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Abstract 
Two laminated carbonate deposits from the wall of an underground aqueduct, built between 

the 13
th

 and 15
th

 century, in Paris, France, were studied to provide historical information about 

nearby human occupation and urban development. To obtain a robust chronology for these 

small (29 and 45 mm thickness) and very young deposits< 800 a based on the probable date 

of aqueduct construction, we adopted two methods: laminae counting and U-Th analysis. For 

laminae, we tested the hypothesis that their deposition is bi-annual. Concerning U-Th dating, 

the influence of inherited 
230

Th on calculated ages is discussed and detrital 
230

Th/
232

Th values 

for each speleothem was determined using stratigraphic constraints and found to be 

significantly different despite their close proximity. In these speleothems, that precipitated 

over approximately 300 a according to U-Th dating, the number of laminae is similar, and two 

laminae were deposited each year. A lamina-counting chronology was used to interpret the 

rare earth elements and yttrium content (REE + Y) variations measured by ICP-QMS as 

historical variations in water quality in relation with the anthropogenic use of these elements, 

with a marked increase in the REE + Y concentrations since the second half of the twentieth 

century. A marked negative Ce anomaly in the NASC-normalized REE trend is evidenced, 

and is more pronounced for post 1850s. This anomaly could be due to prior precipitation of 

Ce
4+

 before the water reached the aqueduct, related to a high organic matter content of the 

water in oxidizing conditions. The increase in the Ce anomaly could indicate a second source 

of water, from a wastewater collection system or a modern water conveyance system. We thus 

demonstrate the interest of using these annual carbonate deposits in urban areas as a proxy for 

the history of urbanization or human activities. 

 
Keywords : urban speleothems, relative chronology, U-Th dating, urbanization impact on 

water quality, Rare Earth Elements, Yttrium.  
 
Highlights:  

 We test the potential of urban speleothems as a natural archive for the history of the 

impact of urbanization on water chemistry 

 We compare absolute (U-Th) and relative chronologies for young speleothems 

 We discuss corrections for detrital 
230

Th for U-Th dating using stratigraphic constraints 

 We evidence a high REE and yttrium content in infiltration waters in Paris since the 

mid- twentieth century 

 We discuss the presence of a negative Ce anomaly in the urban speleothems 

http://www.researchgate.net/institution/Heidelberg_University2/department/Institute_of_Environmental_Physics
http://www.researchgate.net/institution/Heidelberg_University2/department/Institute_of_Environmental_Physics
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1 - Introduction 
Historical archives are useful as chronicles of urbanization, but not for geochemical or 

hydrological reconstructions. A few natural archives can be used for this purpose, such as 

dendrochronological work, which has enabled some anthropogenic pollution episodes to be 

determined in rivers (Saint-Laurent et al., 2011) or air contamination (Hirano and Morimoto, 

1999; Nuhoglu, Y., 2006; Stravinskiene and Šimatonyte, 2008), or trace element contents in 

river sediments, which have been  used to document the use of some metals for industrial or 

domestic purposes (e.g.  Petelet-Giraud et al., 2009; Ayrault et al., 2010). Speleothems from 

natural caves have also made it possible in some cases to determine anthropogenic influences 

such as deforestation (Ku and Li, 1998). Our aim here is to test an innovative approach for 

urban history reconstruction using a geochemical record in urban secondary carbonate 

precipitates, or speleothems.  

Speleothems are secondary mineral deposits that form by CO2 degassing or evaporation of 

water containing HCO3
-
 and Ca

2+
. These waters also contain trace elements dissolved from 

the host rock or from the soil. In karstic systems, the content of these trace elements varies 

with climate or environmental changes (e.g. Hellstrom and McCulloch, 2000; Bourdin et al., 

2011). In urban zones, climate variations (temperature, amount and distribution of rainfall 

throughout the year) will have an effect on carbonate deposits, but the principal factors 

influencing the variation in drip-water chemistry will of anthopogenic naturebe (e.g 

agricultural or industrial pollution, automotive emissions, waste products etc.).  Moreover, the 

source of the water may not necessarily be meteoric precipitation, but also drinking water or 

wastewater collection systems.  Furthermore, in urban areas, urbanization has an influence on 

water infiltration within the sub-surface aquifer through construction of impervious layers, or 

rerouting via artificial drainage and more. a.  

 

Throughout history, a large number of artificial galleries have been built beneath Paris, 

France. One of them, in the northern part of the city, is an underground aqueduct, the Great 

Aqueduct of Belleville, which has been known since at least the 15
th

 century, but may have 

been constructed earlier, during the 18
th

 century. The exact construction date is not known 

(Bellegrand 1877, Bonamy, 1754).  Secondary carbonate deposits were found on the wall and 

the floor of the gallery. The goal of our study was to test the use of these “speleothem-like” 

deposits for the historical geochemical reconstruction of the quality of the water that 

infiltrated into the aqueduct. We aim to use this geochemical record in a historical perspective 

in order to link water quality and past human activities. One of the main challenges for the use 

of this archive is to obtain a robust chronology of these deposits. 

U-series disequilibrium methods typically used to  date carbonate deposits younger than 500 

ka, but the technique is challenging to use on very young (< 1 ka) samples, because of the low 

concentration of 
230

Th ingrowth from decay of 
234

U decay, leading to difficulties in accurate 

measurement and correction for inherited 
230

Th (Hellstrom 2006; Hua et al., 2012). In this 

paper, we present the study of two flowstones sampled in one of the galleries of the Belleville 

aqueduct. We discuss the choice of appropriate values for 
230

Th/
232

Th in the detrital phase, 

using published values or stratigraphic constraints. We then compare radiometric ages with 

laminae counting in order to discuss the origin of the lamination observed in the studied 

samples and the annual laminae deposit hypothesis. Finally, we use the chronology of the 

flowstones to reconstruct the temporal evolution of REE and Y in the Parisian subsurface 

groundwaters over the  last three centuries. 

 

 

2-Site description and material 

http://www.sciencedirect.com.biblioplanets.gate.inist.fr/science/article/pii/S0022169409000869
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 The study site is located in the Mallassis plateau, in the northeastern part of Paris 

(Figure 1). In this plateau, permeable and impermeable sedimentary levels of the Oligocene 

period alternate, allowing the existence of two independent groundwater aquifers. The more 

superficial level flows within fine well-sorted sand (Fontainebleau sands) and the other, 

through limestone (Brie limestone). These groundwaters were first drained in the 1100s by 

religious communities to meet their needs and help them provide care for the sick. In the 

1200s (or early 1300s), the City of Paris began the construction of its own network of drains 

to supply public fountains. Over centuries, these water supply systems were improved to 

finally form a very diffuse and well-developed network of drains (called "pierrées") and 

aqueducts, which is known as the "Northern Spring" (Figure 1). Although this groundwater 

stopped being used as drinking water during the 1800s, many vestiges still remain today. The 

network built by the City of Paris is well preserved, and most of the great aqueduct of 

Belleville, a 1050 m long gallery which was the main collector for secondary conduits, can 

still be explored. Despite an extensive archival search, the age of this gallery has never been 

determined. A commemorative plaque above the entrance to the gallery relates that 200 m of 

the gallery were repaired in 1457 AD, which suggests that the gallery is older (Bellegrand 

1877, Bonamy, 1754). However, those repairs could have also been made on a former and less 

magnificent gallery.  

Some of the historical manholes and the main gallery were explored during this study. In part 

of the aqueduct, carbonate deposits are found in the wall and the floor of the galleries. These 

carbonate deposits are vadose speleothems precipitated from water flowing into the aqueduct.  

During 2011 AD, we sampled two flowstones, Bel 0 and Bel 2, which had developed in the 

wall of one the main galleries, approximately 200 m apart. They are thought to have grown 

from water flowing from the roof of the galleries. Bel 0 and Bel 2 exhibit axial growth 

thickness of 29 and 45 mm, respectively. They are composed of finely laminated calcite (RX 

determination). Their surfaces present a dark thin layer. The samples were cut in slices along 

the growth axis for thin section preparation. 

 

3-Analytical methods 
3.1. U-Th dating 

 Sub-samples were cut using a microdrill at the base, the middle and the top of Bel 0 

and Bel 2 flowstone. For both speleothems, a second sub-sample was cut laterally at the top of 

the sample. For Bel 0, we removed the dark fine layer in both samples. For Bel 2 we removed 

it for only one of them. Samples sizes for U-Th analysis were 250 to 700 mg of powdered 

calcite.  U-Th separation and purification was performed following a procedure modified 

from Pons-Branchu et al. (2005) and Douville et al. (2010). 

After adding a 
229

Th-
233

U-
236

U spike in a Teflon beaker, samples were dissolved with diluted 

HCl. For samples larger than 400 mg, U and Th were coprecipitated with Fe(OH)3. The 

precipitate was washed with water, dried and dissolved in HNO3. The U-Th separation and 

purification was performed on a 0.5 ml column filled with U-TEVA resin in 3N HNO3. The 

Th fraction was eluted using 3N HCl and the U fraction using 1N HCl. The samples < 400 mg 

were directly separated using U-TEVA resin. If Ca and other major elements remained in the 

final fraction after drying, a second purification step was performed for the Th fraction. A 

small amount of pre-filter resin was added in the bottom of the column, above the U-TEVA 

resin, in order to eliminate small particles or colloids from the resin that could affect the 

stability of the signal during MC-ICPMS analysis.  

 

 The U and Th isotopic composition was analyzed on the Thermo Neptune Plus multi-collector 

inductively coupled plasma mass spectrometer (MC-ICP-MS) installed at the Laboratoire des 

Sciences du Climat (LSCE, France). For U and Th mass fractionation correction, we used the 
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exponential law (normalized to the 
238

U/
235

U isotope ratio of 137.88, Cowan and Adler 1976) 

and standard-sample bracketing (using as standard a mixture of our triple spike and HU-1, a 

commonly-used uraninite standard, assumed to be in secular equilibrium). Thorium-230 and 
234

U were measured on the axial electron multiplier, in jumping mode, while 
229

Th, 
232

Th, 
233

U, 
236

U, 
235

U and 
238

U were measured on a Faraday cup. In order to measure all the isotopes 

during the same sequence, we mixed U and Th fractions in sufficient proportions to be able to 

measure the signal at mass 229 and 233 between 2 and 30 mV and 
238

U between 3 to 15 V on 

a Faraday cup. Raw data were corrected for peak tailing, hydride interference and chemical 

blanks. 

 U-Th ages, initial activity ratio of 
230

Th/
232

Th (or (
230

Th/
232

Th)A0)and the 

corresponding uncertainties were calculated following the stratigraphic method developed by 

Hellstrom (2006). It is based on a Monte Carlo simulation computed using the Octave 

software (http://www.gnu.org/software/octave/). For each iteration, random values are 

generated to simulate: 

1-  measured (
234

U/
238

U), (
232

Th/
238

U) and (
230

Th/
238

U) activity ratios expressed as 

(
234

U/
238

U)A, (
232

Th/
238

U)A and (
230

Th/
238

U)A (with Gaussian distributions centered on the 

mean measured ratios with 2 represented by by 2 SEmean)  

2- mean (
230

Th/
232

Th)A0 of the speleothem: (
230

Th/
232

Th)A0
mean

. It was chosen within a 

large range of plausible values (exponential distribution of the activity ratio ranging from 0.1 

to 30) 

3- maximum percentage of variability of (
230

Th/
232

Th)A0 within the speleothem 

(uniform distribution ranging from 0 to 100%): v
max

.  

4- for each sample analyzed in the speleothem, a specific (
230

Th/
232

Th)A0 within the 

range defined by the mean (
230

Th/
232

Th)A0 and by the maximum percentage of variability: 

uniform distribution ranging from (
230

Th/
232

Th)A0
mean 

× (1 - v
max

) to (
230

Th/
232

Th)A0
mean 

× (1 + 

v
max

). 

Step 4 defines the individual (
230

Th/
232

Th)A0
 
ratios of each simulated sample of the 

speleothem. It differs from step 2 and 3 that define the global characteristic of the 

(
230

Th/
232

Th)A0
 

ratio along the speleothem, but that does not determine the specific 

(
230

Th/
232

Th)A0
 
ratio at a given depth, for a given subsample of the speleothem). Sample ages 

were calculated for each iteration with the randomized values obtained at steps 1 and 4. Ages 

were calculated assuming that the decay of the 
234

U activity and the decay of the initial 
230

Th 

activity are insignificant the very recent samples considered in the present work (Cheng et al., 

2000). Using activity ratios, ages are then given by: 

 

     
 A

AAA

UU

ThThUThUTh
t

238234

230

0

232230238232238230

/

///







 

 

Any iteration for  which the calculated ages were not in the stratigraphic order or 

negative ages were obtained were discarded. About 10
6 

iterations were performed, to obtain 

more than 10
3 

valid solutions with positive ages in the stratigraphic order and a variability of 

the (
230

Th/
232

Th)A0 lower than 30% (see Result and Discussion sections for the choice of 

30%). Only these valid iterations were averaged to determine the most probable ages and 

(
230

Th/
232

Th) A0 in the speleothem.  

 

3.2. Laminae counting 

Thin sections for Bel 0 and Bel 2, observed under optical microscope, present clear laminae 

for much of the surface (Figure 2b). Each section was photographed under stereo microscope 

(LEICA S6D) using a video camera (Sony - SSC-DC14/14P/18P). Three transects of each 
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thin section were photographed. Four to seven pictures cover one transect, with parts of the 

thin section being repeated in two images. These pictures were used for laminae counting.  

 

3.3. Quantification of rare earth elements and yttrium (REE + Y) by ICP QMS. 

Samples of 10- 20 mg of calcite were taken using micro diamond burs along the growth axis 

of Bel 0 and Bel 2. The powdered samples were dissolved in 0.5N HNO3 and the solutions 

adjusted to 100 ppm Ca as described in Bourdin et al. (2011). The REE, Y and Mn analyses 

were performed with a Quadrupole ICP-MS (ICP-QMS) XseriesII Thermo Fischer Scientific 

at the LSCE. The analytical protocol, based on the standard addition method for Ca-100 ppm, 

is detailed in Bourdin et al. (2011).  

 Trace-grade HNO3 and Milli-Q water were systematically used for dissolutions and 

dilutions. The values are given with 5% precision for Mn and light REE, and 10% for heavy 

REE, based on reproducibility (relative standard deviation) of the measurement of dissolved 

carbonates, reference JCp-1, (aragonite coral) and NIST 1640a. The accuracy of the 

measurements was monitored by the analysis of rock standard treated as samples: GSR6, 

CCH-1 and DWA.  Among REE, Eu was not considered because of suspected isobaric 

interferences with BaO. 

 

4-Results  
4.1. U-Th results and correction for initial 

230
Th.  

 Uranium content varies between 1.56 to 3.46 ppm for the two speleothems, Bel 2 

having higher U concentrations than Bel 0, and (
234

U/
238

U)A is close to equilibrium, except for 

the bottom sample of Bel 2 (Tab. 1). The 
232

Th content is lower than 28 ng/g. The 

(
230

Th/
232

Th)A varies between 2.95 and 27.33 (Tab. 1). These low ratios suggest that a large 

part of the 
230

Th measured was present at the time of the flowstone formation and was a result 

of in situ by the decay of 
234

U.  

The (
230

Th/
232

Th)A0 ratios were determined with the stratigraphic method, using all samples 

for Bel 0 and Bel 2. For Bel 0, it is possible to keep samples in the stratigraphic order by 

correcting ages with a constant value of (
230

Th/
232

Th)A0 throughout the speleothem 

(supplementary information Appendix EA1a). For Bel 2, a variability of at least ±16% of 

(
230

Th/
232

Th)A0 is required to maintain the stratigraphic order (supplementary information 

Appendix EA2a). In addition, in order to obtain modelled ages consistent with lamina ages, a 

minimum variability of ± 30% is required for the (
230

Th/
232

Th)A0. Following Hellstrom 

(2006), we conservatively use a variability of ± 30% for (
230

Th/
232

Th)A0 throughout both 

speleothems (see section 5.1). Median, maximum and minimum values of the initial ratio and 

U-Th ages are reported rather than mean and standard deviation, because the distributions of 

the values are non Gaussian (supplementary information Appendix EA1b-f and EA2b-f). The 

values of (
230

Th/
232

Th)A0 determined for Bel 0   and bel 2 are, 2.9 (+1.5/-1) and  4.6 (+0.9/-1) 

respectively.. 

All ages are expressed in years (a) before 2012 (the date of sampling and analysis to be 

compared with laminae counting). When propagating errors, the corrected ages with high 

detrital content have large error bars (Table 2), but respect the stratigraphic order (Figure 2).  

These flowstones developed in a similar context, approximately 200 m apart and pass through 

the same host rock. The difference in the detrital phase, coupled with the different U content 

in the samples, suggests considerable heterogeneity within the host rock and surface and/or 

different water transfer pathways. The age of the oldest levels are 333 (+27/-50) a for Bel 0 

and 802 (+751/-560) a for Bel 2. For Bel 2, at 33 mm from the top (2/3 of the sample height) 

the U-Th corrected age is 309 (+103/-221) a and gives the lowest limit for the base of the 

sample. Thus, the beginning of the growth of these two flowstones could be contemporaneous 

according to the U-Th dating, at around 300 – 350 a. The younger levels at 80 (+261/-80) a 
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for Bel 0 and 19 (+100/-19) a are consistent with actual/subactual growth for the top of the 

speleothems. 

 

4.2. Dating by laminae counting 

Laminae are visible for most of the two sections (see Figure 2). In approximately 10% of 

the sections, laminae are poorly visible or absent. For these zones, the number of laminae was 

extrapolated using the mean number of laminae per cm. The total number of laminae is thus 

598 for Bel 2 and 602 for Bel 0. Differences between several countings for the same thin 

section but using several transects were used as the “count error” for both sections. This error 

is close to 20 laminae for both samples (17 for Bel 0 and 21 for Bel 2). The error on the 

laminae age, includes the counting error and the errors for the extrapolation zone, and is 

estimated to be 15 a.  

 It should be mentioned that while the number of laminae is quite constant throughout 

the sections, the thickness of the sections is not the same (45 mm for Bel 2 and 29 mm for Bel 

0). Thus, growth rates and the mean laminae thickness vary between the two samples but are 

constant within a sample. The growth rates assuming annual lamination (two laminae per a, 

see discussion section) are respectively 0.1 and 0.15 mm/a for Bel 0 and Bel 2 with a mean 

laminae thickness of 48 m and 75 m. 

 

4.3. Rare earth elements and yttrium (REE + Y) and Mn content 

 Eu was not considered in this study because of suspected isobaric interferences with 

BaO during the analysis. The REE + Y concentrations measured for Bel 2 and Bel 0 (Table 3) 

are higher than values previously reported for speleothems. For example, La concentrations 

range from 115 and 5993 ppb in this study, compared with 8 to 17 ppb in the Chauvet cave, 

France (Bourdin et al., 2011) and 3.9 to 570 ppb in Songjia Cave in central China (Zhou et al., 

2008). The Y concentration (Table 3) ranges from 0.12 to 3.17 ppm in our study, whereas in 

caves from Morocco it is < 0.1 ppm for two stalagmites and < 1 ppm for another stalagmite 

(Wassenburg et al., 2012). For comparison, the 
232

Th content in these speleothems from 

Morocco is about 100 ppt for the richest Y speleothem, below 
232

Th content in Belleville 

speleothems. 

 

When REE + Y is plotted against the laminae counting ages (Figure 3a), a strong 

enrichment in REE + Y is observed since the 1940s for both speleothems, with the maximum 

of REE + Y in the 1940 +/-15 AD for Bel 0 (ca 22.4 ppm) and at the last level analyzed (2004 

+/- 15 AD) for Bel 2 (close to 11.8 ppm). In order to assess the potential sources of REE, the 

concentrations were normalized to a reference, here the North American Shale composite 

(NASC, Gromet et al., 1984). NASC-normalized values are labeled REEn and are calculated 

as the ratio between the measured concentration and the reference concentration: 

 REEn=REE/REEref. 

The normalized trends evidence a marked Ce depletion, with lower values for Cen than 

general trends observed for REEn (Figure 4). This Ce anomaly can be quantified by comparing 

the behavior of Ce with its closest neibourghs, La and Pr. Ce anomaly is defined as:            

Ce anomaly = 2×Cen /(Lan + Prn) 

 

 The Ce anomaly varies between 0.14 and 0.63. The mean Ce anomaly is similar in Bel 

0 and Bel 2 (0.32), but the evolution with time is slightly different. This anomaly is not 

correlated with Mn concentrations (Figure 3b). 
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 Bel 0 displays a REEn pattern depleted in heavy REEn (HREEn) compared to light 

REEn (LREEn). For Bel 2, a major part of the sub-samples displays a depleted trend in HREE 

but also a part with no depletion or a slight HREE enrichment. This depletion or enrichment 

in HREE can be expressed by the ratio of Prn/Ybn (LREEn/HREEn). The Prn/Ybn ratio varies 

between 0.72 and 3.27, with a mean at 1.69 for Bel 2. For Bel 0, this parameter varies 

between 1.34 and 5.45 with a mean value at 3.40 (see Table 3).  

 

5-Discussion 
5.1. Determination of (

230
Th/

232
Th)A0 and impact on the U-Th ages. 

 The values of (
230

Th/
232

Th)A0 obtained for Bel 0 and Bel 2 are significantly higher than 

the average crustal ratio (0.9 ± 0.5). Therefore the ages calculated with the average 

(
230

Th/
232

Th) crustal ratio are not in the stratigraphic order and some ages are clearly too old 

(Table 2).  This illustrates the problems that can emerge if  using this average crustal 

(
230

Th/
232

Th) ratio as a default value (Hellstrom, 2006).   

The possible range of (
230

Th/
232

Th)A0 ratio depends on the extent of the variability of 

this ratio within a flowstone. This variability may arise from heterogeneity of the rocks 

through which the water flows before precipitating the speleothem and/or from the occurrence 

of µm-size particles with distinct U-Th ratios (Marchandise et al., 2014) that can be carried 

and deposited by the flowing water. Bel 0 and Bel 2 developed in a similar context, 

approximately 200 m apart, and they are likely to have precipitated from water flowing 

through the same host rocks. The difference of (
230

Th/
232

Th)A0 suggests significant 

heterogeneity within the host rock and/or different water transfer pathways. For Bel 2, the 

stratigraphic method requires at least 14% of variability of (
230

Th/
232

Th)A0. In addition, in 

order to have consistent results between U-Th and counted ages, the variability of 

(
230

Th/
232

Th)A0 must be of at least ±30%. However, any value of the variability larger than 

30% would allow to keep the stratigraphic order and to have U-Th age compatible with 

counted age. Hellstrom (2006) attributed a conservative variability 25% to a speleothem for 

which he obtained a minimum variability of 10%. Our choice of ±30% of variability for a 

minimum variability of 15% is in line with Hellstrom (2006). Although it is not required by 

the simulation, we also assume that the (
230

Th/
232

Th)A0 can vary by ± 30% in  Bel 0 to 

estimate the uncertainty on the ages because if there is a variability of (
230

Th/
232

Th)A0 along 

Bel2, a variability may also exist along Bel 0. 

 

When propagating errors, the corrected ages with high detrital content have large error 

bars (Table 2), but respect the stratigraphic order (Figure 4). Among all the analyzed samples, 

sample Bel 0 27-29 mm/top and Bel 2-30-34 mm brings the strongest constraints on the ages 

of the speleothem because they are both old and with a high (
230

Th/
232

Th) that reduces the 

impact of the uncertainty on the initial 
230

Th correction. 

 

5.2. Chronology 

Because part of the speleothems is laminated, with alternate visible white and dark 

layers or more and less luminescent layers, a large number of studies since the pioneering 

work by Allison (1926) have attempted to demonstrate that this lamination is annual or sub-

annual, and that it can be used as a chronological tool as is done for dendrochronology or ice 

layers in icecaps. The origin of this lamination is related to the hydrological season and to the 

transfer of organic matter from soil (see the review by Baker et al., 2008, and references 

therein, e.g. Shopov et al., 1994; Baker et al., 1993, Frisia et al., 2003; Perrette et al., 2005; 

Boch et al. 2011) : the dark laminae are typically rich in organic matter and UV-fluorescent 

and generally deposited in autumn (organic matter flushing from soil), while the 
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white/translucent laminae, that are thicker, deposit during periods times of reduced soil 

organic matter input (winter, spring). Nevertheless, depending on the site location of the 

sample, this lamination does not have the same “tempo” in all the speleothems studied. In 

temperate regions such as western Europe, this lamination mostly represents two layers each 

year, one dark, thin, and fluorescent when observed in UV light,  and another thicker, white 

and porous (Genty 1993; Baker et al., 1993, Frisia et al., 2003; Baker et al., 2008). In a recent 

study, Shen et al., (2013) compared laminae counting and high precision U-Th dating of a 

very high U-content speleothem from China. They demonstrated that the lamination is 

generally biannual, but that a small portion of the speleothem (ca 10-15%) reveals pluriannual 

laminae, resulting in a slight bias in age. They also demonstrated that in other parts, some 

hiatuses (missing laminae) can occur. In the case of urban speleothems, lamination has not yet 

been studied. For speleothems Bel 0 and Bel 2 that deposited in same conditions, but 

separated by 200 m, the first remarkable point is that they present the same number of 

laminae. Secondly, in each sample, the number of laminae per cm is quite constant but the 

growth rate differs between the two samples (0.1 and 0.15 mm/a). Thirdly, the U-Th ages 

confirm the annual laminae deposit. 

For Bel 0, the radiometric age of the base is well constrained with a U-Th age of  1679 

+27/– 50 AD and is consistent with the age determined by laminae counting 1711 ± 15 AD. 

For Bel 2, the U-Th age (1210 + 751/-560 AD) of the base is consistent with laminae counting 

for the same depth closed to the beginning of the sequence (1737 ± 15 AD at 41 mm from top) 

but has a larger error bar due to more extensive correction for detrital content (see Figure 5). 

Cross-dating thus validates the annual lamination of these two urban speleothems. 

However, there are large uncertainties on the U-Th ages of these flowstones due to detrital 

fraction corrections. Therefore, in the following, we adopt the laminae counting as the base of 

our chronology. It requires determining the age of the top of the flowstone. The median age of 

the top of Bel 2 is young (19 a) but associated with a large range of values (0-110 a). 

Constraints on the top of Bel 0 are poorer. During the sampling, no water was observed on the 

flowstone. Nevertheless, several lines of arguments suggest that the age of the top flowstones 

is not more than 20 a or so: Occurrence of high REE levels must correspond to the 20
th

 

century and the highest REE concentration peak in Bel 0 (7 mm from the top or 1940+/-15 

AD) is probably posterior to 1945 AD. Similar consideration hold other metals such as 

cadmium (Pons-Branchu, unpublished data). 

      

The origin of the lamination could be the same as that of speleothems deposited in 

karst, with a difference in porosity and organic content between dark and white laminae. In an 

anthropogenic system (but not in an urban context), the presence of annual lamination has 

been demonstrated for a speleothem deposited in a tunnel in Belgium (Genty 1993). The case 

of urban speleothems such as Bel 0 and Bel 2 is more complex as they developed under an 

intensively urbanized town. Organic matter is present in urban waters that infiltrate within the 

soil as demonstrated by organic carbon measured in waters (unpublished data for water from 

this aqueduct). It also indicates that the sub-surface groundwater table that fed the aqueduct 

and the speleothems has flowed continuously since at least the 1700s and continues in the 

current context of intense urbanization. These speleothems could thus record changes is water 

quality since that time and be used to reconstruct the impact of urbanization by their trace 

element contents within laminae. These speleothems are very small (2.9 and 4.5 cm thick 

respectively) but the development of laser ablation analysis could be suitable for the future. 

One of the questions that remain open is why these speleothems started to grow at the 

beginning of the 18
th

 century and not before, i.e. from the date of construction of the aqueduct 

(some 500 to 250 a earlier). This could be due to the maintenance of the aqueduct during its 

early existence, when this aqueduct was used as water supply, since historical archives report 
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regular cleaning of the calcareous deposits in aqueducts. Another hypothesis related to water 

pathways cannot be ruled out. 

 

5.3. REE and Y content in the speleothems: Evidence for anthropogenic release in 

Paris. 

The most striking feature of the REE and Y distribution in the Belleville speleothems is 

the sharp increase of the concentrations after 1940 AD. It must be clearly related to the 

increase of REE use by industry. The presence of these high levels confirms that the top of the 

speleothem has grown in the last decades and possibly until the date of sampling. 

REE occur naturally in REE-phosphate minerals as in clays and Fe-Mn oxides 

(Marchandise et al., 2014).  Monazite is a LREE-phosphate mineral used since the end of the 

19
th

 century for the Mischmetal alloy that was required for the manufacturing of gas lanterns 

and ignition systems for lighters and torches. The industrial use and sources of REE increased 

at the end of the 20
th

 century for a large number of applications, including the manufacture of 

ceramics, glass and high technology products. Nevertheless, the maximum REE and Y 

contents are found in the Bel 0 and Bel 2 speleothems between the 1940-1955 AD and the 

present, with very low levels for the early period (1700-1940 AD). The increase in REY 

content since the middle of the 20
th

 century could thus be due to the use of these elements for 

industrial purposes , with a marked episodic release within the local environment in north 

eastern Paris during the period 1940-1955 AD, as evidenced by the Bel 0 sequence. We note 

that, except for the Ce-anomaly, the REE patterns are smooth, showing no evidence for 

individual REE enrichment as expected for the latest use of REE in new technologies (Hatch, 

2012).  

Anthropogenic release of REE during the 20
th

 century has already been observed in 

coastal sediments from the Santa Barbara Basin with an enrichment in LREE since the mid 

20
th

 century (early 1960s) (Olmez et al., 1991). Our study evidences a slightly earlier REE -Y 

input in Paris underground waters, with enrichment in LREE. In more recent studies, the 

anthropogenic release of REE is marked by a Gd positive anomaly, attributed to the extensive 

use of Gd for medical imaging (Bau and Dulski, 1996; Kulaksiz and Bau, 2007; Petelet-

Giraud et al., 2009). This Gd anomaly is not observed here, due to low time resolution for the 

youngest ages or to the absence of medical waste in these waters. 

Few studies have considered REE and Y in speleothems. They report low REE-Y 

concentrations and suggest that these elements are transported predominantly in the 

particle/colloidal phases (e.g. Zhou et al., 2012). A correlation between Mn
2+

 and REE
3+

 

suggests that the factor controlling their content is the presence, on the annual time scale, of 

organic matter in the percolating water (higher in autumn and winter) and on a longer time 

scale, the importance of host rock weathering with different sources (Richter et al. 2004, Zhou 

et al., 2012). The REE-Y content of speleothems depends of the limestone/groundwater 

interaction and to the speleothem growth rate (Bourdin et al., 2011). 

In the Bel 2 and Bel 0 speleothems, there is a marked Ce negative anomaly and a HREE 

depletion with respect to LREE (Figure 4 and 6a), the latter being much more pronounced for 

Bel 0. In the present study, there is no correlation between Mn and REE + Y (Tab. 3). This 

may be due to a high Mn input from anthropogenic activities with distinct sources for Mn and 

REE + Y. These two distinct sources are suggested by the trends observed for REE and Y 

(figure 7). Unlike the other REE, under oxidizing conditions, soluble Ce
3+

 is oxidized to 

insoluble Ce
4+

, which is easily adsorbed into Mn-Fe oxyhydroxides, organic particles or 

humic acids (Wright et al., 1987; Holser 1997; Pourret et al., 2008). This Ce uptake on solids 

particles induces a negative Ce anomaly in the water. The Ce negative anomaly recorded by 

Belleville speleothems suggest that Ce
4+

 precipitation occurred before the water reached the 

aqueduct. The Ce anomaly tends to increase since the 1850s AD, particularly in Bel 0 (see 

http://www.sciencedirect.com.biblioplanets.gate.inist.fr/science/article/pii/S0022169409000869
http://www.sciencedirect.com.biblioplanets.gate.inist.fr/science/article/pii/S0022169409000869
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Figure 6a). We would expect that the waterproofing of the urban surfaces during the 20th 

century should have induced a longer transfer time of water and hence more reducing waters 

and less Ce anomaly.  Therefore, this increase of the Ce anomaly could provide evidence for a 

new source of subsurface water from the wastewater collection system or modern water 

conveyances. 

 

In Bel 2, most of the analyzed samples display enrichment in LREE with respect to HREE. 

This enrichment is more pronounced for Bel 0. However, unlike the Ce anomaly, this 

parameter shows little no correlation with time (Figure 6b) and no correlation between the 

two speleothems, suggesting a different behavior of the water or of the water/host rock 

interaction despite their nearby location. However, these parameters do not enable the sources 

of REE and Y to be identified. While a fraction of the REE and Y may originate from the 

exchange between water and host rock, a major anthropogenic input has to be invoked to 

explain the high to very high concentrations measured in the more recent parts.  

 

6-Conclusion 
In this paper, we have studied two, thin, laminated carbonate deposits from a Medieval 

underground aqueduct in Paris, France. In order to test the potential of these archives for the 

reconstruction of urban history, we focused on the absolute and relative dating of these urban 

flowstones that develop by drip water from a sub-surface groundwater. We used stratigraphic 

constraints to determine the 
230

Th/
232

Th value of the detrital fraction in order to correct U-Th 

ages. The U-Th ages obtained demonstrate that the lamination observed within these 

speleothems is annual and that these speleothems both developed since the beginning of the 

18
th

 century.  

Annual lamination counting can be used to establish a precise chronology that could 

then be applied for the reconstruction of water quality variations with time using trace 

elements trapped in the calcite layers. In this study, we illustrate the chronology of REE and Y 

content trapped within calcite layers that corresponds correspond to the anthropogenic release 

of these elements within water in the north eastern part of Paris; this release has been 

pronounced since the second half of the 20th century.  A negative Ce anomaly was observed 

for the REE NASC normalized trend, and is more pronounced for recent times since the mid 

19
th

 century indicating a prior precipitation of Ce
4+

, which could be due to more oxidizing 

conditions. This increase in the Ce anomaly could thus indicate a second source of water since 

that time, from the wastewater collection system or modern water conveyance systems. We 

thus demonstrate the interest in using these carbonate deposits in urban areas as a proxy for 

the history of urbanization or human activities. 
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Table 1: U-Th data measured for Bel 0 and Bel 2 speleothems. 
234

U = 
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234
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234
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238
U}equilibrium - 1) × 1000 with 

234
U/

238
Uequilibrium = 54.89×10

-6 
(molar ratio) 

 

 

 

 

 

 

 

 

Sample  
Distance 
from top 

(mm) 

238U (µg/g) 232Th (ng/g) 
234Um (230Th/232Th) (230Th/238U) 

Bel 2 
Bel 2-5188 1-2 2.844 ±0.005 8.40 ±0.020 10.99 ±0.71 3.83 ±0.05 0.0036 ±0.00004 

Bel 2 -3662 1-4 3.461 ±0.005 21.60 ±0.018 38.50 ±1.44 6.56 ±0.04 0.0134 ±0.00009 

Bel 2-5187 23-27 2.066 ±0.006 8.18 ±0.018 14.04 ±0.58 7.72 ±0.13 0.0097 ±0.00016 

Bel 2-3661 32-34 3.123 ±0.008 3.89 ±0.002 26.70 ±1.45 12.16 ±0.14 0.0049 ±0.00006 
Bel 2 -3660 
 
Bel 0 

40-42 
 
 

2.155 
 
 

±0.001 
 
 

27.89 
 
 

±0.032 
 
 

157.8 
 
 

±0.87 
 
 

6.49 
 
 

±0.02 
 
 

0.0273 
 
 

±0.0001 
 
 

Bel 0 -2564 1-5 1.631 ±0.003 16.43 ±0.013 
-

0.453 ±1.33 2.95 ±0.05 0.0097 ±0.00018 

Bel 0 -2061 1-5 1.563 ±0.001 7.23 ±0.005 0.362 ±0.77 3.43 ±0.09 0.00519 ±0.00014 

Bel 0-2910 15-17 1.562 ±0.001 3.67 ±0.004 23.39 ±4.63 6.84 ±0.52 0.00418 ±0.00008 

Bel 0- 2286 24-28 2.796 ±0.008 6.14 ±0.011 36.55 ±1.51 7.58 ±0.19 0.00545 ±0.00013 

Bel 0 -5186 27-29 2.972 ±0.007 1.45 ±0.002 25.50 ±0.59 27.33 ±0.17 0.0035 ±0.00003 
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Sample  Mm 
from 
top 

Uncorrected 
age (ka) 

Age with default assumption * 
(ka) 

Age  with stratigraphic 
constrains **(ka) 

median            -                      
+ 

U-Th Calendar year 
 

median            -                  
+ 

Laminae  
AD *** 

Bel 2 
Bel 2-5188 1-2 0.387 ±0.005 0.238 ±  0.081 0.019 0.000 0.119 1993         1893         2012          2002 

Bel 2 -3662 1-4 1.418 ±0.011 1.093 ±  0.174 0.243 0.000 0.408 1769         1604         2012 1995 

Bel 2-5187 23-27 1.043 ±0.018 0.850 ±  0.120 0.309 0.088 0.412 1703         1600         1924 1844 

Bel 2-3661 32-34 0.527 ±0.007 0.463 ±  0.040 0.348 0.215 0.416 1664         1596         1797 1790 

Bel 2 -3660 40-42 2.600 ±0.012 1.998 ±  0.313 0.802 0.243 1.55 1210           458         1769 1737 
 
Bel 0 
Bel 0 -2564 1-5 1.067 ±0.022 0.524 ±  0.292 0.080 0.000 0.341 1932         1671         2012 1981 

Bel 0 -2061 1-5 0.569 ±0.016 0.321 ±  0.140 0.097 0.000 0.335 1915         1677         2012 1981 

Bel 0-2910 15-17 0.448 ±0.009 0.350 ±  0.059 0.257 0.050 0.347 1755         1665         1962 1844 

Bel 0- 2286 24-28 0.577 ±0.015 0.463 ±  0.071 0.318 0.132 0.359 1694         1653         1880 1739 

Bel 0 -5186 27-29 0.372 ±0.003 0.348 ±  0.016 0.333 0.283 0.360 1679         1652         1729 1711 

 

Table 2: U-Th ages for Bel 0 and Bel 2 speleothems. The ages are expressed as ka before 

2012 or in calendar years (AD).  *Ages are corrected using a (
230

Th/
232

Th) initial activity ratio 

of 1.5 ± 0.75; **Ages are corrected using (
230

Th/
232

Th) activity ratio determined by 

stratigraphic constrains: (
230

Th/
232

Th)A0 = 2.9 (+1.5/-1) for Bel 0  and (
230

Th/
232

Th)A0 = 4.6 

(+0.9/-1) for Bel 2. ***: the error associated with laminae counting age is ± 15 a yr. 

 
 

Figure 1: Location of Belleville Aqueduct, Paris, France. 

 



Pons-Branchu et al.,   Quaternary Geochronology 24 (2014) 44 - 53 

15 

 

Figure 2: Polished sections of the two speleothem samples, with corrected U-Th ages using 

“Bulk Earth values” and U-Th ages using stratigraphic constrain to estimate (
230

Th/
232

Th)A0 of 

the detrital phase (a); detail (thin section photography) of Bel 0 sample (b). 

 

Figure 3: REE + Y concentrations in Bel 0 and Bel 2 speleothems (based on laminae counting, 

with errors ±15 a).  

Figure 4: REE patterns normalized to NASC in (a) Bel 0 and (b) Bel 2 speleothems from 

Belleville Aqueduct, Paris.  
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Figure 5: Absolute ages (corrected U-Th ages, triangles) and relative ages (laminae counting) 

for Bel 0 (open square) and Bel 2 (black circles) speleothems from Belleville Aqueduct, Paris.  

Figure 6: REE history in Bel 0 and Bel 2 speleothems from Belleville Aqueduct, Paris.  a) Ce 

anomaly. b)  REE/LREE ratio (here Prn/Ybn). 

 

 

Figure 7:  Total REE concentration versus Y concentration in Bel 0 and Bel 2 speleothems 

from Belleville Aqueduct, Paris.   

 

 


