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A B S T R A C T   

In densely populated urban areas, the pressure on water resources is considerable and will tend to intensify over 
the next decades. Preserving water resources therefore seems fundamental, but many questions remain as to the 
transfer of contaminants to subsurface waters in these largely sealed areas. Because of their toxicity and 
persistence in the environment, this work focused on the study of polycyclic aromatic hydrocarbons (PAHs), 
ubiquitous pollutants mainly produced by human activities. To better understand the main factors leading to the 
retention or transport of these pollutants in urban environments, vertical transects, from the surface to several 
meters down, were established on three study sites in or near Paris (France), selected according to an urbani
zation gradient. Soil samples collected at the surface and urban secondary carbonate deposits (USCD), similar to 
cave speleothems, sampled underground in quarries and aqueducts were analyzed. As the hydrophobic prop
erties of PAHs favor their sorption onto organic matter, the latter was also studied using organic carbon analysis 
and UV fluorescence spectroscopy. The USCD located closest to the urbanized surface contained high concen
trations of PAHs (76.8 ± 5.3 ng g− 1), while the USCD located at greater depth with organic soil on the surface 
contained the lowest amount of PAHs (2.9 ± 0.4 ng g− 1), and no PAHs with log KOC > 5. The results highlight the 
predominant role played by the presence of organic topsoil at the surface in retaining and storing large amounts 
of PAHs (1914–2595 ng. gsoil

− 1 ), particularly the most hydrophobic ones (i.e. 60% of the 15 PAHs are characterized 
by a Log KOC >5), which are also the most toxic. The lithology and thickness of the bedrock (between the surface 
and the USCD) also play an important role in the retention of PAHs, particularly those adsorbed on the par
ticulate phase.   

1. Introduction 

Today, around half of the world’s population lives in urban areas, a 
proportion that is expected to exceed 68 % by 2050 (United Nations
Population Division, 2019). In these densely populated areas, the pres
sure on water resources is significant and is likely to intensify in the 
coming years as a result of climate change (Flörke et al., 2018; Ligtvoet 

et al., 2014). Turning to alternative resources by using non-conventional 
water sources such as spring water or subsurface water for specific 
purposes (e.g. irrigating green spaces or cleaning streets) could help to 
reduce drinking water consumption and overcome water scarcity in 
these areas. However, groundwater is threatened by pollution carried 
from the surface by rainwater infiltration (e.g. agricultural chemicals, 
organic or chemical pollutant emissions from residential or industrial 
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areas, atmospheric deposition), and groundwater in urban areas is even 
more threatened (Burri et al., 2019). The question of the water quality of 
these potential alternative resources thus remains central, especially as 
many questions remain about the behavior and prediction of ground
water contaminants. This issue is all the more relevant in urban envi
ronments, as it raises questions about the role of soil cover - organic soils 
vs. Technosols - in contaminant transfer. 

Polycyclic aromatic hydrocarbons (PAH) are semi-volatile organic 
compounds. Sixteen of them are identified as priority pollutants by the 
US Environmental Protection Agency (US EPA) and the World Health 
Organization (WHO). PAHs originate both from oil and petroleum 
products and from the incomplete combustion of organic matter (wood, 
fossil fuels) (Brown and Peake, 2006; Takada et al., 1991). While the 
former are leaked or spilled directly onto the soil, the latter are emitted 
to the atmosphere before returning to the continental surface via dry and 
wet deposition. Once deposited or accumulated on sealed surfaces, 
runoff is one of the main pathways for the release of PAHs into the 
aquatic environment (Müller et al., 2020). Depending on their different 
physicochemical properties, these pollutants will undergo degradation 
(photochemical reaction, biodegradation) and/or partitioning (volatili
zation, sorption, leaching) during transport (Wild and Jones, 1995). Due 
to their hydrophobic properties, PAHs are particularly prone to bind to 
dissolved and particulate organic matter (OM) (Jones et al., 1989; 
Santschi et al., 1997). Thus, PAHs can circulate in sub-surface water in 
both dissolved form (i.e. solvated directly in water as freely-dissolved 
PAHs and complexed with dissolved OM) and particulate form, mostly 
on colloids (Lan et al., 2018; Schwarz et al., 2011). The KOC is the 
partition coefficient between PAHs dissolved and adsorbed onto par
ticulate organic carbon (i.e. it provides information on the PAH sorption 
potential onto particulate OM). Today, these persistent organic pollut
ants are ubiquitous, especially in urban environments (Brown et al., 
1996; Coleman et al., 1997; Nielsen et al., 1996; Pereira et al., 1999; 
Simcik et al., 1997) and their emissions are mainly attributed to 
anthropogenic activities (Du and Jing, 2018). Their origin and/or tem
poral evolution has led to numerous studies in natural archives such as 
marine, lake and river sediments (e.g. Arias et al., 2010; Ayrault et al., 
2021; Guo et al., 2007; Pereira et al., 1999). However, PAHs have been 

very poorly studied in secondary carbonate deposits (speleothems from 
caves) because of their very low content in these archives and the 
question of the role of soil and epikarst in their fractionation (Perrette 
et al., 2008). Similar to cave speleothems, urban secondary carbonate 
deposits (USCDs) are calcareous deposits formed by dripping or circu
lating water in artificial urban structures such as aqueducts or quarries. 
Recent historical studies of these deposits, focusing in particular on the 
content of OM and PAHs (Garagnon et al., 2023) and Pb, S, REE 
(Pons-Branchu et al., 2017, 2015; 2014), have demonstrated their po
tential as recorders of past water quality influenced by human practices 
and land use. 

The main objective of this work was to determine PAH and OM 
content in quantity and quality in the sub-actual part of USCDs from 
three contrasting locations in Paris (France) in terms of depths and/or 
land-use in order to assess the influence of human practices on their 
transport and accumulation in the USCDs. This multi-site approach was 
also coupled with complementary analyses of PAHs and OM in soils, and 
calculations of theoretical predictions of PAHs in seepage water. The 
aim is to understand the main factors leading to the retention or trans
port of these pollutants from the surface to sub surface waters, and thus 
to question the preservation of this water resource. 

2. Materials and methods 

2.1. Sites and samples 

Three sites with different types of urbanization were selected for this 
study. They are all located in or near Paris (Fig. 1).  

• The Belleville site (BEL), located in the northeast of Paris, in the 20th 
arrondissement, is characterized by a continuous urban fabric. The 
site is home to the Great Aqueduct of Belleville. This 1050 m long 
gallery is part of a historic network known as the Northern Springs, 
which supplied some of the public fountains of Paris between the 
12th and 19th centuries (Clément and Thomas, 2016). An urban 
secondary carbonate deposit, BEL2, was sampled in the central part 
of the aqueduct. The 45 mm thick sample shows a fine lamination 

Fig. 1. Simplified land cover map of the Paris region (source: Corine Land Cover Ile de France) and location of each sample. Samples are also located in depth using 
the log stratigraphy for each site and the cross section of the soil pit at the Brasserie site. Depth is given in meters, lithology is described in the left column of the log 
stratigraphy and shown schematically in the right column (adapted from USGS codes). For the soil pit, O (for organic), A and B correspond to the different horizons, 
and colors are taken from the Munsell code. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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which, coupled with U–Th analyses, made it possible to estimate that 
300 ± 15 years of record are contained in these deposits (Pons-
Branchu et al., 2014). The USCD was fed by seepage from the roof of 
the gallery. The gallery lies at a depth of about 5–10 m below Rue 
Levert and is covered by a thin layer of Brie limestone and a Tech
nosol (IUSS Working Group WRB, 2022) corresponding to gypsif
erous backfill (1–5 m) that is partially sealed.  

• The Brasserie site (BRA), located in the southeast of Paris, in the 12th 
arrondissement, is characterized by a large green space better known 
as the Bois de Vincennes (995 ha including about 50 % of forest) and 
considered here as a non-urbanized area. The site under study is a 
building stone quarry known as the “Brasserie” quarry. It is located at 
a depth of between 15 and 20 m and covers an area of approximately 
4 ha. The Brasserie quarry was excavated between 1741 and 1860 CE 
in coarse limestone of the middle Lutetian age. It is covered by about 
10 m of Upper Lutetian marls and limestones and a remnant of 
Beauchamp sands (BSS from https://infoterre.brgm.fr/; Inspection 
Générale des Carrières, 2007) (Fig. 1). BRA-C-05 was collected from 
a collapse in an area of the quarry where water infiltration is 
particularly high. Since the upper part of the sample was supplied 
with water at the time of collection, it is dated to 2019 CE. Using a 
lamina counting method (Genty and Quinif, 1996) based on a thin 
section observed under a microscope, the age of the sample was 
estimated at 76 ± 5 years with an average growth rate of 0.19 mm. 
yr− 1. This age is consistent with the fact that BRA-C-05 grew on a 
collapse that occurred after the quarry ceased to be active in the year 
1860 CE. On the surface, the area is forested. A layer of organic soil of 
varying thickness (about 0.5 m) overlies alluvial deposits of 
red/orange sand. Therefore, a soil pit was excavated above the 
BRA-C-05 sample area. Two soil samples rich in silica (>90 %, 
Table S1), a typical brown sandy Alocrisol (AFES, 2008; or Hyper
dystric Cambisols, FAO, 2006), were taken from this pit (Fig. 1): 
BRA-S-02 between 0 and 10 cm depth (horizons O/A) and BRA-S-01 
between 20 and 30 cm depth (horizon B/Sal). All soil samples were 
collected from bottom to top in glass jars that had been previously 
calcined (525◦c, 2 h). 

• The Montrouge (MON) site, southwest of Paris (Fig. 1), is an indus
trial railroad site adjacent to residential areas. The Châtillon-Mon
trouge quarries consist of a vast network of galleries covering three 
municipalities: Montrouge, Châtillon and Bagneux. Between the 
18th and the end of the 19th century (latest date on the quarry face: 
1877), they were mainly used to extract coarse-grained limestone for 
building stone. The galleries are on two, sometimes three, super
imposed levels, depending on the benches sought for mining, and are 
low (between 1 and 2 m). MON-C-07 is a USCD taken in 2019 from a 
large flowstone still supplied with water, in a gallery on the middle 
level of the quarry, between 16 m and 18 m deep. As in the Brasserie 
quarry, the gallery was excavated in coarse Lutetian limestones and 
is overlain by Upper Lutetian marls and limestones and a layer of 
Beauchamp sands (BSS from https://infoterre.brgm.fr/; Inspection 
Générale des Carrières, 2007). The latter is covered by a thin layer of 
mainly backfill material, which may be similar to a Technosol (IUSS 
Working Group WRB, 2022) (Fig. 1). From microscopic counting of 
lamina on a thin section (Genty and Quinif, 1996) it was estimated 
that 145 years ± 10 years have been recorded in this deposit, i.e. the 
beginning of the growth in 1874 CE, which seems to correspond to 
the end of the quarrying. 

Only the sub-actual part of the USCDs, corresponding to the top of 
the samples, was considered in this study. The USCD samples integrate a 
period of around 15–20 years, between 1995 and 2012 CE for BEL2, 
2006 and 2019 CE for BRA-C-05 and 2004 and 2019 CE ± 5 years for 
MON-C-07. 

In addition, the Brasserie site is the only one where organic soil 
samples could be collected, as the other two study sites are located in 
urbanized or industrialized areas. 

2.2. Analytical 

USCDs were sampled for PAH analysis using a wire saw (B.E.A PV 
cropper/Escil wires) equipped with a 0.6 mm diamond wire and a micro- 
disk to obtain 1 g calcite cubes. Fresh soils were frozen, lyophilized (1–2 
mbar, - 58◦c) to limit losses or contamination by ambient air, and then 
sieved to 2 mm. Only the fine fraction of the soil (<2 mm) was analyzed. 

2.2.1. PAH extraction and quantification 

2.2.1.1. PAH extraction in carbonates. Analyses were performed ac
cording to the procedure developed and described by Garagnon et al. 
(2023). After surface decontamination with dichloromethane (Honey
well, Chromasolv for HPLC) and an ultrasonic bath (3 min, 20 ◦C, 50–60 
kHz, 1000 W), calcite cubes were spiked with 15 ng acenaphtene-d10, 
anthracene-d10, and benzo[a]anthracene-d-12 (AccuStandard Certi
fied Reference Materials) to calculate PAH uncertainties. 

Calcite was then dissolved by manual agitation with the addition of 
10 mL HCL (Carlo Elba, 34–37% RS Superpure for trace analysis) in 15 
mL dichloromethane and 5 mL UHQ water (Maxima USF Elga, 18.2 
MΩ). Five milliliters of solvent were extracted from the emulsion in a 
separate tube. Two successive liquid/liquid extractions were then per
formed with 5 mL of dichloromethane each. Sodium sulfate powder was 
added to the 15 mL extract to remove residual water, then concentrated 
at 40 ◦C under nitrogen flow in an automated evaporator (TurboVap II, 
Caliper Life Sciences) to a volume of 1 mL. After filtration at 0.22 μm 
(PTFE filters), 100 μL dimethyl sulfoxide (DMSO, Thermo Scientific, LC- 
MS grade) was added and evaporation was continued gently under 
reduced nitrogen pressure to a final volume of 100 μL. Samples were 
then taken up with 100 μL of methanol and kept cool prior to analysis. 
Blanks were also produced using the same protocol steps. 

2.2.1.2. PAH extraction in soils. The protocol is based on that described 
by Marchal et al. (2023). Soil samples and blanks were spiked with 250 
μL of a solution containing 100 ng mL− 1 of acenaphtene-d10, anthrac
ene-d10 and benzo[a]anthracene-d12. Three liquid/liquid extractions 
were performed on 5 g of soil using 15 mL of dichloromethane/acetone 
mixture (80:20), an ultrasonic bath (3 min, 50–60 kHz, 1000 W) and 
centrifugation for 10 min at 1600 rpm to separate the solid phase from 
the solvent. The 45 mL of solvent was then concentrated to 1 mL under 
nitrogen flow in a Turbovap by rinsing the tube walls with heptane after 
20 min. Sodium sulfate powder was added to remove residual water and 
the samples were then filtered at 0.22 μm using PTFE filters. To prevent 
volatilization of PAHs, 100 μL DMSO was added and evaporation was 
continued gently under reduced nitrogen pressure to a final volume of 
100 μL. The samples were then taken up with 1000 μL of methanol, 
filtered again at 0.22 μm and kept cool before analysis. 

2.2.1.3. PAH quantification. A total of 15 PAHs among de 16 PAHs of 
the US-EPA list were analyzed: naphthalene (N), acenaphthene (ACE), 
fluorene (FLU), phenanthrene (PHE), anthracene (ANT), fluoranthene 
(FLA), pyrene (PYR), benzo[a]anthracene (BaA), chrysene (CHR), benzo 
[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene 
(BaP), benzo[ghi]perylene (BghiP), dibenzo[a,h]anthracene (DbahA), 
and indeno[1,2,3-cd]pyrene (IP). 

BEL2, BRA-C-05 and soil samples were analyzed on an HPLC-Fluo 
device (PerkinElmer 200 and 200a series) for 62 min according to the 
method described in Garagnon et al. (2023). MON-C-07 was analyzed on 
an UHPLC-Fluo (PerkinElmer, LC 300) with PAH elution performed on a 
C18 column equipped with a pre-column (EC 150/3 Nucleodur C18 
PAH, Macherey-Nagel) maintained at 35 ◦C in an oven, for 20 min and 
according to the following program: 10 min at 1.2 mL min− 1 with a 
50:50 acetonitrile/water mixture, then increasing to 80:20 for 6 min and 
100 % acetonitrile (Carlo Erba, for UHPLC-MS) for 3 min, ending with 1 
min at 50:50 still at 1.2 mL min− 1. The quantification was calibrated by 
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an external method using 6 standard mixtures of 16 PAH reference 
materials (EPA 610). 

Fluorescence detection was programmed with 9 pairs of excitation 
(225–333 nm) and emission (320–500 nm) wavelengths adapted to the 
sensitivity of each PAH (Garagnon et al., 2023). For each series, cali
bration was performed using 6 standards (from 1 to 80 ng mL− 1). 

2.2.1.4. Quality control. The limits of detection (LOD) and quantifica
tion (LOQ) of the HPLC-Fluo were calculated using the calibration line 
method with three and six times the standard deviation of the y-in
tercepts and ranged from 0.02 to 0.21 ng g− 1 for the LOD and 0.03–0.38 
ng g− 1 for the LOQ, depending on the PAHs considered. As these limits 
are higher than those of UHPLC (LOD <0.07 ng g− 1 and LOQ <0.13 ng 
g− 1) they were applied to the sample measured with UHPLC for the sake 
of comparison. Procedural blanks following the same steps as the sam
ples were analyzed. For USCDs, the limits of blanks (LOB) were lower 
than the concentrations measured in the samples, except for naphtha
lene and acenaphthene. For soils, the average blank values (between 
0.01 and 5.35 ng g− 1) were all significantly lower than the concentra
tions measured in the samples. The deuterated PAHs were used as in
ternal standards. The average yield of acenaphtene-d10, anthracene- 
d10, and benzo[a]anthracene-d-12 was 83 ± 30 %, 98 ± 20 % and 146 
± 25 % respectively for carbonates and 73 ± 19 %, 114 ± 25 % and 89 
± 20 % respectively for soils. 

Values measured in samples below the LOD and LOB were consid
ered to be zero. In addition, as the values in the USCDs were very low, it 
was decided to keep the values below the LOQ. 

PAH uncertainties were calculated on the basis of deuterated PAH 
concentrations according to: 2σ

√n
× 100

x where, is the standard deviation, n, 

the number of measurements, and x, the mean concentration. The 
calculation was applied on the basis of the physicochemical properties of 
each PAH (log KOC; Table S3) according to three categories: PAHs with 
log KOC < 4 (N, Ace, Flu), PAHs with log KOC between 4 and 5 (Phe, Ant, 
Fla, Pyr), and PAHs with log KOC > 5 (BaA, Chr, BbF, BkF, BaP, DbahA, 
BghiP, IP). 

2.2.2. Carbon and organic matter analysis 

2.2.2.1. USCD organic carbon. Glassware was washed in a hot detergent 
bath for 2 h, rinsed with osmosis water, dried, and calcined at 525 ◦C for 
2 h to remove any organic residue. 

For each USCD, approx. 80 mg of calcite powder were diluted with 
ultra-high quality (UHQ) water and then dissolved with HCl 12N (Carlo 
Elba, 34–37% RS Superpure for trace analysis) (Garagnon et al., 2023). 
Water and HCl volume were calculated for each sample to obtain 1 mL 
solution at neutral pH. After complete dissolution, the solution was 
diluted with UHQ water to a volume of 30 mL. After preparation, all 
samples were stored in a freezer and thawed 24 h prior to analysis. 

Organic carbon (OC) analyses were performed on a Shimadzu TOC- 
VCSN analyzer. Total carbon (TC) calibration between [0–20] mg.L− 1 

was performed using a Chemlab 100 ppm certified standard solution. 
Accuracy (99.5 %) and precision (relative standard deviation of 3%) 
were calculated by analyzing certified standard solutions (from Chemlab 
100 ppm and Sigma standards 1000 mg.L− 1) and a home-made standard 
(from potassium hydrogen phthalate) at 5 mg.L− 1 several times during 
the analytical sequence. 

2.2.2.2. Soil organic carbon. Soil organic carbon (SOC) was estimated 
indirectly using the loss on ignition method. Approximately 10 mg of dry 
soil was calcined in ceramic pods at 550 ◦C for 4 h. The difference in 
mass before and after calcination is used to obtain the amount of soil 
organic matter (SOM). SOC is estimated using an empirical conversion 
factor such as: SOC = SOM/1.72 (Van Bemmelen, 1890; Waksman and 
Stevens, 1930). 

2.2.2.3. Solid phase UV fluorescence (SPF). UV fluorescence analysis 
was performed on solid phase USCDs. An experimental spectrofluo
rometer was used. It is equipped with a thermoelectrically cooled, back- 
illuminated CCD detector (Jobin-Yvon Sincerity) and a monochromator 
(Jobin-Yvon MicroHr) with an adjustable slit and a 300 g/mm diffrac
tion grating blazed at 450 nm and centered at 600 nm, giving a spectral 
resolution of about 1 nm/px (Garagnon et al., 2023). The organic ma
terial trapped in the USCD was then excited by two Nd:YAG lasers 
emitting at 266 nm and 355 nm. The 2-axis linear stage on which the 
sample was placed was used to measure steady-state laser-induced 
fluorescence (LIF) in two dimensions to obtain hyperspectral images 
with a resolution of 50 μm–100 μm. 

2.2.3. Data processing 
PAH and organic carbon data were analyzed and processed in Excel. 

The table of measured concentrations is provided in the supplementary 
material (Table S2). OC concentrations were corrected by the average 
UHQ water OC concentrations. The relative proportion of each PAH to 
the total of 15 PAHs was calculated to facilitate comparisons between 
sites as profiles. The percentage of PAHs with log KOC < 5 (from N to 
Pyr), hereafter named weakly hydrophobic PAHs, was distinguished 
from those with log KOC > 5 (from BaA to IP), hereafter named strongly 
hydrophobic PAHs, the latter having a very high affinity for OM. 

Fluorescence spectra were simulated in Matlab using a supervised 
least-squares approach with a linear combination of log-normal func
tions constrained by ranges for position (in nm) and size (width and 
area) parameters (Moya et al., 2023). A mask was used to integrate only 
spectra within the area sampled for PAH analysis. Finally, 2 to 4 
log-normal functions were used to simulate the fluorescence emission of 
organic matter, specifically including amino-acids (protein-like sub
stances) (340 nm ± 20 nm) (Baker et al., 2008; Coble, 1996; Parlanti 
et al., 2000) and aromatic organic compounds formerly known as 
humic-like substances (420 nm ± 20 nm; 500 nm ± 20 nm) (Birdwell 
and Engel, 2010; Coble, 1996; Hudson et al., 2007). 

2.3. Calculation 

The concentration of PAHs in seepage water was not measured due to 
the large volumes of water required to exceed LOQ, so a theoretical 
calculation was used to attempt to predict the quantity of PAHs that 
could be dissolved in seepage water. The PAH concentrations in the 
seepage water were estimated using the following formula (Cousins 
et al., 1999): Ĉw = Csoil

Koc×foc 
where Csoil is the PAH concentration in soil (ng. 

gsoil
− 1 ); Koc the partition constant between OM and water; and foc the 

fraction of organic carbon determined by the loss-on-ignition technique 
(g.gsoil

− 1 ). The calculation was performed for an average value of Koc for 
each PAH based on a literature review (Table S3). This calculation as
sumes that the water and solid phases are in equilibrium. 

3. Results 

3.1. PAHs in USCD 

Sample BEL2, whose data have already been published in Garagnon 
et al. (2023), had the highest total PAH concentrations (sum of the 15 
PAHs) (76.8 ± 5.3 ng g− 1), and a very high proportion of strongly hy
drophobic PAHs (log KOC > 5) (85.3 ± 5.4 %) especially BghiP (28.7 ±
1.8 %), IP (17.0 ± 1.1 %) and BaP (11.5 ± 0.7 %) (Fig. 2). Only 14.7 ±
1.4 % of weakly hydrophobic PAHs (log KOC < 5) were present, mainly 
Pyr (6.6 ± 0.6 %), Fla (4.5 ± 0.4 %) and Phe (2.6 ± 0.3 %). In contrast, 
sample BRA-C-05 showed very low concentrations of total PAHs (Fig. 2), 
only 2.9 ± 0.4 ng g− 1, with a proportion of weakly hydrophobic PAHs of 
100 ± 14.9 %, essentially dominated by Phe (40.5 ± 5.6 %) and Flu 
(34.0 ± 5.5 %). Sample MON-C-07 had a concentration of total PAHs of 
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Fig. 2. PAH results in the different USCDs. The circles indicate the proportion (%) of each PAH relative to the total PAH concentration. The top-left histogram 
indicates both the proportion (%) of PAHs with log KOC < 5, in light blue and PAHs with log KOC > 5, in dark green, while the white limit corresponds to the total PAH 
concentration (ng.g− 1). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. PAH proportions relative to total PAHs (%) for the different materials at the Brasserie site. On the left, the detailed profile of the relative proportion of each 
PAH from least water soluble in dark to most water soluble in light with BRA-W-01 the theoretical prediction in seepage water from BRA-S-01 soil and BRA-W-02 the 
theoretical prediction in seepage water from BRA-S-02 soil. The graph on the right displays the average relative proportion of PAHs with log KOC < 5 and PAHs with 
log KOC > 5 for soils, for the theoretical prediction in seepage water and in USCD BRA-C-05. 
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12.8 ± 1.7 ng g− 1 and a balanced distribution between strongly hy
drophobic and weakly hydrophobic PAHs, respectively (42.3 ± 4.8 %) 
and (57.7 ± 8.1 %), essentially dominated by Phe (29.7 ± 4.1 %) and Fla 
(13.5 ± 1.9 %) (Fig. 2). 

3.2. PAHs in soils 

Compared to the USCDs, the soils had very high total PAH concen
trations (Table S2): 2595 ± 355 ng g− 1 for BRA-S-02 and 1914 ± 264 ng 
g− 1 for BRA-S-01. The proportion of strongly hydrophobic PAHs (Fig. 3) 
was 60.3 ± 7.3 % for BRA-S-02 and 56.8 ± 7.1 % for BRA-S-01, while 
weakly hydrophobic PAHs accounted for 39.7 ± 6.2 % for BRA-S-02 and 
43.2 ± 6.7 % for BRA-S-01. The profiles of the two samples are similar, 
with relatively high proportions of Fla, Pyr, BaA and BbF (Fig. 3): 18.1 
± 2.8 %, 16.0 ± 2.5 %, 11.3 ± 1.4 %, and 11.8 ± 1.5 %, respectively, on 
average. 

3.3. Predicted PAH concentrations in seepage water 

The distribution of weakly hydrophobic PAHs was obviously much 
greater than that of strongly hydrophobic PAHs, according to the 
theoretical prediction of PAHs dissolved in seepage water (BRA-W-01 
and BRA-W-02) (Fig. 3). SOC quantity is underestimated of the black 
carbon content because of the loss of ignition procedure; the predicted 
PAH concentrations in seepage water are therefore overestimated. For 
the sample BRA-S-02 (i.e. BRA-W-02), 85.7 % of the PAHs had log KOC <

5, while only 14.3 % had log KOC > 5. For the BRA-W-01, the percent
ages were 88.0 % and 12.0 %, respectively. The dominant PAHs in the 
seepage water were Phe and Fla, averaging 20.4 % and 27.4 % (Fig. 3). 
Total PAH concentrations ranged from 2019 ng.L− 1 for BRA-W-02 and 
1482 ng.L− 1 for BRA-W-01, as shown in Table S2. 

3.4. Organic carbon 

In soil samples, the concentration of organic carbon (OC) appeared to 
decrease with depth. For instance, BRA-S-02 had an OC concentration of 
55.3 mg. gsoil

− 1 at a depth of 0–10 cm, while BRA-S-01 had an OC con
centration of 18.1 mg. gsoil

− 1 at a depth of 20–30 cm (Fig. 4). The highest 
OC concentration in the USCD was found in sample BEL2 (2.7 ± 0.2 mg 
g CaCO3
− 1 ), while the lowest was found in BRA-C-05 (0.7 ± 0.1 mg. gCaCO3

− 1 ). 
MON-C-07 contained 0.9 ± 0.1 mg. gCaCO3

− 1 (Fig. 4). 

3.5. Organic matter content 

Fluorescence simulation of the average spectrum at the top of each 
USCD highlighted the different types of chromophoric OM present in 
each (Fig. 5). Under 266 nm excitation, the BRA-C-05 spectrum 
exhibited a shoulder around 350 nm corresponding to aromatic amino 
acid-type organic molecules. These molecules appeared to be less pre
sent in BEL2 and MON-C-07. However, these compounds were in a low 
proportion (≤1 %) compared to aromatic organic compounds. Two ar
omatic organic groups were identified, the first (with excitation/emis
sion wavelengths (λex./λem.) of 266/430–440 nm and 355/420 nm) 
corresponding to aromatic substances with some aliphatic chains, and 
the second with larger aromatic compounds emitting around 475–500 
nm. The first group was clearly dominant for MON-C-07 (59 %) and 
BRA-C-05 (70 %). BRA-C-05 also contained molecules emitting at higher 
wavelengths (λem. ≈ 560 nm) when excited at 266 nm, which could 
correspond to heavier molecular weight organic matter or manganese- 
substituted calcium (El Ali et al., 1993; Machel et al., 1991). Excita
tion at 355 nm also revealed a molecular group emitting around 530 nm, 
which may be associated with highly aromatic organic compounds. 

4. Discussion 

4.1. PAH retention by organic soil 

The Brasserie site is the only site investigated where organic soil is 
present. The soil samples revealed very high concentrations of total 
PAHs with 2595 ng. gsoil

− 1 in the surface horizon and 1914 ng. gsoil
− 1 in the 

deeper horizon (Fig. 6), comparable to the range of concentrations 
measured in other parks and gardens in Paris (512–8767 ng g− 1) (un
published data from Cerema) and to data reported in studies of urban 
soils in Europe, e. g, 2538 ng g− 1 on average in Bratislava (Bandowe 
et al., 2011), 1544 ng g− 1 in Lisbon (Cachada et al., 2012), or 1990 ng 
g− 1 in Turin (Morillo et al., 2007). In addition, soil OC concentrations in 
the surface horizon (55.25 mg. gsoil

− 1 ) were 3 times higher than in the deep 
horizon (18.12 mg. gsoil

− 1 ). 
The average PAH profile obtained in the Brasserie soils is also very 

close to that of the average annual atmospheric deposition in Paris (data 
from Ollivon et al., 2002, Fig. 6), with the same PAHs present and a 
correlation of 0.80 between the two profiles. Although a partitioning 
between atmospheric deposits and soils is observed: proportionally, the 
strongly hydrophobic PAHs, which tend to adsorb strongly onto OM, are 
dominant in the soils. The low molecular weight PAHs (such as naph
thalene) are volatilized to the atmosphere (Park et al., 1990), bio
degraded by soil microbial communities, or transferred by seepage 

Fig. 4. The histograms represent organic carbon concentrations: at the top, in 
soils (mg.gsol

− 1) and in USCD BRA-S-05 (mg.gCaCO3
− 1 ) at the Brasserie site; at the 

bottom, in the three USCDs (mg.gCaCO3
− 1 ). 
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Fig. 5. Result of the average spectral simulation for each sample at 266 nm and 355 nm excitation and the proportion (%) of each fluorophore present. The light blue 
emission centered at around 350 nm visible under 266 nm excitation corresponds to amino acids, the dark blue, violet and pink emissions correspond to aromatic 
organic compounds and the black area is probably associated to Mn2+. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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Fig. 6. Schematic summary of PAH concentrations in each compartment (measurements in soil and USCD and theoretical calculations in seepage water) for each of 
the three sites. Missing PAHs correspond to the proportion of PAHs lost during transport (eq. 1 and 2). The source considered for Belleville and Montrouge cor
responds to the average dry and wet atmospheric deposition in Paris (Ollivon et al., 2002). 
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water in dissolved or particulate form (Wild and Jones, 1995). Theo
retical calculations of PAH concentrations in dissolved form in the 
seepage water (Figs. 3 and 6) show a clear predominance of weakly 
hydrophobic PAHs (86–88 %). In addition, USCD BRA-C-05, located 
about 15 m below the investigated soil, contains a low amount of total 
PAH (2.9 ng. gCaCO3

− 1 ) and contain exclusively weakly hydrophobic PAHs. 
All these elements point to a retention of the strongly hydrophobic PAHs 
(BkF to IP) in the soils, due to a high sorption onto SOM (Jones et al., 
1989; Santschi et al., 1997). The presence of organic soil therefore ap
pears to play a key role in the retention of PAHs. Numerous studies have 
already demonstrated the ability of SOM to retain contaminants in soils, 
thereby improving and protecting water quality (e.g. Lehmann and 
Kleber, 2015). 

However, the theoretical PAH profile of the infiltration water is not 
identical to that of BRA-C-05. The difference between the two (“Missing 
PAHs” in Fig. 6) could be explained by: (i) a retention effect by the 
bedrock, in particular the strongly hydrophobic PAHs, (ii) an unknown 
partitioning effect between water and calcite or, (iii) as in soils, a 
biodegradation process by microbial communities present in the water, 
forming methylated or hydroxylated metabolites. As PAHs with less 
than 3–4 aromatic rings are the most soluble and biodegradable (Gupta 
et al., 2015), these last two hypotheses would especially explain the 
difference in signatures of weakly hydrophobic PAHs. 

4.2. Influence of depth and lithology on PAH transferred to the USCD 

Sample BEL2 contains 76.8 ng g− 1 of total PAH (Table S2). In 
contrast, concentrations in the other two USCDs, MON-C-07 and BRA-C- 
05, are 6–26 times lower (12.8 and 2.9 ng g− 1 respectively). Moreover, 
BEL2 also contains the highest OC concentration (2.7 mg g CaCO3

− 1 ) and a 
higher proportion (53 %) of highly aromatic organic compounds than 
BRA-C-05 and MON-C-07 (Fig. 5). 

However, BEL2 is located at a shallower depth and is topped by a 
backfill whereas MON-C-07 and BRA-C-05 were both sampled at a depth 
of more than 15 m and are topped by a layer of sand and a layer of 
limestone rich in marl (Fig. 1). In addition, the three sites are less than 
10 km apart and are located at a comparable distance (≈1 km) from the 
main Paris ring road, thus it is assumed that atmospheric depositions 
between the three sites are similar. Considering the annual dry and wet 
atmospheric deposition measured in Paris by Ollivon et al. (2002) as the 
main common source of PAHs for all sites, the thickness and quality of 
the rock column infiltrated by the seepage water probably play a major 
role in PAH retention. 

The proximity of BEL2 to the urbanized soil surface could be 
responsible for its high PAH and OC concentrations. Most strongly hy
drophobic PAHs have migrated to the USCD as revealed by the PAH 
profiles of the atmospheric deposits in Paris and of the BEL2 sample 
(Fig. 6). Some weakly hydrophobic PAHs are not present in the USCD: 
they could have been biodegraded or, if not, they could be kept in 
aqueous phase (i.e. not trapped in the USCD) because of their low KOC. 
Besides, the portion of the aqueduct where BEL2 was sampled is located 
almost below Levert street. Thus, in addition to atmospheric deposition, 
seepage water can also drain urban dust via road runoff containing more 
heavy molecular weight PAHs deposited on the surface (Garagnon et al., 
2023; Gasperi et al., 2014). However, comparison with other PAH 
sources (Urban dust, Road runoff) (Fig. S4) shows comparable results. 
The relatively low permeability of the Beauchamp sands at the Mon
trouge and Brasserie sites (hydraulic conductivity (K) ranges from 
1.10− 5 and 1.10− 4 m s− 1, Laboratoire Régional des Ponts et Chaussées 
de l’Est Parisiens, 2002), reinforced by the underlying marly limestones 
of the Upper Lutecian, can efficiently retain the aromatic moieties of OM 
and the more strongly hydrophobic PAHs. Indeed, the transfer of 
low-molecular-weight (or less aromatic) OMs seems to be favored at 
these sites (Fig. 5). In addition, most of the PAHs less present in 
MON-C-07 compared to the atmospheric deposits (“Missing PAH” in 
Fig. 6) are strongly hydrophobic PAHs, generally in particulate form in 

the natural waters (Cao et al., 2024; Guo et al., 2007). As a comparison, 
column filtration experiments of urban runoff water have demonstrated 
their potential to remove over 90% of PAHs through different media 
such as sand or calcite (Prabhukumar et al., 2015; Reddy et al., 2014). 

Although located at equivalent depths, the total PAH concentration 
in MON-C-07 is significantly higher than in BRA-C-05. Even if the in
fluence of a possible difference in facies (more or less rich in sands or 
marl and of different thickness) between the two sites cannot be 
excluded, this fourfold decrease in PAH concentration in BRA-C-05 can 
be more easily explained by the presence of the organic soil at the 
Brasserie site. In the absence of organic soil at the Montrouge site, some 
strongly hydrophobic PAHs are present in MON-C-07. Besides, BEL2 and 
MON-C-07 contain both a significant proportion (respectively 85 % and 
42 %) of strongly hydrophobic, bioaccumulable and often carcinogenic 
and mutagenic PAHs (IARC, 2023; US EPA, 1985). These PAHs are ab
sent in BRA-C-05 (Figs. 2 and 6) because of their probable sorption onto 
the organic soil, which seems essential for the preservation of ground
water quality. 

This study assumed that the three USCDs are fed by seepage water 
from the soil directly above the aqueduct and quarry. Yet detailed 
hydrogeological studies would be appreciated, as surface soil sealing 
raises questions about the origin of the water and how it infiltrates (e.g. 
green spaces, private gardens, leaks from stormwater networks). 

5. Conclusion 

During the infiltration of surface water through the soil and bedrock, 
dissolved and particulate PAHs undergo complex interactions with the 
solid phase, depending on their KOC, as revealed by the comparison of 
their profile distribution in the assumed main source (atmospheric 
deposition) and in different USCDs sampled in Paris. The bedrock li
thology and thickness (between surface and USCD) play an important 
role in the retention of PAHs, especially those adsorbed on the partic
ulate phase. However, organic soils, as a natural OC-rich reservoir, can 
store high amounts of PAHs, especially the more strongly hydrophobic 
ones, which are also the more lipophilic therefore bioaccumulable and 
toxic. Hence, USCDs have demonstrated their potential as water quality 
archives of the water composition. However, further research is needed 
to study the process of PAH trapping in calcite and identify possible 
fractionation. Extending this work to other contaminant families and 
other study sites, coupled with detailed hydrogeological studies, could 
improve our knowledge of near-surface water quality and contaminant 
transfer in urban environments. Indeed, land-use change is the first stage 
in the development of an urban area. In a world where water access will 
become increasingly complex, it seems extremely important to preserve 
groundwater quality by avoiding soil sealing and maintaining the OC 
richness of surface soils. 
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Müller, A., Österlund, H., Marsalek, J., Viklander, M., 2020. The pollution conveyed by 
urban runoff: a review of sources. Sci. Total Environ. 709, 136125 https://doi.org/ 
10.1016/j.scitotenv.2019.136125. 

Nielsen, T., Jørgensen, H.E., Larsen, J.Chr, Poulsen, M., 1996. City air pollution of 
polycyclic aromatic hydrocarbons and other mutagens: occurrence, sources and 
health effects. Sci. Total Environ. 189–190, 41–49. https://doi.org/10.1016/0048- 
9697(96)05189-3. 

Ollivon, D., Blanchoud, H., Motelay-Massei, A., Garban, B., 2002. Atmospheric 
deposition of PAHs to an urban site, Paris, France. Atmos. Environ. 36, 2891–2900. 
https://doi.org/10.1016/S1352-2310(02)00089-4. 

Park, K.S., Sims, R.C., Dupont, R.R., Doucette, W.J., Matthews, J.E., 1990. Fate of PAH 
compounds in two soil types: influence of volatilization, abiotic loss and biological 
activity. Environ. Toxicol. Chem. 9, 187–195. https://doi.org/10.1002/ 
etc.5620090208. 

Parlanti, E., Wörz, K., Geoffroy, L., Lamotte, M., 2000. Dissolved organic matter 
fluorescence spectroscopy as a tool to estimate biological activity in a coastal zone 
submitted to anthropogenic inputs. Org. Geochem. 31, 1765–1781. https://doi.org/ 
10.1016/S0146-6380(00)00124-8. 

Pereira, W.E., Hostettler, F.D., Luoma, S.N., Van Geen, A., Fuller, C.C., Anima, R.J., 1999. 
Sedimentary record of anthropogenic and biogenic polycyclic aromatic 
hydrocarbons in San Francisco Bay, California. Mar. Chem. 64, 99–113. https://doi. 
org/10.1016/S0304-4203(98)00087-5. 

Perrette, Y., Poulenard, J., Saber, A.-I., Fanget, B., Guittonneau, S., Ghaleb, B., 
Garaudee, S., 2008. Polycyclic Aromatic Hydrocarbons in stalagmites: occurrence 
and use for analyzing past environments. Chem. Geol. 251, 67–76. https://doi.org/ 
10.1016/j.chemgeo.2008.02.013. 

Pons-Branchu, E., Ayrault, S., Roy-Barman, M., Bordier, L., Borst, W., Branchu, P., 
Douville, E., Dumont, E., 2015. Three centuries of heavy metal pollution in Paris 
(France) recorded by urban speleothems. Sci. Total Environ. 518–519, 86–96. 
https://doi.org/10.1016/j.scitotenv.2015.02.071. 

Pons-Branchu, E., Douville, E., Roy-Barman, M., Dumont, E., Branchu, P., Thil, F., 
Frank, N., Bordier, L., Borst, W., 2014. A geochemical perspective on Parisian urban 
history based on U–Th dating, laminae counting and yttrium and REE concentrations 
of recent carbonates in underground aqueducts. Quat. Geochronol. 24, 44–53. 
https://doi.org/10.1016/j.quageo.2014.08.001. 

Pons-Branchu, E., Roy-Barman, M., Jean-Soro, L., Guillerme, A., Branchu, P., 
Fernandez, M., Dumont, E., Douville, E., Michelot, J., Phillips, A., 2017. 
Urbanization impact on sulfur content of groundwater revealed by the study of 
urban speleothem-like deposits: Case study in Paris, France. Sci. Total Environ. 579, 
124–132. https://doi.org/10.1016/j.scitotenv.2016.10.234. 

Prabhukumar, G., Bhupal, G.S., Pagilla, K.R., 2015. Laboratory Evaluation of sorptive 
filtration media mixtures for Targeted pollutant Removals from simulated 
stormwater. Water Environ. Res. 87, 789–795. https://doi.org/10.2175/ 
106143015X14362865226239. 

Reddy, K.R., Xie, T., Dastgheibi, S., 2014. PAHs removal from urban Storm water runoff 
by different filter materials. Journal of Hazardous, Toxic, and Radioactive Waste 18, 
04014008. https://doi.org/10.1061/(ASCE)HZ.2153-5515.0000222. 

Santschi, P.H., Lenhart, J.J., Honeyman, B.D., 1997. Heterogeneous processes affecting 
trace contaminant distribution in estuaries: the role of natural organic matter. Mar. 
Chem. 58, 99–125. https://doi.org/10.1016/S0304-4203(97)00029-7. 

Schwarz, K., Gocht, T., Grathwohl, P., 2011. Transport of polycyclic aromatic 
hydrocarbons in highly vulnerable karst systems. Environ. Pollut. 159, 133–139. 
https://doi.org/10.1016/j.envpol.2010.09.026. 

Simcik, M.F., Zhang, H., Eisenreich, S.J., Franz, T.P., 1997. Urban contamination of the 
Chicago/coastal lake Michigan atmosphere by PCBs and PAHs during AEOLOS. 
Environ. Sci. Technol. 31, 2141–2147. https://doi.org/10.1021/es9609765. 

Takada, H., Onda, T., Harada, M., Ogura, N., 1991. Distribution and sources of polycyclic 
aromatic hydrocarbons (PAHs) in street dust from the Tokyo Metropolitan area. Sci. 
Total Environ. 107, 45–69. https://doi.org/10.1016/0048-9697(91)90249-E. 

United Nations, Population Division, 2019. World Urbanization Prospects: the 2018 
Revision. United Nations, Department of Economic and Social Affairs, New York.  

US EPA, 1985. Evaluation and estimation of potential carcinogenic risks of polynuclear 
aromatic hydrocarbons (PAH). Office of Health and Environmental Assessment. US 
EPA, Washington, DC. 

Van Bemmelen, J.M., 1890. Über die Bestimmung des Wassers, des Humus, des 
Schwefels, der in den colloïdalen Silikaten gebundenen Kieselsäure. des Mangans u. 
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