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Abstract
Populations are constantly exposed to airborne metals, in particular in urban areas. Despite their proven links to health 
issues, their origin and fate are still subject to debate. Bioindicators, by taking up and cumulating atmospheric metals over 
time, have been widely used to proxy environmental quality over large areas, at various time scales. Using the example 
of the Paris region, we investigated the potential for the Grimmia pulvinata moss species to both characterize air metal 
contamination and to identify its main sources. To this end, we coupled metal/metalloid (Al, As, Cd, Cr, Cu, Fe, Ni, Pb, Sb, 
Sr, V and Zn) concentrations and Pb isotope ratios from samples collected in cemeteries in the city and its suburbs. Metal 
enrichment factors ranged between 2 and 10 for As, Cr, Fe, Ni, Sr, V, between 50 and 100 for Cu, Pb and Zn and > 100 for 
Cd and Sb, indicating a dominant anthropogenic origin. Principal component analysis showed that 3 principal compo-
nents explained 89% of the metal variations: (i) European atmospheric background, (ii) regional urban sources, and (iii) 
resuspension of regional soils. This was corroborated by Pb isotope ratios, whose variations were modelled by a ternary 
mixing that considered the same 3 emission sources. Using a MixSIAR isotope model, we reveal that the European 
atmospheric background contributes slightly (< ~ 5%) and that within 20 km of the city center bioindicators are mostly 
impacted by urban sources (contributions: 50–80%). Samples collected > 20 km show almost equal contributions of the 
endmembers representing urban activities and agricultural soil resuspension.
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1  Introduction

Air pollution, a worldwide major contributing factor to the global burden of disease (e.g., [1, 2]), remains especially 
high in urban areas. Heavy metals in the urban atmosphere originate from various human sources, from traffic to 
current or past industrial legacy. Even less industrialized atmospheres can be negatively affected by ubiquitous his-
torical pollution sources (e.g., [3]). Lead (Pb) is a (neuro)toxic metal that adversely impacts human health, especially 
at great intake rates [4]. Chronic low-level exposure to Pb has been investigated for many health outcomes, including 
cognitive development or decline [5, 6]. Although atmospheric Pb contamination has dramatically decreased since 
the regulatory phasing out of one of its major emission sources, i.e., tetraethyl lead additives in leaded gasoline, 
and of other leaded products worldwide (e.g., [7, 8]), Pb can be retained in soils and dusts for decades, with possible 
resuspension in the air, and thus potentially continues to harm human health (e.g., [9–11]).

Since the pioneer biomonitoring network established in Sweden in 1975 [12], lichens and mosses have been 
widely used as bio-proxies to monitor the distribution and concentration of airborne pollutants [13]. Due to the 
lack of root and of developed conducting tissue system, most terrestrial mosses absorb water and nutrients, but 
also simultaneously pollutants, directly from the atmosphere. Pollutants can be preserved in moss for long periods 
of time [14]. Despite some remaining uncertainties such as the duration of metal retention and the chemical forms 
of metals, mosses are considered better biomonitors for heavy metal pollution than vascular plant leaves for long 
time periods, as they can accumulate more metals (3 to 51 times more; [15]) and are also well suited for passive 
biomonitoring in urban settings.

Pb has 4 stable isotopes (204Pb, 206Pb, 207Pb and 208Pb) that have been widely studied for several purposes, 
such as monitoring Pb accumulation in the environment (e.g., [16]) as well as tracing its origin(s) (e.g., [17, 18]), 
including in bioindicators (e.g., [19–21]). This approach is based on the possibility for Pb isotope ratios to dis-
criminate most of atmospheric emission sources by their specific isotope signatures (e.g., [22]). For example, 
[23] recently defined the Pb characteristic isotope signatures for the major urban emission sources as follows: 
road traffic (206Pb/207Pb = 1.146 ± 0.005; 208Pb/207Pb = 2.418 ± 0.009), petrol industry (206Pb/207Pb = 1.148 ± 0.009; 
208Pb/207Pb = 2.292 ± 0.008), coal-fired facilities (206Pb/207Pb = 1.159 ± 0.004; 208Pb/207Pb = 2.467 ± 0.006) and oil-fired 
facilities (206Pb/207Pb = 1.126 ± 0.004; 208Pb/207Pb = 2.278 ± 0.005). Pb isotopes are not fractionated by plants [24], 
making them an interesting tool to identify sources of airborne pollution in mosses. Several studies have shown 
that Pb isotopes in pleurocarpous mosses allow identifying the corresponding Pb emission sources and highlighting 
regional variations among them [25–27]. Although most studies have focused on rural environments and on large 
scales (national and international), studies more specific to the urban environment have shown that Pb isotopes in 
mosses are efficient at discriminating between sources as well as between urban sectors [28, 29]. While the studies 
carried out in urban environments are using either moss-bag [26] or pleurocarpous mosses [28, 30], it is notewor-
thy that mosses with a cushion morphology are more abundant in urban environments. For this study we selected 
Grimmia pulvinata, a species commonly used for the determination of metals [31–33]. To our knowledge, Grimmia 
pulvinata has only been characterized for its radioactive 210Pb activity [34] but never for its primordial (204Pb) and 
radiogenic (206Pb, 207Pb and 208Pb) isotopes.

Here, we investigated the concentrations of 12 metals and metalloids, and the corresponding Pb stable isotope 
ratios in Grimmia pulvinata moss samples that had been previously collected in cemeteries in Paris (France) and 
its vicinity [31, 32]. The objectives of this study were multiple: (i) to characterize the level of metal contamination 
in the atmosphere of the Parisian region, (ii) to identify the corresponding emission source(s) and its/their relative 
contribution(s) in this area, and iii) to evaluate the potential of this approach to be implemented in other cities 
worldwide.

2 � Methods

2.1 � Grimmia pulvinata as urban passive moss biomonitors

Grimmia pulvinata (Hedw.) Sm. (Grimmiaceae, Grimmiales) is a common acrocarpous moss that forms hoary, greyish-
green cushions. The epithet “pulvinata” refers to the cushion-like appearance of the plants. Grimmia pulvinata seems 
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suited for biomonitoring airborne metals [35] in urban areas, including in cemeteries [33]. Grimmia pulvinata is distrib-
uted worldwide. It is ubiquitous in temperate regions at altitudes up to ~ 3000 m. We elected to collect bioindicators 
in cemeteries as: (i) they are widely spread in the Paris region (14 within the capital city and 6 in its vicinity), (ii) they 
shelter mosses [33], (iii) they enable the collection of moss samples directly exposed to atmospheric deposition in 
absence of obstacles such as vegetation, and (iv) they offer homogeneous substrates such as concrete.

2.2 � Sampling

The sampling strategy and collection protocol are detailed elsewhere [31, 32]. In brief, moss samples were collected 
in May 2018 in 77 cemeteries located in Paris and in an area within a radius of ~ 70 km from the city center (Fig. 1A). 
Only mosses with a cushion diameter between 3 and 5 cm were taken, ensuring that all samples have approximately 
the same age. Collection was made following standardized methods on concrete substrates, either on tombstones or 
on the top of walls, avoiding decorative metallic objects. An average of 75 moss colonies (minimum 50) on at least 10 
tombstones, or on a total length of 15 m on top of two distinct walls, were sampled to minimize the potential influence 
of local contamination. Concrete was chosen as it presents a low risk of contamination. A total of about 9600 cushions 
were collected. Each cushion was validated with a magnifying glass (10× magnification). In the laboratory, samples were 
dried at room temperature, manually cleaned, subjected to routine grinding with an automatic non-polluting titanium 
grinder (Pulverisette 14, Fritsch, Germany) and stored for further analysis. Sampling and preparation were conducted 
using nytril gloves and ceramic knives to avoid any metal contamination.

The same subset of 77 samples recently studied by [31] was selected for the purpose of this study. In brief, [31] devel-
oped a target-style gridded map based on concentric circles originating from the city center and covering the Ile-de-
France region. These circles are crossed by transects starting from the city center and passing through areas with the 
highest possible population density, while covering as many directions as possible. The junctions between circles and 
transects defined the potential sampling sites.

2.3 � Metal concentrations and Pb isotope analysis

Twelve metals/metalloids (Al, Cu, Fe, Sr, Zn, As, Cd, Cr, Ni, Pb, Sb, V) were quantified after drying at 40 °C and acid (HF, 
HNO3, H2O2) digestion. Measurements were made at the USRAVE laboratory (INRAE, Bordeaux). This laboratory is accred-
ited by the French accreditation committee COFRAC for measuring metals in plants (NF EN ISO/IEC 17025). Al, Cu, Fe, Sr 
and Zn concentrations were measured by inductively coupled plasma atomic emission spectrometry ICP-AES (ICP-AES 
Varian 725ES spectrometer), whereas other elements (As, Cd, Cr, Ni, Pb, Sb and V) were quantified by inductively cou-
pled plasma mass spectrometry ICPMS (Agilent 7700 × spectrometer). Concentrations are expressed at 103 °C and were 
corrected for water loss (determined on a subsample). The USRAVE laboratory provides concentrations with analytical 
uncertainties of 20% for As, Cd, Cu, Cr, Ni, Sb and Pb, 15% for Al and Fe and 10% for Zn. Certified reference materials 
(CRMs) NIST 1547 (peach leaves), NIST 1573a (tomato leaves), as well as European moss survey reference materials Moss 
M2 and Moss M3 were processed with each sample batch. Moss M2 and Moss M3 standards are Pleurozium schreberi 
(Willd. ex Brid.) Mitt. powders from two Finnish sites [37].

For Pb isotope analysis, all moss samples were prepared at the Geotop clean laboratory (class-100) in Montreal. Pb 
digestion and chemical purification followed the procedure described in [19]. In brief, 50 mg of moss sample were 
placed in pre-cleaned Teflon bombs. Samples were digested with concentrated HCl, HNO3 (1:2) for 3–4 days at 100 °C. 
Upon complete digestion, the solution was evaporated to dryness at 60–70 °C and 1 mL of HBr was added. The solution 
was ultrasonicated for 1 h. Finally, Pb was extracted by resin chromatography before isotope analysis. The Pb isotope 
ratios (206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, 207Pb/206Pb and 208Pb/206Pb) were measured by MC-ICP-MS on a NuPlasma 
II with an Aridus II desolving membrane as the introduction system. All samples were doped with thallium (Tl) to cor-
rect for the mass bias (e.g., [38]). Calibration and isotope correction factor were operated using a standard-sample 
bracketing technique: the NIST SRM 981 pure Pb standard was measured every 5 samples throughout the analytical 
sequence. Concentrations of the NIST SRM 981 solutions were adjusted to match the Pb signal intensity of our samples, 
in order to minimize any mass bias potentially induced by the matrix effect. External organic matrices lichen standard 
references IAEA-336, BCR482; minerals standard references BCR-1, BHVO2; and a pure Pb solution CGPB-1 (repeatedly 
measured on our MC-ICP-MS for several years) were also measured within each analytical batch. USGS BCR-1 and BHVO2 
mineral basaltic glass standards were digested with high purity hydrofluoric (HF) and nitric (HNO3) acids at 100 °C on 
a hot plate. For BCR-1 average isotope ratios were (n = 12) 208Pb/204Pb = 38.769 ± 0.092, 207Pb/204Pb = 15.648 ± 0.035, 
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Fig. 1   A Map showing Grimmia pulvinata moss sampling locations in Paris and its vicinity. Dashed circles represent the 20 and 50 km-radius circles from the 
center of Paris. Numbers correspond to sampling sites listed in Table S1. B Simplified geological map of the sedimentary Paris Basin (adapted from [36])
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206Pb/204Pb = 18.807 ± 0.047, 208Pb/206Pb = 2.061 ± 0.002, in agreement with the certified values reported by [39]. For BHVO2 
(n = 12), 208Pb/204Pb = 38.311 ± 0.071, 207Pb/204Pb = 15.559 ± 0.020, 206Pb/204Pb = 18.702 ± 0.030, 208Pb/206Pb = 2.049 ± 0.002, 
in agreement with [39, 40]. For IAEA336 (n = 12), 208Pb/204Pb = 37.774 ± 0.086, 207Pb/204Pb = 15.607 ± 0.028, 
206Pb/204Pb = 17.837 ± 0.026, 208Pb/206Pb = 2.121 ± 0.002, similar to [19]. For BCR482 (n = 12), 208Pb/204Pb = 37.519 ± 0.086, 
207Pb/204Pb = 15.595 ± 0.029, 206Pb/204Pb = 17.631 ± 0.035, 208Pb/206Pb = 2.131 ± 0.003, consistent with previous studies 
(e.g., [19, 41]).

Procedural blanks (pg Pb blank/ pg Pb sample) were < 5% for all samples and were thus considered negligible.

2.4 � Data processing

2.4.1 � Enrichment factors

Enrichment (EF) factors were used to quantify the level of atmospheric pollution in the study area. EF is an indicator that 
evaluates the contribution of anthropogenic sources to a given element content in bioindicators. EF is calculated as the 
ratio between the concentration of the considered element (Ci) normalized to the concentration of a conservative ele-
ment (Cx) versus the ratio of the same elements in the parent material [42]:

Aluminum (Al), selected here, is generally used as the conservative element (e.g., [33, 43, 44]). For all calculations, we 
computed the background elemental concentrations defined by [45] for the upper continental crust (UCC). According 
to the degree of enrichment, elements may be grouped as follows: no enrichment (EF < 1); minor enrichment (1 < EF < 3); 
moderate enrichment (3 < EF < 5); moderately severe enrichment (5 < EF < 10); severe enrichment (10 < EF < 25), very severe 
enrichment (25 < EF < 50); and extremely severe enrichment (EF > 50) [46]. Previous studies have shown that EF values < 10 
suggest a greater possibility of a natural crustal origin, whereas values between 10 and 100 should be considered to 
indicate that human activities and mixed sources (from both natural and anthropogenic sources) are the most probable 
sources. EF values > 100 are considered to result of anthropogenic sources or exceptional geological events [47, 48].

2.4.2 � Principal component analysis

The exploratory data analysis aimed at studying the relations existing among the investigated variables was performed 
using a Principal Component Analysis (PCA) with VARIMAX rotation under R version 4.3.1 (PSYCH package). Prior to the 
statistical analysis, the data set distribution was evaluated using the Kolmogorov–Smirnov method. When the distribution 
was not normal (Cd, Cr, Cu, Ni, Pb, Sb, and Zn), the data was log-transformed. For Sr, values were transformed using the 
Box-Cox transformation (λ = − 0.9). The PCA analysis was applied to our initial dataset after a standardization process. The 
PCA results were considered valid when the cumulative variance explained by the principal components exceeded 85% 
of the total variance in the dataset. Based on these criteria, a total of 4 principal components were successfully identified.

2.4.3 � Isotope mass balance (IMB) and MixSIAR models

We can model mixing relationships for different endmembers using Isotope Mass Balance (IMB) equations and estimate 
their corresponding contributions for each sample. The mixing equation for a k component system for isotope ratios can 
be expressed in the following way [49]:

With 
∑k

i=1
zi = 1 and 0 ≤ zi ≤ 1, and where I is the isotope ratio in the mixture, Ii the isotope ratio in each endmember 

component, zi the mass fraction of component 1, 2, 3… and ni the relative enrichment of element i in component 1, 2, 
3… relative to component k (i.e., ni = ci/ck; where c is the concentration of element i).
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The MixSIAR Bayesian isotope mixing model [50] has been widely used to quantify the contribution of multiple sources 
to environmental mixture (e.g., [51]). Compared to previous models, MixSIAR allows for a variable form of source signature 
and a priori evaluation of the data. This results in better error structure and prediction accuracy [50]. For example, [16] 
recently used it to source apportion Pb sources based on their isotope signatures in lichen and road sediment in two 
US urban-industrial centers. Here, 204Pb/207Pb, 206Pb/207Pb and 208Pb/207Pb isotope ratios measured in the bioindicator 
samples were used as input parameters, together with the identified endmembers’ Pb isotope signatures.

2.4.4 � Correlation analysis

The Spearman correlation tests are a nonparametric test that measures the statistical dependence between the ranking 
of two variables. They were performed using JMP® Pro 16.

3 � Results and discussion

3.1 � Metal concentrations

As previously observed in other studies [31, 32], the highest concentrations were found for the geologically abundant 
Al (average of 6375 ± 1790 mg/kg) and Fe (average of 5569 ± 2038 mg/kg), followed by Zn, Pb, Cu, Sr, V, Cr, Ni, As, Sb and 
Cd (Table 1). Compared to the previous study in Paris [33], our concentrations were notably lower for Cr, Ni and Fe, but 
higher for Al and Pb. Lead concentrations were on average 82 ± 53 mg/kg (Table 1), substantially higher than those of 
[33]. These discrepancies may be attributed to the differences in the respective moss analytical protocols used. While in 
[33] moss samples were washed and then digested with HNO3, we did not wash our samples and digested them with 
multiple acids (HF, HNO3, H2O2), allowing to analyze both the dust deposited on moss leaves and the metals present 
in ionic form. For all metals, our concentrations are consistent with those measured in Bilbao, Spain [35], except for Al 
for which Paris presents higher concentrations. As discussed by [31], the spatial distribution of most metals follows an 
urban–rural gradient and often seems to be driven by urban-related land use variables, such as the population density 
or the share of urban area surrounding each sampling site.

Table 1   Descriptive 
statistics summary for metal 
concentrations in the Grimmia 
pulvinata samples

Data are compared to other urban passive biomonitoring studies in the literature. Metal concentrations 
are reported in mg/kg

nd: not determined

*[33]: HNO3/H2O2/H2O digestion; n = 12

**[31]: value for slurry-TXRF leaching; n = 21 (17 samples collected in Paris and 4 in suburban cemeteries)

Metal. This study (n = 77) Spain, 2021* Paris, France, 2016**

Min Max Median Mean 
absolute 
deviation

Min Max Mean ± SD

Al 2830 12,600 6590 1436 1081 ± 70 3610 ± 290 2497 ± 123
As 0.7 3.6 1.8 1 1.12 ± 0.18 5.0461 ± 0.0074 3 ± 1.6
Cd 0.2 2.8 0.9 1 0.59 ± 0.12 4.01 ± 0.23 nd
Cr 4 48 13 6 5.6 ± 0.075 40.6 ± 3.1 644 ± 211
Cu 9 344 60 38 21.3 ± 1.2 225 ± 17 91 ± 29
Fe 1640 10,600 5550 1692 1992 ± 270 12,300 ± 400 7314 ± 1153
Ni 2 19 7 4 5 ± 0.33 18.9 ± 0.17 18 ± 5
Pb 7 265 68 42 16.2 ± 2.5 1077 ± 1 28 ± 0.6
Sb 0.4 11.1 2.7 2 0.2646 ± 0.0025 1.650 ± 0.140 nd
Sr 36 204 58 19 37.5 ± 0.23 76.5 ± 0.14 44 ± 11
V 6 25 16 4 6.105 ± 0.778 18.443 ± 0.103 14 ± 8
Zn 33 579 209 96 187 ± 12 1750 ± 15 205 ± 6
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Spearman correlation tests yielded positive and statistically significant coefficients for all metals except Sr (Figure S1). 
The highest correlation factor was obtained between Cu and Sb (r = 0.89), elements typically associated with road traffic 
and wearing from automative brake systems [52, 53], which also strongly suggests an urban origin for these two metals. 
Other highly positive correlation factors (r ≥ 0.84) were obtained for the Fe–Cr and Fe–Ni pairs, metals usually associ-
ated with contaminated soil/dust resuspension in both urban and industrial environments. Additionally, the correlation 
between Al and Fe (r = 0.81) reinforce the hypothesis of a significant terrigenous contribution of soil-derived material, 
potentially originating from direct soil contamination or indirect wind-resuspension [54]. Correlation factors of these 
two soil/dust related elements with As and V (≥ 0.84 and ~ 0.86 with Al and Fe, respectively; Figure S1) were considerably 
higher than the ones when they are associated to typical fossil fuel or coal combustion elements (≤ 0.39 and ≤ 0.60 with 
Pb and Zn, respectively; Figure S1). Therefore, a soil (terrigenous) or road traffic (urban) origin is more likely than an indus-
trial one. Pb–Zn, and Pb–Cd yielded more modest correlations (r = 0.66) which may suggest provenance from distinct 
sources. In contrast, Sr was not significantly correlated to any other metal, suggesting that its budget is independently 
controlled, most likely by the regional geological carbonate substrates.

3.2 � Enrichment factors (EF)

Figure 2 shows that metal enrichment factors in Grimmia pulvinata vastly vary, from around 2 to EF > 100, suggesting 
different origins. Fe and Sr yielded average EF of 2 ± 1 and 2 ± 1, respectively, corresponding to a minor enrichment and 
probably a terrigenous origin, except for one sampling site in Paris for Fe and 15 sites scattered over the study region for 
Sr. The hypothesis of a Sr contribution from regional carbonate geological substrates is here comforted by the fact that, 
adding to its aforementioned absence of correlation with the other metals/metalloids, it forms its own principal com-
ponent in the PCA analysis (see below). It is also consistent with the geology of the local sedimentary Paris basin shown 
in Fig. 1B. V (average EF = 3 ± 1) is moderately enriched, whereas Ni and Cr are categorised as moderately to moderately 
severely enriched (average EF of 5 ± 2 and 5 ± 3, respectively). Arsenic, an element known to be toxic [55], is moderately 
severely to severely enriched. Cu and Zn (both of which are considered biologically essential for living beings under a 
certain limit, but toxic beyond that limit; [56]) show very severe and extremely severe enrichments (average EF = 57 ± 48 
and 52 ± 27, respectively). Some highly toxic metals, including Cd (average EF = 112 ± 57), Sb (average EF = 116 ± 83) and 
Pb (average EF = 57 ± 37), considered toxic to plants [57], show at least an extremely severe enrichment, thereby highlight-
ing strong respective anthropogenic contributions. The highest lead EF (EFPb) were obtained in the central and western 
parts of Paris and in its southern suburb (Figure S2). More distant samples mostly yielded lower EF. Our EFPb range of 
6–203 (Table S1), and median value of 47, can be compared to the EFPb value of ~ 80 calculated for aerosols collected at 
the Puy de Dôme (central France), one of the defined European regional background sites [58].

3.3 � Principal component analysis (PCA)

PCA results (Table 2) indicate that the first principal component (PC1) accounts for 37% of the total variability. PC1 is 
highly positively influenced by the following metals (i.e., loadings > 0.5, from highest to lowest): Sb, Cu, Cr, Cd, Ni, Zn, Fe. 
PC2 (31%) is influenced by Al, As, V, Fe, Ni, Cr (positive loadings > 0.5). PC3 (15%) is influenced by the positive loadings of 
Pb (0.90) and Zn (0.64), and moderately by Cd (positive loading of 0.49). Finally, PC4 (9%) is solely influenced by Sr (posi-
tive loading of 0.99). PC1 provides a clear gradient from within Paris to its outskirts (Figure S3), with the highest score 
for sampling site 2 (Montmartre district, most central Parisian site), followed by sampling site 58 (Trocadero square, in 
front of the Eiffel tower). PC2, PC3 and PC4 are more spatially dispersed. PC2 highest scores are observed in the close 
and far outskirts (sampling sites 25 and 13, respectively, close to highways, industries, and to a dense rail network). The 
highest PC3 score corresponds to sampling site 59 (which also yielded the highest EFPb), located in the western outskirt, 
close to a major traffic road, followed by sampling site 41 in the far southern outskirt (for which the high score remains 
unexplained), and sampling site 1 in Montparnasse. PC4 highest scores are for sampling sites 52 (southwestern outskirt), 
66 and 33 (far north and south outskirts, respectively).

3.4 � Pb isotope ratios

206Pb/204Pb ratios ranged from 17.87 to 18.29 (average of 18.05 ± 0.09), consistent with the average 206Pb/204Pb of 
18.132 ± 0.207, reported for Pseudocleropodium purum in French forests [59], as well as the isotope ranges reported 
for urban and French forested areas [60–62]. The 206Pb/204Pb range is in the upper range of that measured for Cladonia 
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rangiferina lichens collected along a transect between two smelting complexes in Eastern Canada (206Pb/204Pb from 14.4 
to 18.4; [19]), for which the authors determined a background 206Pb/204Pb value of 18.2 ± 0.3. In our study, the 206Pb/207Pb 
ratios (ranging from 1.15 to 1.17) are encompassed within the isotope range defined for road traffic (i.e., gasoline exhaust, 
road dust and tires) in Sao Paulo (Brazil) and Barcelona (Spain), but lower than the typical isotope range the authors 

Fig. 2   Enrichment factors boxplots for the 77 Grimmia pulvinata samples. Aluminium (Al) is used as the reference element in the calculation
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defined for industrial emissions in these cities (206Pb/207Pb > 1.20) [63]. Our 206Pb/207Pb ratios are also higher than the typi-
cal range for French gasoline (i.e., 1.07 to 1.13 since the phasing out of leaded gasoline in France in 1990; [64]), and lower 
than both loess sediments collected in Saclay (206Pb/207Pb = 1.21; in the vicinity of sampling site 45) and the background 
value for the Seine River basin (206Pb/207Pb = 1.20) [65]. Our 206Pb/207Pb range is however very consistent with that of 
atmospheric emissions from municipal solid waste incinerators (i.e., 206Pb/207Pb = 1.14–1.15) hypothesised to represent 
the typical urban Pb isotope signature in France [65]. Our 206Pb/207Pb isotope range is also similar to the 1.167 ± 0.005 
signature of the fire dust defined by [66], following the fire at Notre Dame Cathedral that happened in Paris in April 2019.

Table 2   Results of principal 
component analysis (PCA) 
with VARIMAX rotation for the 
Grimmia pulvinata samples

Communality PC1 PC2 PC3 PC4

Al 0.93 0.17 0.93 0.10 0.18
As 0.90 0.35 0.86 0.21 0.03
Cd 0.89 0.77 0.22 0.49 − 0.03
Cr 0.93 0.78 0.52 0.24 0.05
Cu 0.91 0.85 0.34 0.27 0.04
Fe 0.95 0.62 0.73 0.18 0.04
Ni 0.92 0.74 0.53 0.30 0.10
Pb 0.90 0.35 0.14 0.89 − 0.06
Sb 0.94 0.89 0.31 0.23 0.02
Sr 1.00 0.04 0.15 − 0.04 0.99
V 0.91 0.41 0.85 0.10 0.07
Zn 0.87 0.63 0.27 0.63 0.05
Variance (%) 37% 31% 15% 9%
Cumulated (%) 37% 68% 84% 92%

Fig. 3   Isotope tracking (206Pb/207Pb vs 208Pb/206Pb) of atmospheric Pb in the Paris region. A Potential sources of atmospheric Pb: urban road 
dust; Agricultural soils and pre-industrial Pb ([65] and references therein); Upper Continental Crust (UCC; [67]); Urban solid waste incinera-
tors and Pb urban smelters [61]; Municipal solid waste combustors [68]; Domestic waste incinerator, thermal power plant, chemical waste 
incinerator, steel plant, cement factory, diesel soot, unleaded gasoline soot (car) and diesel soot (ship) [69]. The isotope range measured in 
our moss samples is delineated by the grey oval. B Zoom on moss samples (this study)
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Pb multi-isotope ratios have been widely applied to moss biomonitoring (e.g., [30]). Here, the classical 206Pb/207Pb 
vs 208Pb/206Pb diagram shows that mosses in this study closely align with the contamination mixing line previously 
defined for France (Fig. 3A). This corroborates our previous hypothesis, based on the observed high EFPb (Table S1), of a 
strong impact of emissions from regional industrial activities and road traffic. This is also consistent with the predictive 
land-use regression model by [31] that used the same sample set and demonstrated a positive relationship between 
metal concentrations and the increasing population density, and a negative one with the amount of nearby forested 
areas. Some of the moss samples depart from the typical isotope ranges of urban emission sources and point towards 
higher 206Pb/207Pb ratios that are consistent with the Pb isotope signature of the resuspension of local and regional soils 
(terrigenous endmember; Fig. 3B). The study of the regional Corine Land Cover shows that 13 of our sampling sites, 
characterized by high Pb contents, are within 500 m of areas covered by > 50% of agricultural soils, which again sup-
ports the potential influence of Pb-contaminated resuspended soils in these areas. This conclusion is also perfectly in 
line with the findings of [70] on rural moss biomonitoring in France. [64] highlighted that Pb isotope ratios in aerosols 
in Paris had shifted from a dominant road traffic signature to an industrial one between 1995 and 2002 (Fig. 3A). Our 
results show that this trend was also recorded by our bioindicators and seems to persist two decades after. However, a 
slight discrepancy can be observed between the isotope signal in the 2002 aerosols and in this study. This isotope shift 
is particularly noticeable for samples with 208Pb/206Pb ratios < 2.103, i.e., sampling sites more susceptible to be impacted 
by a terrigenous source (agricultural and pre-industrial soils). The range of Pb isotope ratios varies as a function of dis-
tance from the city (Fig. 3B): samples collected within a 20 km-radius of Paris center present narrower 208Pb/206Pb and 
206Pb/207Pb ratios than those collected farther than 20 km. This supports the hypothesis that a dominant source (or a 
constant mixing of sources) controls the atmospheric Pb in Paris and its closest outskirt, whereas additional emission 
sources contribute and can be isotopically detected at distances > 20 km.

3.5 � Sources of atmospheric Pb and their relative contributions

Figure 4A reports the 206Pb/207Pb ratios measured in mosses against the reciprocal of their Pb enrichment factor (EFPb). In 
such diagram, binary mixing relationships are represented by straight lines [71]. Results show that Pb in all moss samples 
can be explained by a ternary mixing between three endmembers that have the following characteristics:

–	 The first endmember (EM1) is characterized by a low 206Pb/207Pb ratio (≤ 1.145) and a high EFPb ≥ 214. Low 206Pb/207Pb 
are typical of the major Pb urban sources [23]. Samples collected within a 20 km radius from the city center are mostly 
impacted by this endmember. Unexpectedly, the sample most influenced by EM1 (sampling site 41) is located ~ 50 km 
south of Paris.

–	 the second endmember (EM2) has both high 206Pb/207Pb (≥ 1.170) and EFPb ≥ 214. This high 206Pb/207Pb is coherent 
with the previously defined characteristics for agricultural and pre-industrial local and regional soil resuspension in 
France as well as emissions from cement factories [e.g., 73]. The sole cement factory in the study area is located 40 km 
northwest of Paris (the closest sampling site, site 57, is located 20 km from this factory). The cement used to make 
the tombstones or top walls on which mosses were collected may also be viewed as a potential source of Pb. This Pb 
would be expected to have a high 206Pb/207Pb (≥ 1.170; [72]). But the absence of correlation between Pb and Sr (Fig-
ure S1), an element naturally present in commercial cements [73], makes the tombstone a highly unlikely source of 
Pb in the mosses. Sampling sites that are the most impacted by this endmember were all collected more than 20 km 
away from Paris.

–	 the third endmember (EM3) is defined by some sampling sites that have 206Pb/207Pb ratios ranging between 1.156 
and 1.164 (in particular, sampling sites 48 and 49) and moderate EFPb (< 7). [74] reported a similar pattern for bioindi-
cators in a Pyrenean Beech Forest between France and Spain and defined a background 206Pb/207Pb ratio of ~ 1.158 
that matches the actual European atmospheric background, which also corresponds to our third mixing endmember. 
This third endmember represents a more remote source of atmospheric Pb compared to the other two.

3.5.1 � Estimating the relative contributions of the urban, terrigenous, and European background endmembers

To estimate the respective contributions from each of the three endmembers (EM1, EM2 and EM3) we used the 
MixSIAR Bayesian mixing model package in R. Results (Fig. 5) show that the EM1 (urban) and EM2 (terrigenous) end-
members are dominating atmospheric Pb in the Paris region with cumulative contributions close to 100% (Fig. 5A) 
for most sampling sites. Sampling sites within 20 km of the city center are mostly (≥ 50%) impacted by EM1, whereas 
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those farther than 20 km are evenly distributed between the EM1 and EM2 endmembers (Figs. 5B, C, D). As a whole, 
urban Pb accounts for 58 to 82% of the total Pb measured in the study area, as well as along a south-eastern corridor 
along the A6 motorway (Fig. 5B). Terrigenous Pb is more heterogeneously distributed in the study area. EM2 high 
contributions (48 to 58%) seems to originate from the north, north-west, south-west and north-east directions of 
Paris, which mostly correspond to agricultural areas (Fig. 5C).

Similar to what was observed in Fig. 4B, Fig. 5D indicates that the remote European background (EM3) does not 
significantly contribute to the atmospheric Pb concentrations in the study area (< ~ 5%). The two sampling sites (48 
and 49) showing the highest contributions from EM3 are located about 40 and 60 km southwest of Paris, respec-
tively (Fig. 5A). These sampling sites correspond to rural municipalities where over 95% of the land area is covered 
by agricultural, forestry and natural areas (Corine Land Cover).

Fig. 4.   206Pb/207Pb vs. 1/EFPb. A Moss samples. Aluminum concentrations in the moss samples are normalized to its highest measured con-
centration (i.e., 0 < Al normalized concentration ≤ 1). B Ternary Isotope Balance Model (IBM). The characteristics considered for the three end-
members EM1 (Urban), EM2 (Terrigenous) and EM3 (European background) are detailed in the text
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3.5.2 � Relationships between sources, metal concentrations and PCA component scores

Results from Table 3 reveal only modest Spearman correlations (0.44–0.47) between metals (Cu, Sb) and PC1 with the 
urban endmember EM1, and similar but negative correlation coefficients with the terrigenous endmember EM2. Only 
for the background endmember EM3, which only contributes < 15% to the atmospheric Pb budget in our study region, 
did we find a strong negative Spearman correlation coefficient (~ − 0.9) with Pb concentrations and Pb-related PC3. This 
indicates that Pb in our study did not come from the background sources.

4 � Conclusions

Atmospheric particulate matter (PM) acts as a carrier for a wide range of contaminants. Here, using the example of the 
urban Parisian region, this study tested the potential for Grimmia pulvinata mosses collected in cemeteries (i.e., away 
from direct sources of contamination and only impacted by atmospheric deposition) to identify sources of atmospheric 
Pb and to quantify their respective contributions, by combining metal enrichment factors, principal component analysis 
and Pb isotope geochemistry. Altogether, these methods indicate that atmospheric Pb in the study region originates 
from three distinct types of sources: (i) the European atmospheric background that had been previously defined by 
[74], (ii) atmospheric particles emitted by regional urban sources and (iii) particles generated by the resuspension of 

Fig. 5   Estimation of the 3 endmembers respective contributions using the MixSIAR model (A). Spatial distributions of the endmembers con-
tributions: EM1, urban (B), EM2, terrigenous (C) and EM3, European background (D)
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regional soils. While Grimmia pulvinata samples were collected on tombstones or walls, our results show that cement, a 
constitutive element of concrete, is a highly unlikely source of Pb in cemetery mosses, thus not preventing using them 
as atmospheric metal bioindicators. Using isotope modelling, we estimated the respective contributions of these three 
endmembers for each sampling site. Among them, our results show that the European atmospheric background contrib-
utes the least, with most contributions < 5%, and that local urban and terrigenous sources are dominating. While urban 
sources display a spatial gradient from inner Paris towards its close and farther outskirts, the terrigenous sources do not 
exhibit a clear spatial pattern and as such remain more difficult to identify. Grimmia pulvinata is the most common species 
in the genus Grimmia and primarily lives in temperate regions, from sea level to altitudes of ~ 3000 m. This species will 
thus be ubiquitous in most of the urban environments facing air contamination by heavy metals. This makes it an excel-
lent candidate to implement our approach to numerous cities and megacities around the world. This would ultimately 
allow to establish a standard method for biomonitoring metal air contamination in these environments, avoiding the 
eventual bias created by interchangeability issues between different bioindicator species.
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Table 3   Correlation factors 
between endmembers (EM) 
contributions estimated by 
MixSIAR, metal concentrations 
and PCA component scores

Bold values indicate significant correlation factors

%EM1 Urban %EM2 Terrigenous %EM3 Euro-
pean back-
ground

Al 0.26 − 0.25 0.07
As 0.19 − 0.17 − 0.11
Cd 0.35 − 0.31 − 0.49
Cr 0.35 − 0.32 − 0.26
Fe 0.39 − 0.37 − 0.16
Ni 0.35 − 0.33 − 0.30
Pb 0.12 − 0.05 − 0.91
Sr − 0.06 0.05 0.13
V 0.27 − 0.26 − 0.01
Zn 0.22 − 0.18 − 0.48
Cu 0.47 − 0.44 − 0.33
Sb 0.47 − 0.44 − 0.33
PC1 0.44 − 0.42 − 0.17
PC2 0.16 − 0.16 0.14
PC3 − 0.08 0.15 − 0.86
PC4 − 0.12 0.11 0.09
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