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ABSTRACT

Preserving water resources and limiting pollution are central environmental issues in the current context of
intense anthropization. Among organic pollutants, polycyclic aromatic hydrocarbons (PAHs) are
commonly analysed as part of water quality assessments. After being emitted into the atmosphere, these
persistent organic pollutants are deposited on the continental surface, where they are transported to the
aquatic environment by run-off and infiltration waters. Mainly due to anthropogenic emissions, PAHs can
therefore be considered as a proxy for human activities. Urban secondar, carbonate deposits (USCDs),
similar to cave speleothems, have recently been studied for their z~tc.*.al as natural archives of water
quality. However, USCDs have never been used to trace water ¢ eanic pollution and only a few studies on
PAHs in speleothems are available. This study focuses on a =1l dated USCD covering the last 300 years
from the Great Aqueduct of Belleville (north-east of P: ric, France). The aim is to determine the nature and
variation of trapped organic compounds over “un.> a. 1 to discuss their origin, transport, and link with
changes in soil occupation due to human a-tivities. To do so, high-resolution solid-phase UV fluorescence
imaging analyses were combined with cler..~al analyses of PAHs and organic carbon carried out on low-
weight samples. The results show the: PAL's have been present in urban surface water for 300 years. Over
the last few decades, a 7-fold inorease is observed, accompanied by a change in the pollution source,
enriched in high-molecular- wei, ht PAHs, probably linked to urban dust. This study also reveals modes of
transport directly influencea by changes in the soil occupation that are very different from those usually
encountered in natural environments. This work thus paves the way for a better long-term understanding

of the impact of human activity on the transfer of pollutants to sub-surface waters.




1. Introduction

Over the last hundred years, the use of freshwater in the world has increased by six and is expected to be
20% to 30% higher than the current level in 2050 (Burek et al., 2016) at a time when 3.9 billion human
beings will suffer from difficult access to water due to global warming (Ligtvoet et al., 2014). Preserving
water resources is therefore a key environmental issue in the current context of intense human activity.
Both the IPCC and the United Nations have underlined the urgent neec t» increase the means devoted to
managing and protecting this resource (Bates et al., 2008; Jiménez C sne. s et al., 2014; United Nations
and Department of Economic and Social Affairs, 2022). The use f nc 1-conventional water sources such
as rainwater, spring water or sub-surface groundwater could oc ~nc of the solutions to the water shortage
in densely populated areas. However, one of the main iss’.es c.acerning this resource is the qualitative
dynamics of this water, linked to the impact of huma. ac:* ities on the surface.

Polycyclic aromatic hydrocarbons (PAHs) arc ~o.aumonly quantified in water quality analysis because of
their carcinogenic properties for humans (. aek et al., 1991). These semi-volatile organic compounds
(SVOC) are mainly due to anthropreeiic emissions (Du and Jing, 2018). Fossil fuel combustion
(transport, residential heating...), was.> incineration, coal gasification, petroleum cracking and the
production of coke, tar pitch an.' asy ualt have been identified as important anthropogenic sources of PAHs
(Hangebrauck et al., 1°C7; 2 1c/eety and Hites, 1988). More generally, there are two main sources of
PAHSs in the urban envirc..nent: (i) pyrolytic PAHs formed by the incomplete combustion of organic
matter (wood, fossil fuels), and (ii) petroleum PAHSs from spilled oils and petroleum products (Brown and
Peake, 2006; Ngabe, 2000; Takada et al., 1991). The former are emitted into the atmosphere while the
latter are more generally introduced directly into the soil. Deposition processes represent important
mechanisms of PAH removal from the atmosphere to the Earth’s surface. Once deposited on the
continental surface, runoff is an important pathway of PAHs to the aquatic environment (Miiller et al.,
2020). Their study in natural archives such as marine or lake sediments has enabled their origin and/or

their evolution through time to be discussed in certain cases for well dated sequences (Arias et al., 2010;



Guo et al., 2007; Pereira et al., 1999) but few studies have been carried out on PAHs in speleothems
(Argiriadis et al., 2019; Perrette et al., 2008) due to their low concentrations and the analytical difficulties
involved in extracting them. Considered as sensitive recorders of past changes, speleothems offer an
underinvestigated natural archive for the reconstruction of water quality. In artificial urban structures such
as aqueducts or tunnels, urban secondary carbonate deposits (USCDs) similar to speleothems from caves
were recently studied for their potential as natural archives for past sub-surface water quality evolution
through time (Pons-Branchu et al., 2014). However, USCDs have nev-r been used to reconstruct water
pollution by organics over time.

This study focuses on a well-dated USCD covering the last 300 /ear., fed by urban groundwater in the
Belleville Great Aqueduct beneath the city of Paris city (Fr~=~e, Previous studies of USCDs from this
aqueduct have shown that time variations of heavy metals, rarc “arth elements (REE) and sulphur, due to
different sources and causes of variation, are linked *v1.'. uroanisation, and more generally soil occupation
changes (Pons-Branchu et al., 2017, 2015, 2(" 14). The present work traces the quantitative evolution of
organic content trapped in a USCD over u = last few centuries, focusing on PAH pollution and the link
with organic matter (OM) to which PAL.s ar: generally bound (Santschi et al., 1997). Their transport by
water, as solutes or adsorbed on p.ri ~les, remains a key point in order to be able to reconstruct water
quality in urban areas. Indeed, durn 7 their transport, PAHs can undergo fractionation between water and
soil linked to their ph-sic -chimical properties (aqueous solubility (S*) and octanol-water partition
coefficient (Kow). PAHs co.sidered to have a low molecular weight (LMW) are generally more soluble in
water and bind less to OM (low Kow), whereas PAHs with a heavy molecular weight are less soluble in
water and complex more with OM (high Kow). The first aim of this study was to determine the nature and
variation in PAHs and organic matter (OM) trapped in a well-dated USCD, through the development of a
robust analytical protocol for the determination of small quantities of PAHs in relatively small quantities
of USCD and the use of UV fluorescent measurements. The second aim of this study was to understand
their origin and transport in relation to changes in land use due to human activities, by cross-referencing

the PAH data with the content of OM and inorganic trace elements.



2. Material and methods

2.1. Site and samples

The Great Aqueduct of Belleville (BEL) is a 1050m long underground gallery in the north-eastern part of
Paris (France). It is part of a larger historical network, known as “Nor."<rn Springs”, that drains waters
from two independent groundwater levels, one within the well-sortec For tainebleau sands and the other
one within Brie limestone (Fig.1). This network was used to sip,lv Jrinking water to public fountains
between the 12" and 19" century (Clément and Thomas, 7016, Still supplied with water from several
drains, these waters are no longer used and end withir “hc rainwater harvesting system. The calcareous
water has favoured the deposition of USCDs in som. nars of the aqueduct.

BEL2 sample is a 45 mm thick and finely lan..~ated USCD that was sampled in the middle part of the
Great Aqueduct. The gallery, oriented N/S lic. about 5-10 m below Levert street level near its intersection
with Pyrénées street. BEL2 develope. ~n lie wall of the gallery and receives groundwater and surface
water seeping directly from the roc € of \he gallery. The water infiltration time in the catchment area has
been estimated at 3-4 monthe (r . Pranchu (Cerema), pers. com, n.d.). Today, the water infiltrating from
the roof of the gallery cerw ini, passes through a layer of fill enriched in gypsum between 1 and 5 m thick
which overlies the Brie limestone (Fernandez, 2018; Pons-Branchu et al., 2017). A robust chronology of
BEL2, based on the cross-referencing of absolute and relative dating techniques (U/Th and lamina
counting) carried out by Pons-Branchu et al. (2014), determined that 300 years of records + 15 years

(between 1711 and 2011 CE) are contained in these deposits exhibiting a constant growth rate.

In BEL2, 18 levels were sampled within the growth axis for PAH and Organic Carbon (OC) analysis.

Sampling was performed using a wire saw equipped with a 0.6 mm diamond wire to minimize the waste



calcite (BEAPV saw/ Escil Wire). The USCD was first sliced and then cut to obtain blocks of about 1 g,
incorporating around 15 years of recordings. Three blocks following the lamination were used (3 g) for
each sample. The samples were wrapped in aluminium foil and kept in sealed bags. Based on Hartland et
al. (2014), about 90 mg of calcite powder were estimated as necessary for liquid fluorescence and OC
analysis. Sampling was done using a micromill equipped with a 1 mm diameter drill bit. The sample was
drilled to a depth of 3.5 mm and then horizontally to a width of 10 mm with a 1 mm pitch following the
lamination. The resulting powder was collected and wrapped in aliminium foil. According to the
sampling depth, an age was estimated for each sample using the chroroi 7y previously developed on this

USCD (Pons-Branchu et al., 2014) (S2).

2.2. Analytical

2.2.1. PAH extraction and quantific~ton

The procedure for PAH extraction an.' quantification was established on the basis of the work of
Argiriadis et al. (2019) and Perrette ~t al. (2008). Briefly, calcite is acid-dissolved and PAHs are extracted
with dichloromethane, then 2~ly_~4 by HPLC-fluorometry.

To prevent contamination, ‘he ools and glassware were washed in two stages: a 2-hour hot detergent bath,
then after rinsing with tap water, a 2-hour nitric acid bath, and finally a rinse in an osmosed water bath.
Each calcite fragment was first weighed using a microanalytical balance and then sonicated three times

with dichloromethane to decontaminate the outer surface from PAHs adsorbed (Wynn and Brocks, 2014).

2.2.1.1. PAH extraction



The calcite fragment was transferred to sealed, clean 60 mL vial with a pierceable cap and spiked with 15
ng of acenaphthene D10, anthracene D10, and benzo[a]anthracene D12 (AccuStandard Certified
Reference Materials), as internal standards before addition of 15 mL of dichloromethane (Honeywell,
Chromasolv for HPLC) and 5 mL of UHQ water. Acid digestion was carried out with 10 mL of HCI
(Carlo Elba, 34-37% RS Superpure for trace analysis), added via a glass syringe through the septum. Each
vial was shaken by hand until the calcite was completely dissolved.

The obtain acid water/dichloromethane emulsion was then extractzd three times with 5 mL of
dichloromethane. After organic phase separation, Na,SO, powde. ~as added to the 30 mL of
dichloromethane in order to eliminate the residual water. The ¢ ‘gan’c extract was evaporated at 40°C
under nitrogen stream in a Turbovap (TurboVap I, Caliper ' ‘fe Sciences), and then filtered to 0.22 um
and transferred to an 8 mL vial. After addition of 100 pL of rlin. thylsulfoxide (Thermo Scientific, LC-MS
Grade), evaporation under reduced pressure of nitrogz1. wa< gently continued to a final volume of 100 uL.
The solution was then taken up with 100 pL ¢. me_hanol (Honeywell, Chromasolv for HPLC) to obtain a

final volume of 200 pL.

2.2.1.2.  PAH quant{ic. tion

PAH analyses were carr‘ed ~ut ¢ ccording to the method published by (Perrette et al., 2013) with a Perkin
Elmer HPLC device (serie ?J0) coupled with a fluorometric detector (PE serie 200a). The separation was
performed using a Macherey Nagel C18 column (EC 4/3 nucleosil 100-5 C18 PAHs) and pre-column (EC
250/4.6 nucleosil 100-5 C18 PAHs) placed in an oven set at 40°C. PAH elution was performed with a
gradient from 80:20 methanol/water mixture to 100% methanol over a 22 min period at a flow rate of 1
mL.min". The 100% methanol level was maintained for a further 19 min at I mL.min" and 15 min at 1.6
mL.min"', ending with 3 min at 80:20 methanol/water at 1 mL.min"' flow rate. Fluorescence detection was
programmed with 9 excitation (from 225 to 300 nm) and emission (between 320 and 500 nm) wavelength

pairs adapted to the sensitivity of each of the 15 PAH (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)).
Fluorescence data were processed using the HPLC Manager D-6000 v.5 software. The quantification was
calibrated by an external method using 6 standard mixtures of 16 PAH reference materials (EPA 610).
Detection limits (LOD) and quantification limits (LOQ) were calculated using the calibration lines method
with three and six times the standard deviation respectively. LOD were i1 the range 0.02 — 0.44 ng.g”', and
LOQ between 0.03 and 0.76 ng.g”" depending on the PAH congener. Proc. Awal blanks were analysed with
the samples to check for possible contamination. Concentrations mea ‘ured below blank (LOB) or LOD
were assumed to be zero. Uncertainties were determined fror~ ~n1.-=d deuterated PAHs measured for each
sample. A 95% confidence interval (IC(95)) was calculated -nau ~oplied according to the log KOC and log

KOW of each PAH measured; 1C(95) was 42% if loy1” )C or KOW < 5 otherwise IC(95) was 27%.

2.2.1.3. Procedure control

To evaluate the accuracy of the prace-ure, each sample and blank were spiked with a mixture of three
deuterated PAHs (acenaphthe~e L 10, anthracene D10, benzo[a]anthracene D12). The yield of spiked
deuterated PAH measur~me1ts v as estimated to be 70% on average so concentrations were not corrected
from the yield. Procedural +.anks were analyzed, and all measured values were found to be below LOD
except for naphthalene (0.6 ng.g") and phenanthrene (0.05 ng.g"). As replicating from the same sample
was not possible, control points were carried out on samples cut from another slice of BEL2 but following
the same sampling areas. One of the control points, BEL2 7R, was identified as an outlier and was
therefore not considered. Control point measurements show a difference of 32% on average with the
initial PAH concentrations measured. This variability is certainly due to the lateral variation in the

stratigraphy of BEL2 sample. The trend between the two series of points is similar (r.= 0.82).



2.2.1.4.  Data analysis

The concentration of each compound is given in Table 1 and has been represented (Fig.2) as PAH profiles
with the relative proportion of each PAH to the total of the 15 PAH to facilitate comparisons between the
different periods. The percentage of low molecular weight (LMW) PAHs corresponding to PAHs with two
or three rings (from ACE to ANT) and high molecular weight (HMW) PAHs with 4 to 6 rings (from FLA

to IP) was also calculated.

2.2.2. Organic carbon and nitrogen analysis

For each sample, approximately 80 mg of powdered ca. it was diluted with a small amount of water in a
40 mL vial and then dissolved with 12 N HCL. We.er and HCI volume were calculated for each sample to
obtain 1 mL solution at neutral pH. After c. mplete dissolution, the solution was diluted with UHQ water
to a final volume of 30 mL The solution v as then sparged with N, for 5 minutes to strip CO, and reduce
analysis time. Triplicates were r:ah.>d from 200 mg of powder taken from the base of BEL2,
homogenized, then split into 3 =que. masses. After preparation, all samples were stored in a freezer and
then thawed 24 hours “efc-e 7nalysis. UHQ water and hydrochloric acid (Carlo Elba, 34-37% RS
Superpure for trace analys:~, were used for organic carbon (OC) and organic nitrogen (N) analyses. Tools
and glassware underwent the same decontamination protocol as for PAHs. In addition, the glassware was
muffled at 525°C for 2h.

OC and N analyses were carried out on a Shimadzu TOC-Vcgn. The analyzer was calibrated in Total
Carbon (TC) mode from the Chemlab 100ppm standard and Total Nitrogen (TN) mode from Shimadzu
KNO; powder. Series of standards (Chemlab, Sigma and homemade standards from potassium hydrogen
phthalate CgHsKO, for TC and standard from Shimadzu KNO; powder for TN) and UHQ water blanks

were run to check the calibration at the beginning, middle and end of the analysis.



The syringe was rinsed twice with the sample before analysis. The OC and TN analyses were performed
simultaneously with a calibration range of [0-20] mg.L™" and [0-5] mg.L"' respectively.

The number of injections was set at two, and the maximum number of injections at three with an injection
volume of 80 pL. Uncertainties were determined from triplicate results. A 95% confidence interval was

calculated for TN and OC and applied to all samples.

2.2.3. UV Fluorescence measurements

2.2.3.1.  Solid Phase Fluorescence (SPF)

SPF measurements were conducted using a fully meZlar spectrofluorometer as used in Moya et al.
(2023). It consists of two Nd:YAG lasers emitting a: 266 nm and 355 nm respectively. The spot size after
focusing the laser on the sample was around 1. .«m. Because the work was conducted on solid samples,
the reflectance of the NIR diode used in the N YAG laser was detected.

Laser Induced Fluorescence (LIF) in 7. .-2a;, state and NIR reflectance (NIRR) emissions were measured
using a back-illuminated and u.>rmoelectric-cooled CCD detector (Jobin-Yvon Sincerity) via a
monochromator (Jobin Yvor MNieroHr) equipped with an adjustable slit and a 300 g/mm diffraction
grating centred at 600 nm _ivi.g approximately a 1 nm/px spectral resolution.

SPF measurements were performed along BEL2 sample in two dimensions to obtain continuous lines
along the X axis and images with a 50 pm x 50 um resolution. The images were obtained by stacking lines

along the Y axis.

2.2.3.2. Data processing

10



All the fluorescence data were processed in Matlab using a supervised approach based on a least-squares
method constrained by ranges for the position and size parameters. Each fluorescence spectrum was
simulated by a linear combination of lognormal functions (Moya et al., 2023) with defined centers, widths,
and surface (fluorescence intensity).

The fluorescence of chromophoric organic matter (COM) SPF spectra were simulated with 3 lognormal
functions (Aem. 340 nm + 20 nm; 420 nm + 20 nm; 500 nm = 20 nm) at Aex. 266 nm and only two at Aex.
355 nm with an additional lognormal function for NIRR (812 nm # 5 nm). To avoid the effects of
crystallinity, a fluorescence intensity ratio was calculated from SPF da.r at Aex. 266 nm between the

fluorescence emission at 420 nm (Lems420nm) and .00 nm  (Lemsoonm) Such that:

Ikem 500 nm — IXem 420 nm
. . /IXem.SOO nm + IXem.420 nm’

2.2.4. Statistical method

A Spearman correlation (expressed as r ) *."s calculated in the previous section (2.2.1.3.) on the PAH
procedure control to check that the varia.’ons between the samples and the control points were ordinal
relationship. Bravais Pearson h.=ai correlations were used for other data processing when linear
relationship was assumed. Fach R" and effective (n) are given. Robust statistical method was used to avoid
outliers bias, as for BEL2 1 Supervised approaches were also used by selecting the data according with

their scattering. This method enabled the isolation of groups with different behaviours.

3. Results

3.1. PAHs in BEL2

11



Total PAH concentrations (sum of the 15 PAHs) measured for the 18 samples ranged from 0.1 ng.g”" to
76.7 ng.g"' (see Table 1 and Fig.2). Except for the sample corresponding to the growth period after 1995
CE, the measured concentrations do not exceed 10.7 ng.g” which seems relatively low compared to the
concentrations measured by Perrette et al., 2008 but in line with the results from Argiriadis et al., 2019.
Five increases in total PAH concentrations can be distinguished in Fig.2. A first increase in concentration
is observed for the sample between 1747 and 1767 CE with a total PAH concentration of 10.7 ng.g”, a
second one between 1830 and 1843 CE twice as low (5.7 ng.g™), a third one between 1884 and 1899 CE
with concentrations similar to the first one (10.3 ng.g™), another one brow “en 1929 and 1945 CE (6.4 ng.g"
") and finally a last one, beginning in 1968 but increasing sharply be'ween 1995 and 2011 CE, totaling
76.7 ng.g" of PAHs, i.e. 7 times higher than the previous ones

From the 1930s, the proportion of HMW PAHs has increase 1 m about 13% or 0.9 ng.g™' to almost 97%
or 74.1 ng.g”'. Although the total concentrations are ve. lo'v, the PAH profiles seem to change from 1803
CE with a clear increase in the proportion of F<¢nzc [b]fluoranthene and benzo[ghi]perylene, as well as the
emergence of dibenzo[ah]anthracene, PAR. with very low solubility (S* << 1 mg.I""). However, the 1960s
marked a transition with the emergence ¢f benzo[a]pyrene, followed by benzo[k]fluoranthene and indeno-
pyrene.

In contrast, the increase betwern 1574 and 1899 CE is linked to an increase in proportion/concentration of
naphthalene (50% /5.2 ro.g ). F ‘om the 1730s, naphthalene and acenaphthene, the most soluble PAHs in
water (respectively S* = 22 and 3.42 mg.I"), are found in significant proportions. The 1750s show an
increase in these two PAHs. The PAH content of the USCD is characterized by the omnipresence of

phenanthrene over time.

3.2.0rganic content

3.2.1. Organic carbon and nitrogen content

12



The OC values measured are in the range of 1.6 to 3.2 mg.g" (Table 2) which seems coherent with the
values of OC already measured in speleothems from natural caves (Hartland et al., 2014; Quiers et al.,
2015). TN values are very low, between 0.042 and 0.106 mg.g"'. If point BEL2 9, corresponding to an
organic carbon peak with a high value, is excluded, the coefficient of determination between TN and OC

values, R?is 0.61.

3.2.2. UV fluorescence results

The SPF results focus on measurements carried out under Ae«. 296 nm. Although sometimes significantly
present, the fluorescence emission at 350 nm (function 1 i Fig.>) remains clearly negligible compared to
the Aem. 420 nm and Aem. 500 nm (functions 2 anc 3 1. rig.3). The intensity ratio between fluorescence
emissions at Aem. 420 nm and Aem. 500 nm ‘< represented as a map on which the samples used for
organic carbon and LPF analyses can alse be "dentified in black (Fig.3). Here, the blue-shift corresponds
to an increase in fluorescence emissicu “t¢.ad 420 nm, while the red-shift corresponds to an increase in
fluorescence emission around 500 ..m. "I he intensity ratio shows variations ranging between 0 and 1. The
fluorescence intensity emitted s 'v.d 500 nm dominated that emitted around 420 nm over all the spectra
measured. The 1760s wei. cuaracterized by a blue-shift, i.e. the transition from a period dominated by a
marked fluorescence intensity at Aem. 500 nm to a higher fluorescence intensity at Aem. 420 nm. Then,
from the 1850s onwards, a red-shift was observed until the end of the 19th century, when a rapid change

to a blue-shift took place. A red-shift was also observed between the 1940s and 1980s.

4. Discussion

4.1. PAH sources

13



The concentrations measured in the sample are probably the result of a mixture of different sources as
already shown by several studies in urban environments (e.g. Brown and Peake, 2006; Liu et al., 2010). In
addition, PAHs can undergo alteration processes (e.g. biodegradation, photo-oxidation) and selective
adsorption due to their different physico-chemical properties (Kow and aqueous solubility) from their
source to the USCD. Once deposited on the continental surfaces, HMW PAHs are preferentially stored in
the soils by adsorption on particulate OM, as the more soluble LMW PAHs can be easily transported in
aqueous dissolved phase (Perrette et al., 2013).

For all these reasons, PAH molecular diagnostic ratio (MDR) v: lues can vary from one environmental
compartment to another and should be used with caution (¥ ~ts.viannis et al., 2011; Katsoyiannis and
Breivik, 2014; Tobiszewski and Namie$nik, 2012; Zhang et ai., 2005). However, changes in some ratios

over time, combined with historical information or scw ~¢ r.ofiles, can provide important insights.

4.1.1. The ubiquity of phenanti.~ene since the 18" century

The PAH profiles in BEL2 are c.eari, dominated by phenanthrene (Fig.2), whose concentrations are
relatively stable over time at aiounc 1.5 ng.g” on average. Relative concentrations range between 21 and
54 % of the total amo.. ¢ ¢° P aHs, except for BEL2-1, which corresponds to the most recent period,
where the relative concenuation falls to 2%. This ubiquity of phenanthrene has already been reported in
previous studies on PAHs. Desaules et al. (2008), in a large-scale study, showed that phenanthrene
dominates all PAH profiles in the different types of Swiss soils. This observation was also highlighted by
Grimalt et al. (2004) when they studied soils and lake sediments in the Tatras mountains of Poland.
Phenanthrene is present in many PAH sources (Ravindra et al., 2008) which could explain its presence in
many environmental compartments and different environmental media. A significant content of
phenanthrene has been observed in agricultural fire emissions (Kakareka and Kukharchyk, 2003), in urban

runoff (Gonzalez et al., 2000; Hoffman et al., 1984) and sewer particles (Rocher et al., 2004). In addition,

14



compared to its structural isomer, anthracene, phenanthrene is more thermodynamically stable (Soclo et

al., 2000) and shows a high sorption onto humic acids (Staninska et al., 2015).

4.1.2. Recording of intensive urbanisation

Fluoranthene (FLA) and pyrene (PYR) are two isomers and are often associated in analyses of natural
matrices (Soclo et al., 2000; Suman et al., 2016; Yu et al., 2014; Zhang ~* al., 2008). They are considered
as typical pyrogenic products derived from the high-temperature conc ensa ion of lower molecular weight
aromatic compounds (Soclo et al., 2000). In BEL2, as for phena thrs ne, fluoranthene and pyrene have
been present since 1711 CE. Relative concentrations of fluc ran. heane and pyrene ranged from 3 to 12 %
and 4 to 13 % respectively. The FLA/(FLA+PYR) ratin i, oftei. used in MDR to discriminate between
pyrogenic (> 0.4) and petrogenic (< 0.4) products o+ wei as fuel type (De La Torre-Roche et al., 2009).
Ideally, a corrective factor taking transport “n. time effects into account should be applied when
calculating the ratio; however, none of the co.vective factors present in the literature apply to speleothems
in an urban environment (Zhang et ~l., 2J05). A Monte Carlo method was used to compute the
uncertainties in the FLA/(FLA+FY'R) .atio. Random sampling of the analytical uncertainties of each
parameter was performed using » Pox-Muller transformation (Box and Muller, 1958) for each of the 10
000 iterations of the Mo » C>~io procedure. Here, the ratio shows a sudden change in behaviour (Fig.4),
shifting around the 1850s trom a phase with values mostly above 0.5, except for a few samples with a very
low ratio, to a stable phase with values between 0.4 and 0.5 except for one sample between 1945 and 1960
CE.

This shift occurred during the urbanisation phase and has continued to the present day (Fig.4). The
urbanisation phase was triggered by a major increase in population in 1825 and resulted in significant
modification of the overlying soil (Huard, 2019). Essentially agricultural land was then replaced on a

massive scale by residential buildings until the end of the 19th century (Fig.4). In addition, this period also
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corresponds to the Industrial Revolution, in which an agricultural society evolved into an urban and
industrial society. The change in human activities probably led to a change in sources. The decrease in the
FLA/(FLA +PYR) ratio therefore highlights a change that seems to have been caused by the massive
urbanisation of Belleville and its surroundings. This change may be linked to a modification in source, in
PAH transport, or both. If we consider the cut-off values for the FLA/(FLA+PYR) ratio to be valid, they
appear to indicate a shift from a period dominated by pyrolytic emissions, mainly produced by the
combustion of wood, coal or plants (> 0.5), to a period dominated by erzissions that are still pyrolytic but
essentially from fossil fuels (0.5 <> 0.4). However, even if these hypc.uces seem consistent with history,
they should be treated with caution, as surface modifications, su:h a. soil sealing by buildings and the
creation of fills, may have played an important role in modi*-in. the conditions under which PAHs are
subsequently mobilised and transported, thus changing the li-n1.. of this ratio.

Moreover, changes to the soil surface associated with ~-ba.iisation also appear to have impacted the OM
content transported by infiltration water, as th-. sol d-phase UV fluorescence ratio (Fig.3) used to observe
variations in the quality of COM shows a ~hange during the period of urbanisation between 1850 and
1900. This period is marked by a rec-raiin which corresponds to an input of higher-weight or more

aromatic organic molecules.

4.1.3. Change of ~our:e in the 1950s

LWM PAHs in BEL2 correlate strongly with total PAHs from 1711 to 1960 CE (Fig.5.a, R>=0.996,
n=14). Between 1960 and 2011 CE (samples 3 to 1), an enrichment in HMW PAHs is observed (Fig.5.a).
This change is also identified in the evolution of the proportions of LMW and HMW PAHs (Fig. 2),
where a significant increase in the proportion of HMW PAHs is recorded. In addition, during this period,
an emergence of the carcinogenic benzo[a]pyrene, benzo[k]fluoranthene and indeno-pyrene is observed in
the PAH profiles (Fig.2). All these observations, combined with the absence of any major urban

transformations at the surface at that time (Fig.4), suggest a change in the source of PAHs since 1960 CE.
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Previous studies on gross bed solids from Parisian combined sewer deposits (Rocher et al., 2004), urban
sediments impacted by stormwater runoff in the USA (Stout et al., 2004) or road debris and the suspended
sediment component of urban runoff in New Zealand (Brown and Peake, 2006) also show a very high
proportion of HMW PAHs, implying very low LMW/HMW ratios, which the authors link to a pyrogenic
origin, indicating a predominance of pyrogenic sources in the final mixture. Benzo[ghi]perylene and
indeno-pyrene are present in significant proportions (Fig.2 and 5.b.). They present a ratio between 0.2 and
0.5 implying a fossil fuel combustion source (Tobiszewski and Namie$n'k, 2012), which is also confirmed
by the FLA/(FLA+PYR) ratio (Fig.4).

As motor vehicle emissions are the major sources of emissions in "irba. areas (Freeman and Cattell, 1990;
Shen et al., 2011; Tuominen et al., 1988), the rapid expansi~n ¥ car production in France during this
period (Méot, 2009) is thus certainly responsible for one of *he .main sources of pyrogenic emissions from
fossil fuel combustion. The increase in road traffic so. .ritates to the formation of street dust and urban
dust, which deposit on soils. Asphalt also .ont'.ins significant amounts of PAHs and a mixture of
petrogenic and pyrogenic compounds (B.-ndt and De Groot, 2001; Brown and Peake, 2006). The
asphalting of streets in Paris and the Bed ;viue district gradually replaced cobblestones from the 1980s.
This sealing of surfaces facilitates “he mobilisation and transport of PAHs by road wash water and urban
run-off (Brown and Peake, 2016). 'rban dust, from a certified sample (SRM 1649a), presents a profile
enriched in HMW PAH- sinilar to that measured in BEL2-1 (Fig.5.b). Urban dust seems to explain the
presence of high relative r~centrations in HMW PAHs in BEL2 1, particularly in benzo[a]anthracene,
chrysene, benzo[a]pyrene, benzo[k]fluoranthene, benzo[ghi]perylene and indeno-pyrene (Fig.5.b,
R?=0.99, n=6). Other contaminants may also be present in street dust, such as metallic elements (Brown
and Peake, 2006). This seems to be confirmed by an increase in Pb and REE signals in the same period
(Pons-Branchu, 2015). The differences between the two profiles can be explained by mixing with other
sources, but also by loss or partitioning effects during transport of the PAHs from the surface to the

USCD.
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4.2. PAH transport processes

4.2.1. The role of OM in PAH transport

PAHs are generally poorly soluble compounds which tend to be linked to OM content of natural waters
and soils (Santschi et al., 1997). Humic-like (HL) molecules are the major components of the soil OM and
of the dissolved OM (DOM) in natural waters. Their high molecular v eight and aromaticity lead to the
sorption of hydrophobic molecules such as PAHs (e.g. Jones et al., 19¢9).

A strong correlation was thus expected between PAH and OC -onc :ntrations in USCD. However, as
observed in Desaules et al. (2008), no linear correlation wa~ “u..4 between PAHs and OC (Fig.6.a, R?
0.04, n=16). Depending on the historical period considered. his ~ould be explained either by an excess of
OM quantity relative to PAH concentration, or by a li_he: rate of PAH sorption on OM.-The context of
urbanisation and soil sealing (Fig.4) suppor:' th. idea of a low availability of OM and therefore an
increase in PAH sorption on small quantitic. of OM during periods of higher PAH emissions. In addition,
as most of the high PAH concentration sariples—contain mainly LMW PAHs, with elevated aqueous
solubility and low Kow value, traisp .t of PAHs from soil surface to USCD could have been in the
dissolved phase.

Furthermore, variations - COM quality occurred over time (Fig. 3). The blue-shift observed in the 1760s
is associated with lower m:'ccular weight or less aromatic organic molecules. This change could be linked
to a change in agricultural practices at this period. At the beginning of the 18th century, waste from Paris
was used as fertilizer in the surrounding area (Pons-Branchu et al., 2015), and it is possible that these
practices ended in the vicinity of the site after the second half of the 18th century. However, no change in
nitrogen was observed during this period. In contrast, a greater contribution of more aromatic molecules
(red-shift) was observed during the urbanisation phase. Moreover, contrary to Quiers et al. (2015), it was
not possible to model all SPF data with LPF (S1) and OC measurements to obtain quantitative variations

of OC at high resolution. This supports the hypothesis of strong quality changes in organic molecules over
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time, probably linked to changes in surface soils. For example, the addition of gypsum when land was
levelled on the surface for the construction of buildings may have led to a change in ionic strength, which
may have modified the adsorption conditions. In addition, these elements raise many questions about the
origin and nature of OM, because the notion of soil in an urban context is very different from that of soil
in a natural environment, as urban soils can have similar characteristics to natural soils or differ

fundamentally from them (Lehmann and Stahr, 2007).

4.2.2. Transport by the particulate detrital phase.

Thorium tends to adsorb strongly to clay and oxyhydroxide p’..~es ‘Langmuir and Herman, 1980) and can
bound with detrital particles (Ayalon et al., 1999, Meyer et .', 2012). It also tends to complex and
precipitate in the presence of carbonates (LaFamme ar. M.urray, 1987). Thorium can then be considered
as a tracer of the particulate detrital phase i: BFL2. The correlation (R*=0.6, n=14) between OC and
thorium content of the USCD (Fig.6.b) ina. ates a covariation between OM and detrital particles fluxes.
The relationship between the sum of PA ds and thorium (Fig.6.c) seems to correlate with part of the
samples including three of the it cre.es in PAHs (R’=0.82, n=9). In addition, the samples with a
correlation between thorium «~d }.\H concentrations include those corresponding to the urbanisation
period (points 10, 11, *?. .?). This suggests that during this period PAH were mainly transported by
detrital particles from top soils to the USCD. The sample 9, belonging to the end of urbanisation,

corresponds to a clayey lamina, which explains the enrichment in thorium.

5. Conclusions

The experimental development of a protocol for PAH extraction from USCDs has highlighted the
presence of PAHs in sub-surface water in urban environments for 300 years. The evolution of PAHs

shows two major events caused by intensive urbanisation. First, the decline in the FLA/PYR ratio in the
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1850s seems to highlight the massive urbanisation phase that Belleville underwent between 1825 and
1900 CE, and second, the increase in HMW PAHs over the last 50 years seems to be linked to a change in
source explained mainly by urban street dust. These observations bear direct witness to the negative
impact of urbanisation on the quality of the seepage water from the Belleville aqueduct, which was used
massively for human consumption until the 19th century. The study also highlighted changes in the
quality of the OM over time, linked to changes in the surface soils. This work therefore extends our
knowledge of the long-term impact of human activity in urban areas on *he transfer of pollutants into sub-
surface waters. In addition, USCDs once again appear to have good pcw..1a1 as recorders of water quality
and human practices. However, the conditions in which they are foried, and the processes involved in
transporting contaminants such as PAHs are important f~-~to.~ that should not be overlooked for

interpretation purposes.
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Fig. 1. Site presentation a) Location of the Aqueduct of Belleville, sampled site and sche . atic geological cross-section (modified
from Pons-Branchu et al., 2015); b) Sampled section view; ¢) On the left, PAH samj ling | 'an on a section of BEL2 USCD and,
on the right, reference axis with the location of all the samplings (Organic arbo1 (OC), total nitrogen (TN), liquid phase

fluorescence (LPF), trace elements (TE)).

Fig. 2. PAH distributions in BEL2. On the left part, in white the s of PAHs in ng.g™" with the relative error together with a
stacked histogram (in %) of LMW PAHs (light blue) and F MVv." PAHs (dark blue). On the right part, PAH distributions
(normalized concentrations in %) of each sample with ™: Na hthalene, Ace: Acenaphthene, Flu: Fluorene, Phe: Phenanthrene,
Ant: Anthracene, Fla: Fluoranthene, Pyr: Pyrene, BaA: Be. zo[a]Anthracene, Chr: Chrysene, BbF: Benzo[b]Fluorene, BkF:
Benzo[k]Fluoranthene, BaP: Benzo[a]Pyrene, Bsiin  Beazo[ghi]Perylene, DbahA: Dibenzo[ah]Anthracene, IP: Indeno[1,2,3-

cd]Pyrene.

Fig. 3. Representation of the four lo.~orrial functions fitted to a SPF measured mean spectrum (black curve). Function 1 is
centered at 350 nm * 20 nr. fu ~tior 2 at 420 + 20 nm, function 3 at 500 + 20 nm. Function 4 corresponds to NIR diode
reflection. The resulting simulated ,pectrum is represented in dashed blue. On the right, the intensity ratio map between functions

2 and 3; the dark areas correspond to organic carbon and LPF samples.

Fig.4. PAHs and chronological context. The four Belleville urbanisation maps are extracted and modified from Huard (2019). The
demography (Pop.) is express in inhabitants and result in a combination of the demography in Belleville before 1860 from EHESS
(http://cassini.ehess.fr/fi/html/), and the demography of the 19™ and 20" districts of Paris recorded by Insee after 1860

(https://www.insee. fr/fr/statistiques/3698339). The sources identified by the FLA/(FLA+PYR) ratio are represented by icons on

the left: values < 0.4 correspond to petrogenic sources, the values > 0.5 to grass, wood, or coal combustion, and values between

0.4 and 0.5 to fossil fuel combustion.
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Fig.5. a. Relationship between LMW PAHs in ng.g”' and the sum of PAHs. b. On the left, profiles of the relative concentrations
in urban dust from SRM 1649a (certificate values) and in BEL2 1 (1995-2011 CE) measured sample. On the right, plot of

BEL2 1 measured concentrations (% of the total PAHs) vs Urban dust concentrations (% of the total PAHs).

Fig. 6. a. The relationship between the sum of PAHs in ng.g™' and OC in mg.g™". Orange dots correspond to PAH increases. b.
The relationship between OC in mg.g'and Th in pg.g”" (from Pons-Branchu et al. (2015)), points 4, 6, and 17 have no associated

value in Th and do not appear on the graph. ¢. The relationship between the sum of PAHs in ng.g”" and Th in pg.g™'.

30



Journal Pre-proof
®

EParis

A

0 200km

s 0 500m y
Paris and districts E-10 = RS Vlertablo --- Drains
v
Region of lle de France 3w StMartin BL watertable ——  Waterpipes
—— Northern Springs network 2 9% Manhole wes  Great Aqueduct of Belleville
Seine River 80 [T Fe rtair zbleau sand Brie limestone @  Manholes

[0 Oy *.rmz Istone  [_] Green clay

CIPAH
O OC/TN/LPF
OTE

Fig. 1

31



Year CE

[ng.g"] [%]

B =PAH [ng.g"]

| HMW PAH (%]

[%]

""""" %]
560
240
I 1 320
........... . e uin oiin e win ig ....
60 T
40
20 1
o I o o o Wm
L 60
T El
140
1 - E 320
1 s o - io
60 ¢ T
40 E | 1
ZOE* 4
0 il s
. 60
340
1 320
............ A . o = i EL
60
OF l
0E
\‘> 1 X 4 - o cecace
260
‘ T 340
5 320
_________ z S sl o .
60 ¢ [
40 £ I
20 £ N
......... o0k 2 dn o e -
- 60
340
I L 1%
----------- ES e o — P
60 ¢ T
40 1 1
20E L
,,,,,,,,, 0 E I =g ——
- 60
i40
I = l 320
= K e e o .
60 -
40 |
20 £ I
O: = Y i e
560
240
. B _ - 320
I = B = 5
T 560
J 340
11 220
............ = o ol £
60 ¢
40 £ |
El
20E - BN
,,,,,,,, 0 & e
. 360
140
I _ & 1 B 320
: e 15
60 ¢ |
40 i
20 T »
......... 0E & e .

LMW PAH [%]

SR R I F S F S F S

32



Intensity [a.u.]

Fig. 3

6000

5000

4000

3000

2000

1000

0

NI R A I R B N I B N B SR AN BN AN B NI B
DAL ECTATES P oS

— Measured data
_ _ Simulated data

4

Wavelength [nm]

]

Year CE

2000

1950

1900

1850

1800

1700

20

30

40

53

Depth
[mm]

Intensity ratio

5

10

15

33



Journal Pre-proof

< Belleville city ‘ Paris (19th & 20th arr.) >

~100

Pre-urbanisation Urbanisation Post-urbanisation [
o0

. aéLi lﬁiﬁiﬁ Fo

°ZZ: H W o
055 - — —_ 5 ~— w

05 fessennnenssl ey T — N s cinwauvinmisvasss Juaniisu s aRmmeRE e s s FeRSERESTIELe LRt S

3 PAH [ng.g']

045

04 | IR ... SR op— L SRR NSRS RN Prmm— . SUSTIOCTC (O —

035 - _— i €>

FLA/(FLA+PYR)
|
|
)
®

03 :
025 : 385000
3 /_W
© 2
< :
E 2 a
a -
I3 : , 3 ; : ; Lo
1700 1800 185, 1900 1950 2000 Year CE+15yr

7-5“#“:»'»» R

.
A2 EY

_ _:;Lh- A @alm&l\—-‘ ‘!EW ﬁ
= N * .—\' Qzﬂ“}%}{ %‘
2 § £

£ ¥ N K%\mn“ \

'g N . B O | ’“ "‘E\‘ E‘.g‘ A“‘

B | e
Fully built
W BEL2 sampling site
Il W Constructions
i1 Vines, agriculture, garden Demolition of the Haussmann's great Renovation phase
Gypsum quarries Picbus monastery projects

Fig. 4

34



Journal Pre-proof

@
0"
10 P
9 8164%
P
Source 1
8
= - /
o 7 il
o e
£ 6 5 7
= 12,97
g5 /
2 4 15
3 Vgs® ® Source 2
~n 3 §11J L 2
2 “ff F 2
1 14‘2- 6 3
0 - - v
0 2 4 6 8 10 12 76 78
ZPAH[ng.g']
[%] [%]
30 350 -
BN Urban dust - SRM 1649a
e BEL2_1 s
25 . 30.0 & BghiP
25.0
20
~ 200 o
15 gl ° IP &‘Q//
150 £
Vi
10 o BaP & o BbF
) o BaA
5 1 . oy o Fla
- °
Flu D:a:'A * o Phe
) I A NRR e : -
D@ oS & & 2 Pl & & 2Ry R 0.0 20 4.0 6.0 8.0 100 120 140 160 180
LR S S <t F ¥ S F Q,é‘owo’p Urban dust- SRM 1649a

Fig. 5

35



Journal Pre-proof

76

08 o 16 R’=0.004,n=16

02

05

12
° 04

ZPAH[ng.g']
o

60.0 3
10 °
eoll o3

500 i 2] o7 o6 o8 o?

0 s
40.0 02 o 15 20 25 3.0 3.5
™o 0C[mgg"]

30.0 ol8 -l

16 :i/’
20.0 e ’/’ 78 - @
.1 1 o ol -

Th [ugkg™]

@15 .-
100] ®12_~ o3 76

=710
e’ :8 12
1.50 2.00 2.50 3.00 3.50 10le8 o 16

0C[mgg'] k7

9

) we

4 15 0"
=3
2 ’70:/"3/: e o 18 09

0 10 20 30 40 50 60
Th [ugkg™]

$PAHINGg"]

Fig. 6

36



Top AgeBottom AgeRelative top depthRelative bottom depthSample N  Ace FluPhe Ant FlaPyr BaA Chr BbF BkF BaP BghiPDbahA IP XPAHsXLMW PAHsEHMW PAHs

2011 1995 0 2.5 BEL2-1 LOBLOD0.42.0 02 3.55.1 62 3.3 84 3.6 88 220 NA 13.1 768 2.7 74.1 Table 1. PAH
1995 1978 2.5 5 BEL2-2 1.1 0.060.51.8L0D0.50.7 0.5 LOD 0.5 02 05 1.5 NA 0.6 86 3.5 5.1 concentrations
1978 1960 5 775 BEL2-3 LOBLODO0.3 1.4LOD0.304LOD 0.1 0.2 LOD 0.1 04 LOD LOD 3.2 1.8 1.4 in BEL2 [ng.¢
1960 1945 7.75 10 BEL2-4 1.3 LOD0.6 1.9LOD0.40.3 0.2 LOD 0.2 LODLOD 02 LOD LOD 5.0 3.8 1.2 I
1945 1929 10 12.5 BEL2-5 2.7 LOD0.52.3L0D0.30.4LODLODLODLODLOD 0.3 NA LOD 6.4 55 0.9 Naphthal(i%e
1929 1914 12.5 14.75 BEL2-6 LOB 0.05 0.3 0.7 LOD0.20.3LODLOD 0. LODLOD 0.1 0.04 LOD 1.8 1.1 0.8 Acenaphthene
1914 1899 14.75 17 BEL2-7 LOB 0.04 0.2 0.8 LOD0.20.2LODLOD 0.1 LODLOD 0.1 0.03 LOD 1.6 1.0 0.6 (Ace),
1899 1884 17 19.25 BEL2-8 5.2 0.070.52.8 LOD0.70.8LODLOD ¢.09 LODLOD 0.1 LOD LOD 10.3 8.6 1.7 Flué’glefll)e
1884 1869 19.25 215 BEL2-9 LOB 0.04 0.3 1.0LOD0.20.2LODLOD 0.1 LODLOD 0.1 0.06 LOD 2.0 13 0.7 Phenanthrene
1869 1856 21.5 23.5 BEL2-10 0.8 LOD0.21.0L.0OD0.20.1 LODLODLODLODLOD 0.2 19D LOD 2.5 2.0 0.5 (Phe),
1856 1843 23.5 255 BEL2-11 0.7 LOD .2 1.1 LOD0.20.2LODLODLODLOD O, « % LOD LOD 2.5 2.0 0.4 Anthracene
1843 1830 25.5 275 BEL2-12 1.3 0.6 0.82.1LOD0.20.3 0.3 0.1 LODL)D,OD 0.05 LOD LOD 5.7 4.7 0.9 Fluoranfﬁg;)e’
1830 1816 275 29.5 BEL2-13LOB 0.1 0.4 1.3L0D0.20.1LODLOD .2 . O.)LOD 0.05 LOD LOD 2.4 1.8 0.5 (Fla), Pyrene
1816 1803 29.5 315 BEL2-14LOBLOD 0.2 0.3 LOD0.10.1 LODLOD (.> ZODLOD 02 0.03 LOD 1.2 0.5 0.7 (Pyr),
1790 1767 335 37 BEL2-15 2.0 0.09 0.2 1.2LOD0.30.2L )P_OD 0.09 LODLOD LOD LOD LOD 4.2 35 0.6 ff;lze"[a(]g;g
1767 1747 37 40 BEL2-16 3.9 1.2 1.22.5 0.7 v..0.. LOC «2 02 LODLOD 0.1 0.08 LOD 10.7 9.0 1.7 Chrysenc
1747 1727 40 43 BEL2-17 0.8 0.3 0.81.4LCY0 50.3LODLODLODLODLOD 0.04 LOD LOD 3.9 3.4 0.6 (Chr),
1727 1711 43 455 BEL2-18LOBLOD0.3 1 1 LOD.\ 20.3LODLOD 0.7 LODLOD 0.09 NA LOD 2.1 15 0.6 Benzo[b]Fluor

ene (BbF),
Benzo[k]Fluoranthene (BkF), Benzo[a]Pyrene (BaP), Benzo[ghi]Perylene (Bglt P>, Dit nzo[ah]Anthracene (DbahA), Indeno[1,2,3-cd]Pyrene (IP). Concentrations in Italic Bold are below LOQ.
Concentrations measured below blank (LOB) or LOD were assumed to be z¢.0. Th arcz2 1s expressed in Year CE. The uncertainties are shown in Fig.2

1914189914.75 17 BEL2 7R 0.7 0.5 214 1.8 0.10 04 04 13 (2 0.3 LODLOD 0.05 LODLOB27.124.52.6
18991884 17 19.25BEL2 8R 29 0.08 0.7 1.8 LOD 0.5 .3 LOL 0.1 LODLODLOD 0.04 LODLOB 6.5 551.0
1884186919.2521.5 BEL2 9R LOBLODLOBLOB™."D. OB1 Ob LOBLOD 0.09 LOB LOBLOB ¢.03 LOB 0.1 0.0 0.1
18691856 21.5 23.5 BEL2 10RLOBLOBLOBLOBLOL 0.. LOBLOBLOBLODLOBLOD 0.07 LODLOB 0.3 0.0 0.3
18561843 23.5 25.5 BEL2 11RLOB 0.06 LOBLOBLu., 0.2 0.6 LOBLODLODLODLODLOBLODLOB 0.9 0.060.8
18431830 25.5 27.5 BEL2 12R 3.0 0.08 1.0 2.6 0.09 0.8 0.8 LODLOBLODLODLODLOBLODLOB 8.4 6.8 1.6
18301816 27.5 29.5 BEL2_13R 0.8 LOBLOBLOBLOD 0.2 0.2 LOBLODLODLOBLODLOB 0.03LOD 1.2 0.80.4
17901767 33.5 37 BEL2 15R 1.8 0.2 LOB 2.6 LOD 1.1 0.4 LOD 0.2 0.09 LODLODLOBLODLOB 6.3 4.6 1.7
17671747 37 40 BEL2 16R 3.1 0.8 LOB 0.8 LOD 0.2 0.2 LODLOB 1.3 LOB NA 0.08 0.03 LOB 6.3 4.6 1.7
17471727 40 43 BEL2 17R 0.5 0.3 LOB 1.5 LOD 0.3 0.3 6.2 0.2 LOBLODLOD 0.04 LODLOB 3.4 2.3 1.1
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Age Relative Depth Sampling Depth

2008
1999
1988
1965
1955
1938
1922
1906
1886
1876
1863
1849
1836
1823
1780
1757
1734
1714

0.5
1.75
35

8.5
11
13.5
16
19
20.5
225
24.5
26.5
28.5
35
385
42
45

0.5
2.5
4.5
7.5
9.75
12.75
15.25
17.5
19.5
21.5
24
26.25
28
30.75
355
39
42
445

Name

BEL2-0
BEL2-1
BEL2-2
BEL2-3
BEL2-4
BEL2-5
BEL2-6
BEL2-7
BEL2-8
BEL2 9
BEL2_10
BEL2 11
BEL2 12
BEL2 13
BEL2 15
BEL2 16
BEL2 .7
PuL. 18

(

oC

mg.g™)

2.733
2.304
2.557
2.735
2.329
2.324
1.982
1.611
1.750
3.205
1.755
1.672
1.642
2.1z
1.7 ¢
~.058
217
2.312

+ AOC (mg.gh) (m

0.428
0.361
0.400
0.428
0.365
0.364
0.310
0.25.

0.271
0..92
0..75
t702
0.257
0.333
0.276
0.469
0.378
0.362

TN
g.g")

0.106
0.088
0.082
0.072
0.076
0.065
0.063
0.048
0.045
0.056
0.046
0.042
0.064
0.056
0.061
0.075
0.064
0.078

+ ATN (mg.g™)

0.023
0.019
0.018
0.015
0.016
0.014
0.014
0.010
0.010
0.012
0.010
0.009
0.014
0.012
0.013
0.017
0.014
0.017

Table 2. Organic carbon (OC), total nitrogen (TN) conce. -a‘.ons, expressed in mg.g”" with the associated error. Age is expressed
in Year CE and depth in mm.
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HIGHLIGHTS

o  Speleothems are used to reconstruct surface water PAHs and organic matter content.
o PAHSs have been present in urban surface water for 300 years.
o A major increase and a change of source occurred from the mid-20th century.

« Natural organic matter quality varies over time as a result of changes in land use.
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