). 

3.3. Overall consideration and suggestions 

In general, the (δ18O) isotope method produced reliable results 
regarding origin identification and quantification of GW infiltration 
rates in cold conditions when surface water was the main source of 
drinking water. The occurrence of a known GW flow (GW-derived 
drinking water) within the network proved beneficial as it provided the 
opportunity to identify the robust response of the method to a relatively 
small increase in GW contribution to the WW-mixture. The 1.6‰ 
distinction between the δ18O isotope composition signals of the two 
water sources (GW and DW) can be considered sufficient to allow source 
separation. However, a larger distinction would be required to reduce 
the uncertainties connected to GW-fraction (x) identification in situa-
tions where low GW infiltration rates (low values of x) are expected 
(Schilperoort, 2004). 

Regarding the isotope composition signals of the two water sources 
(GW and DW) used in this study, the collection and analysis of additional 
GW and drinking water samples spatially across the network area would 

increase the reliability of the signals used. In addition, the effect of 
household appliances on the DW δ18O signal should be taken into 
consideration (i.e., sampling of household effluents). For example, 
Schilperoort et al. (2007) found that high-efficiency condensing boilers 
affect the δ18O signal and might influence results (central heating is the 
general source of water temperature increase in Oulu). Additionally, 
more detailed regional or local soil and geological structural analysis 
can further increase the reliability of the estimations. The role of 
geological complexity would be especially more prone e.g., in seismi-
cally active regions (Hosono and Masaki, 2020; Kobayashi et al., 2021). 
Future studies could also combine isotopic based analysis with other 
natural tracers (Morris et al., 2005; Vystavna et al., 2017; Li et al., 2020), 
data driven methods (Liu et al., 2021) or geophysical studies to better 
comprehend the dynamic conditions of GW to I/I. 

Studies reporting on the use of dual stable water isotopes (δ18O and 
δ2H) method for sewage networks assessment in cold climate with snow 
and ice conditions are very limited highlighting the novelty of the work 
reported here. Overall, our study tested the stable water isotope method 
for GW infiltration detection in sewage networks successfully. It 
advanced the scientific knowledge regarding the method and proved its 
suitability for network assessment in snow-affected cold climate regions 
and how these cold conditions can be used as an advantage to I/I esti-
mation. The findings of the work have also substantial practical appli-
cations. Our study demonstrated that sampling for isotope analysis can 
be directly used as part of monitoring campaigns of wastewater utilities 
(or network maintenance service providers) searching for potential 
infiltration and, consequently, for the loss of physical integrity and the 
need for renovation. Also, in a different approach, the method can be 
used intermittently in the calibration of other hydraulic-based infiltra-
tion detection methods enhancing hydrograph separation or the esti-
mation of possible dilution effects on continuously monitored water 
quality parameters. 

4. Conclusions  

- The stable water isotope (δ18O) method produced reliable results 
regarding origin identification and quantification of GW infiltration 
rates in the sewage network studied.  

- The 1.6‰ distinction between the δ18O isotope composition signals 
of the two water sources (GW and surface water derived DW) 
observed in this study was sufficient to allow successful source 
separation.  

- A large distinction between the δ18O isotope composition signals of 
the two water sources is required to reduce the uncertainties con-
nected to GW-fraction identification when low GW infiltration rates 
are expected.  

- The results of this study can attest to the validity of the stable water 
isotope method for quantifying GW infiltration in cold climate con-
ditions and to the robustness of the method under low GW infiltra-
tion rates. 
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