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Abstract

Rainwater plays a major role in determining the transfer of elements and pollutants to

soils and hydrological catchments, with compositional variations reflecting the extent
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of mixing between marine (sea-salt), terrestrial (dust and vegetation) and
anthropogenic aerosols. While the radiogenic strontium isotope system (*’Sr/*°Sr) is
often used to help constrain the different sources of atmospheric Sr, the degree of
variability in the stable strontium isotope system (8***°Sr) remains unresolved. In
order to determine how atmospheric Sr affects the 588Gy composition of water
entering the hydrological cycle this study analysed a suite of rainwater samples
collected over the course of a year in central Paris. Rainwater 8***°Sr compositions
were found to range from 0.13 %o to 0.32 %o, with *’Sr/*Sr ratios varying between
0.70796 and 0.71093. No seasonality was observed in 8863y, whereas *’Sr/*Sr ratios
were observed to be generally more radiogenic in the summer and less radiogenic in
the winter. Strontium enrichment factors significantly above seawater implied a
predominantly terrestrial (non sea-salt) origin of Sr in rainwater, with the 8****Sr and
¥7Sr/*Sr composition of this terrestrial fraction consistent with a mixture of Sr derived
from carbonate dust and agricultural fertiliser. Evidence for a ~0.1 %o decrease in the
8%%Sr composition of the River Seine as it passes through Paris suggests that
anthropogenic pollutants may contribute to significant regional variations in the
composition of Sr in the hydrological cycle. Together these results demonstrate that
there is significant potential for both temporal and spatial variations in the 8***°Sr and
¥7Sr/*Sr composition of rainwater that need to be taken into consideration when

studying 8"8Sr variations in localised catchments.

Keywords

Strontium; Rainwater; Continental dust; Anthropogenic contamination

1. Introduction
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There is significant interest in understanding how different atmospheric sources affect
the composition of rainwater as variations in the extent of material contributed by sea-
salt dissolution, terrestrial sources (including dust and vegetation) and anthropogenic
emissions have a major impact on the transfer of elements and pollutants to soils and
hydrological catchments (e.g. Derry and Chadwick, 2007; Négrel and Roy, 1998;
Négrel et al., 2007). Dissolved cation concentrations are commonly used to assess the
relative contribution from these aerosols, but they can be affected by fractionation
processes that occur during the precipitation event (Dupré et al., 1994) thus it can be
difficult to differentiate between locally and externally derived material using
concentration data alone (Négrel and Roy, 1998). The isotopic composition of
rainwater is consequently increasingly being used to establish how the mixing of
atmospheric aerosols varies both spatially and temporally (Anderson et al., 1990,
Artaxo et al., 1988; Chabaux et al., 2005; Dupré et al., 1994; Graustein and

Armstrong, 1983; Négrel and Roy, 1998; Négrel et al., 2007; Seimbille et al., 1989).

Radiogenic strontium isotope ratios (*’Sr/*°Sr) are a particularly useful tracer of
atmospheric aerosols as the globally homogenous *'Sr/*Sr composition of seawater
(0.70917; Hodell et al., 1990) enables the contribution of sea-salt to be readily
distinguished from terrestrial and anthropogenic components that have more variable
%7S1/*®Sr ratios (e.g. Derry and Chadwick, 2007; Négrel and Roy, 1998; Négrel et al.,
2007). In addition to varying between regions as function of different aerosol
contributions (Aberg et al., 1989; Anderson et al., 1990; Chabaux et al., 2005;
Graustein and Armstrong, 1983; Négrel et al., 2007; Seimbille et al., 1989), the

%7Sr/*Sr composition of rainwater has been demonstrated to vary within a single rain
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event (Dupré et al., 1994) and between seasons (Négrel et al., 2007), confirming the

high sensitivity of this system to changing atmospheric conditions.

Recent analytical advances mean that in addition to ¥'Sr/*°Sr ratios, the stable
strontium (8***°Sr") isotopic composition of rainwater can also be measured (e.g.
Fietze and Eisenhauer, 2006; Krabbenhoft er al., 2009; Neymark et al., 2014; Pearce
et al., 2015; Shalev et al., 2013). The sensitivity of 5%%Sr to mass dependent
fractionation processes enables combined 5***°Sr and *St/**Sr analyses to be used to
identify sources of material not distinguishable using *’St/*°Sr ratios alone (e.g.
carbonates and seawater), as well as the potential influence of biological and chemical
weathering processes on the composition of atmospheric Sr. Rainwater samples from
the Azores, Congo and China have previously been shown to have &%*°Sr
compositions that vary between 0.05 %o and 0.32 %o (Pearce et al., 2015), which are
significantly lower than the 8***°Sr composition of seawater (0.39 %o; Krabbenhoft e
al., 2009; Neymark et al., 2014) and other local water sources (Krabbenhoft et al.,
2010; Pearce et al., 2015). Although it is possible that these lighter rainwater 5***°Sr
values represent mass dependent fractionation processes that occur during evaporation
and transportation, Pearce et al. (2015) hypothesised that the 588Gy composition of
rainwater was driven to lower values as a result of interaction with isotopically light
atmospheric dust (with reported §***°Sr compositions between 0.18 %o and 0.29 %o)

and/or anthropogenic sources.

The aim of this study was consequently to establish the primary controls on the

8%%Sr composition of rainwater, and to determine how variations in atmospheric Sr

1 8%508r = ((**St/*°Sr)sampie/ (* ST/ **St)standara - 1) x 1000
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sources may affect the 5***°Sr composition of water entering the hydrological cycle.
To achieve this annual variations in the 8**°Sr and *’Sr/**Sr composition of rainwater
were determined for a suite of samples collected from Paris, France, which had
previously been demonstrated to contain both sea-salt and terrestrial (non sea-salt)
aerosol components (Chetelat er al., 2009). These rainwater compositions were
subsequently compared to samples taken from the River Seine as well as several
agricultural fertilisers in order to assess how varying atmospheric Sr sources may

influence the §***°Sr composition of the local hydrological cycle.

2. Materials and Methods

2.1 Sampling sites and protocols

Rainwater samples were collected on the roof of the Jussieu Campus University in
central Paris between January and December 2002. The sampling protocol (described
in full in Chetelat er al., 2009) included opening and washing the sampling Teflon
funnel with ultra-pure H,O immediately before the rain event, rinsing the funnel with
the initial rainwater, then collecting the sample in a pre-cleaned polypropylene bottle.
All samples were filtered immediately after collection through 0.2 um cellulose
acetate filters and were stored at ~4°C until analysis. Most samples represent a single
rain event that lasted anywhere from an hour to a day, but in some instances rain
events on two or more consecutive days were combined in order to obtain sufficient
sample for analysis (Table 1). In addition to these rainwater samples, one snowfall
event in Paris was analysed together with two river water samples from the River
Seine; sample ‘SP30° was taken just before the river entered Paris whereas ‘Rouen’
came from ~180 km downstream at the hydrological station of Poses, near the town of

Rouen. These river samples were filtered on collection through 0.2 um filters before
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being acidified and stored in a cool (<7 °C) environment until analysis. Three
common agricultural fertiliser samples were also analysed in order to help compare
our results to potential anthropogenic pollutants in the Paris Basin. These samples
were initially dissolved in MQ H,O before being acidified and further digested in
HNO:;. Once dissolved they were chemically purified prior to isotopic analysis in the

same manner as the rainwater and river water samples.

2.2 Analytical methods

Elemental abundances were determined using an Agilent inductively coupled plasma
mass spectrometer (ICP-MS), while both radiogenic and stable Sr isotopic analyses
were performed by thermal ionisation mass spectrometry using a ThermoFisher Triton
mass spectrometer in positive ionisation mode. These measurements followed the
analytical protocols described in Pearce er al. (2015) and involved the addition of an
Sr-¥’Sr double spike to the stable Sr sample to facilitate the deconvolution of
chemical and instrumental mass dependant fractionation effects (c.f. Krabbenhoft er
al., 2009; Neymark et al., 2014; Shalev et al., 2013). 500 ng of Sr was loaded onto
single outgassed zone-refined Re filaments for both the radiogenic and stable Sr
measurements, which were subsequently analysed by running a stable **Sr beam
intensity of ~8V for 54 cycles of 10 block ratio measurements with a 16.2 second
integration time. Radiogenic ®’Sr/*°Sr ratios were determined by normalising the
unspiked sample data to a fixed *°Sr/*Sr ratio of 0.1194 (Nier, 1938), while stable Sr
ratios were resolved by combining the unspiked and spiked filament data and
deconvolving using the exponential fractionation law. The *’St/*°Sr reproducibility of
the NIST987 international Sr standard over the course of this study was 14 ppm,

while normalised &***°Sr standards gave a long-term reproducibility of 0.025 %o (see
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Pearce et al., 2015 for more details). The average total procedural blank measured via
isotopic dilution using a pure **Sr spike during all rainwater analyses was 28 pg,

<0.01 % of the total amount of Sr processed on each filament.

3. Results

3.1 Elemental concentrations and Sr enrichment

The Parisian rainwaters analysed in this study display a strong correlation between ClI
and Na concentrations (R* = 0.989) and have a Cl/Na regression line that is similar to
the seawater ratio of 1.16 (Fig. la; Millero et al., 2008). This agrees with
concentration data previous determined for these samples (Chetelat et al., 2009) and
implies that both elements are predominantly of marine origin (i.e. they are derived
from the dissolution of sea-salt aerosols). Other elements display varying degrees of
enrichment above their seawater ratios, with dissolved Sr concentrations being
enriched by up to a factor of 30 (Table 1). Similar Sr enrichments and elevated Sr/Na
ratios have been observed in the rainwater samples from the Azores, China and Congo
(Fig. 1b; Pearce et al., 2015) as well as in other regions (Chabaux et al., 2005; Derry
and Chadwick, 2007; Grosbois et al., 2000; Négrel and Roy, 1998; Négrel et al.,
2007), and imply significant atmospheric Sr contributions from non-marine aerosols.
The extent of Sr enrichment in the Parisian rainwaters is generally correlated to
enrichments in Mg, Ca and SO,, but does not appear to show a strong seasonality

(Table 1).

3.2%8r/%Sr and 8*°Sr composition
The rainwater ®’Sr/*’Sr ratios measured in this study vary between 0.70796 and

0.71093, although most samples fall between 0.70836 and 0.70915 (Table 1; Fig. 2).
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These values are similar to the Parisian rainwater *’St/**Sr ratios previously reported
by Seimbille et al. (1989) and Négrel er al. (2007) (0.70846 to 0.70895), and define
almost identical non-weighted mean compositions of 0.70879 (this study) and 0.7087
(Négrel et al., 2007). Generally lower *’Sr/**Sr ratios were observed in the autumn
and winter (September to March) with higher ¥7S1/*°Sr values recorded in the spring
and summer (April to August), although there was a slight decrease in *'Sr/*°Sr in
early June (Fig. 2). Only one anomalous sample collected on 24/10/2002 falls
significantly outside of these general trends; this is also the only sample that has a
%7S1/*®Sr composition greater than seawater, thus most likely reflects a significant Sr

contribution from a source not observed in the other samples.

The 8***°Sr composition of rainwater varied significantly throughout the year (Fig. 2),
with the range of 0.13 %o to 0.32 %o consistent with the composition of other
rainwater samples measured to date (Pearce er al., 2015). Unlike *’Sr/**Sr, no clear
8*%°Sr variations were resolvable between seasons, although the annual record was
characterised by a progressive shift to lighter values in May/June and subsequent
recovery in July/August (Table 1; Fig. 2). Interestingly, the sample collected on
24/10/2002 has an almost identical 8****Sr composition to the following sample
collected on 06/11/2002 (0.30 %o and 0.31 %o respectively), implying that the inferred
change in atmospheric Sr source(s) on the 24/10/2002 only affected the 87Sr/*Sr
isotopic composition. Finally, all of the rainwater samples analysed to date have
8*/%Sr compositions that are significantly below seawater; even the sample collected
on 08-09/08/2002 that has a *’Sr/**Sr ratio very close to seawater (0.70915) only has a

8%/8Sr composition of 0.32 %o (Fig. 2).
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4. Discussion

4.1 Contribution from sea-salt aerosols

Although the Cl/Na ratio of the Parisian rainwaters is consistent with a predominantly
marine origin for these elements, the large variation in their absolute concentrations
demonstrates that the total amount of dissolved sea-salt varies between samples (Fig.
la). Similar variations in ionic abundances have been observed in other rainwaters
over France as both a function of their distance from the ocean and the time of
sampling (e.g. Négrel at al., 2007; Meybeck, 1986). Therefore in order to assess what
factors affect the composition of rainwater, separation of the sea-salt (SS) and non
sea-salt (NSS) aerosols is required. The fraction of each element derived from sea-salt

dissolution can be determined using the relationship in Equation 1,

[X]ss = [Cl]rw x ([X]/[CI])sw Eq. 1

where [X]ss represents the concentration of the sea-salt component, [Cl]rw represents
the measured concentration of Cl in rainwater and ([X]/[Cl])sw indicates the
element/Cl ratio of seawater (here taken from Millero et al., 2008). Chlorine is used
as the reference element when determining the sea-salt component because unlike Na
there is negligible Cl contribution from silicate weathering. Variations in the
proportion of dissolved sea-salt in each sample can subsequently be expressed as the
total fraction of major ions derived from sea-salts (Fgea-sait), assuming that NO3; and

NH4 are only derived from anthropogenic sources (c.f. Chetelat et al., 2009).

The samples analysed in this study have Fge,.g: contributions that vary from 0.06 to

0.85 (Table 2). These values are similar to those obtained from the monthly-integrated
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results of Chetelat ef al. (2009), and support significant variations in the amount of
seawater-derived material in these samples. A slight correlation between the measured
87Sr/%°Sr ratio of rainwater and Focasalt (r2 = (0.36) is observed if the outliers on
20/06/02, 24/10/02 and 06/11/02 are excluded (Fig. 3). This trend is consistent with
varying Sr contributions from pure seawater (SS; Fseasat = 1.0) and pure terrestrial
(NSS; Fyeasart = 0.0) components with ¥'Sr/**Sr compositions of ~0.7090 and ~0.7081
respectively (Fig. 3). These end-member compositions are similar to the seawater and
carbonate weathering values of 0.70918 and ~0.7080 determined by Pearce er al.
(2015), suggesting that they may be the dominant controls on the ®’Sr/*°Sr
composition of Parisian rainwater. A more significant correlation (r* = 0.72) is
observed between 8%%¢Sr and Fyeasait if the same outlier samples are excluded (Fig.
3), suggesting that the 8***°Sr composition of rainwater is more dependent on the
extent of Sr contribution from sea-salt aerosols. The reason for the higher sensitivity
of 8*¥*0Sr t0 Fyea-sarr than *’Sr/**Sr is currently unresolved, but may reflect a generally
narrower range of 688/868rNss compositions relative to 87Slr/g‘SSrNss (i.e. the 87Sr/86Srss
contributions may have been masked by more variable 87S1/*Srnss ratios). Unlike
¥7Sr/*Sr, the sea-salt and non sea-salt end-member 8***°Sr compositions implied by
the trend shown in Fig. 3 (~0.32 %0 and ~0.10 %0) are lower than the equivalent
seawater and carbonate weathering compositions determined by Pearce et al. (2015)
(0.39 %0 and ~0.16 %o respectively), suggesting that other Sr sources and/or processes

may affect the net 38863y composition of rainwater.

4.2 Contribution from non sea-salt sources
The non sea-salt (NSS) elemental contribution reflects the concentration difference

between the measured rainwater and sea-salt components ([X]rw-[X]ss). Most

10
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samples display >70% non sea-salt contributions of Sr, Ca, K and SO, with only the
sample collected on 14/05/2002 (~40% NSS) indicating a more significant Sr
contribution from sea-salt dissolution. The Sr isotopic composition of the non sea-salt
contribution in each sample can be determined via Equations 2 and 3, where F

represents the fraction of Sr derived from sea-salt dissolution ([Sr]ss/([Sr]nss + [St]ss)-

8% Srxss = (8**Strw — F 8****Srsw)/(1 - F) Eq.2

781/*Srnss = (¥'St/*Strw — F ¥'St/*°Srsw)/(1 — F) Eq. 3

The non sea-salt rainwater isotopic compositions determined in this manner are
generally similar to the measured compositions, with 8%¥6Srngs ranging from 0.12 %o
to 0.30 %o and *’Sr/*®Sryss varying from 0.70792 to 0.71105 (Table 2). Because the
non sea-salt fraction of atmospheric Sr in rainwater includes contributions from both
natural (dust and vegetation) and anthropogenic (fertiliser, automobile exhaust and
urban heating) aerosols (e.g. Négrel and Roy, 1998; Négrel et al., 2007), the
variations 8% 86SrNss and 87Sr/868rNss compositions most likely reflect differences in

the extent of mixing between these sources (Fig. 4).

A significant Sr contribution from the dissolution of silicate-derived dust in these
samples is unlikely given the dominance of Mesozoic-Cenozoic sediments in the Paris
basin (Roy et al., 1999). This is supported by the generally low *'Sr/*Sryss ratios and
the fact that none of the samples plot close to the silicate weathering end-member
(Fig. 4; Gaillardet et al., 1999; Pearce et al., 2015); only the sample collected on
24/10/2002 has a slightly higher 87Sr/86SrNss ratio of 0.711051 and 688/86SrNss value of

0.30 %o that may be consistent with some silicate-derived Sr (Fig. 4a). A strong
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biotic/vegetation source of Sr is also unlikely in these samples as plant-released
particles are unlikely to be significant within the urban area of Paris and there is no
evidence for significant K/Sr enrichments in the analysed rainwaters (Artaxo et al.,
1988). Consequently the dissolution of carbonate-derived dust and/or addition of
anthropogenic aerosols are the most likely sources of non sea-salt Sr in these

rainwaters.

A predominantly carbonate dust source of the terrestrial derived Sr in Parisian
rainwater has previously been suggested by Négrel et al. (2007) and Seimbille ef al.
(1989), and is consistent with the 87S1/%0Srnss ratios determined in this study as most
samples have ¥'Sr/*°Sr compositions that fall within the range determined for the
Jurassic to Tertiary limestones in France (0.7081 — 0.7094; Négrel and Roy, 1998;
Négrel et al., 2007). The 8**Sryss values are also consistent with a carbonate dust Sr
source, as several samples plot close to the inferred carbonate weathering end-
member 8°**°Sr composition of ~0.16 %o (Pearce et al., 2015) (Fig. 4a). Although
similarly light 8***°Sr values of between 0.18 %o and 0.29 %o have been observed in a
range of continental dust samples (including those derived from continental silicate
terrains; Pearce et al., 2015), a predominantly carbonate origin of the non sea-salt
component in these Parisian rainwaters is supported by their generally elevated

Ca/Srygs ratios (Figs. 4b and 4c).

Evidence for significant variations in Ca/Sryss ratios suggest, however, that there may
also be a substantial non sea-salt Sr contribution from anthropogenic sources. Mixing
lines between the inferred composition of carbonate dust and this anthropogenic end-

member indicate that it is likely to have low Ca/Sr and *’Sr/*Sr ratios and a relatively
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high §%8%Sr value (Figs. 4b and 4c). The three agricultural fertiliser samples analysed
in this study display Ca/Sr and Sr isotopic ratios that are broadly consistent with this
trend, with two of the samples closely matching the inferred end-member composition
(Table 1; Fig. 4). The ¥’Sr/*°Sr ratios of these fertilisers also agree with those
previously reported by Négrel and Roy (1998) and Négrel et al. (2007) (0.7079-
0.7087), and are consistent with the significant use of fertilisers in the surrounding
agricultural regions of the Paris Basin (Roy et al., 1999). An alternative potential
source of anthropogenic contaminant in these samples is the burning of fossil-fuels
(including vehicle exhaust, urban heating and coal-fired power plants), and this has
previously been demonstrated to cause notable enrichments in Parisian rainwater

NOs, SO4 and NH4 concentrations as well as a decrease in §t1o

B compositions
(Tables 1 and 2; Chetelat et al., 2009). Although the 8***°Sr compositions of these
fossil-fuel related anthropogenic sources are currently unconstrained, a slight negative
correlation between 688/86SrNss and NO;/Sr (Table 2) suggests that such factors may
affect the 8*Sr composition of rainwater, but that they are not significant in the
samples analysed in this study. Similarly, although the ®’Sr/**Srygs ratios of our
samples are consistent with the range reported for various urban pollutants including
automobile exhaust and urban heating (Négrel et al., 2007), no relationship is
observed between 87Sr/86SrNss, and NOs/Sr. This supports the inference that the

primary source of anthropogenic contamination in these samples is likely to be

agricultural fertiliser.

4.3 Implications for the 50y composition of the hydrological cycle
The generally light 8***°Sr compositions observed in Parisian rainwater agree with

previous analyses of rainwater, dust and ice (Pearce et al., 2015), and confirm that the
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§8/86gr composition of atmospheric Sr is not equivalent to seawater (Fig. 5).
Although the low concentrations of Sr in rainwater mean that atmospheric deposition
is unlikely to have a significant impact on marine §8¥86gr budgets, it may be
important in local hydrological settings and/or in regions significantly affected by
anthropogenic contamination. For example; the 8**°Sr composition of the River
Seine decreases by 0.1 %o, from 0.27 %o just before entering Paris to 0.17 %o near
Rouen (Table 1; Fig. 5a). Major changes in the ionic content of the Seine have
previously been attributed to agricultural inputs from the Paris Basin, which can
actually exceed elemental contributions from carbonate and silicate weathering
processes during high water stages (Roy er al., 1999). Based on the fertilisers
analysed in this study, this agricultural contamination would be expected to increase
the 8*¥*°Sr composition of the Seine. However, the fact that 8%%8Sr decreases from
Paris to Rouen (Fig. 5b) implies that fertiliser release is unlikely to be responsible for
the observed changes. The absence of any tidal influence at the hydrological sampling
site near Rouen means that natural contributions from seawater are also unlikely to
account for the observed increases in element concentrations (an observation
supported by the higher 5% 86Srseawmer composition of 0.39 %o). Consequently the
decrease in 8**Sr most likely reflects anthropogenic contamination from the
Achéres water treatment plant and/or the release of domestic waters rich in dishwater
salts etc. Further characterisation of the range of 8***°Sr and ¥Sr/**Sr compositions in
agricultural fertilisers and other anthropogenic sources may therefore provide a useful

method for distinguishing between water contaminants in other regions.

In addition to being sensitive to anthropogenic contamination, the dependency of

rainwater 8***Sr to mixing between non sea-salt aerosols means that precipitation is
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expected to show significant temporal and spatial variations in 8***°Sr. Although a
strong §8/80gr seasonality was not observed in this study, changes in atmospheric Sr
sources in response to varying weather patterns and/or distance from the ocean may
affect the 8°*°Sr composition of atmospheric deposition in other regions. Such
effects may be sufficient to drive changes in the composition of local hydrological
catchments (for example in regions affected by seasonal monsoons), and may also
significantly affect the §8/80gr composition of vegetation. Furthermore, by combining
8*/%Sr and *’Sr/**Sr measurements with other trace element data (e.g. Ca/Sr ratios), it
may be possible to establish changes in the origin and/or relative contribution of

continental dust in response to shifting climate patterns.

5. Conclusions

The stable (5***°Sr) and radiogenic (*’St/**Sr) isotopic composition of strontium in
Parisian rainwater shows significant variations over the course of a year, with
measured 8%%°Sr compositions ranging from 0.13 %o to 0.32 %o, and *’Sr/**Sr ratios
varying between 0.70796 and 0.71093. No seasonality was observed in &**¢Sr
values, whereas °’Sr/**Sr ratios were found to be generally more radiogenic in the
summer and less radiogenic in the winter. Evidence for Sr enrichment factors
significantly above the seawater contribution imply a predominantly terrestrial (non
sea-salt) origin of Sr in most samples, which is attributed to a mixture of carbonate
dust and anthropogenic sources. Although the anthropogenic end-member cannot be
fully identified, both 8%/%Sr and ¥'Sr/*Sr compositions are consistent with Sr
derived from agricultural fertilisers. Evidence for a 0.1 %o decrease in the &***°Sr
composition of the River Seine suggests that, together with variations in continental

dust supply, contamination from anthropogenic pollutants may contribute to
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significant regional variations in the composition of Sr within the hydrological cycle.
The potential for both temporal and spatial variations in the 8***°Sr (and *’Sr/*Sr)
composition of rainwater should therefore be taken into consideration when
considering the possible causes of §%/8Sr variations in localised catchments and

vegetation.
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Table Captions

Table 1: Sample information, measured 8%¥%Sr and *’Sr/*°Sr compositions and major
element concentrations for all samples analysed in this study. ~ Indicates anion and pH
measurements on the same samples from Chetelat er al. (2009). Where this
information was not available for the same sample the monthly average value was

used. n.d. = not determined.

Table 2: Calculated 888/86SrNss, 87Sr/868rNss and elemental concentrations of the
terrestrial (non sea-salt) component in the analysed rainwaters. The total fraction of
ions derived from sea-salt dissolution (Fsea-sai) 18 also indicated. The sample collected
on 08-09/08/2002 is not shown because Cl abundance data was not available for
determining the relative SS and NSS contributions. = Represents the anion

measurements taken from Chetelat ez al. (2009). n.d. = not determined.

Figure Captions
Figure 1: Relationship between Cl and Na (A) and Sr and Na (B) concentrations in the

analysed rainwaters. The strong correlation between Cl and Na implies a
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predominantly marine origin of both elements in the Parisian rainwaters, and is
supported by an average Cl/Na ratio of 1.14 that is similar to the seawater value of
1.16 (Millero et al., 2008). The strong Sr enrichment of Parisian rainwater matches
similar enrichments seen in rainwater from the Azores, Congo and China (Pearce et
al., 2015) and in other regions, and demonstrates significant Sr contributions from

terrestrial (non sea-salt) derived aerosols.

Figure 2: Variations in the §8/86gr (open circles) and 73r/*°Sr (solid squares)
composition of Parisian rainwater between January and November 2002. Error bars
indicate the internal precision (2 s.e.) of each measurement when larger than the
symbol size (long-term 38/8gr reproducibility = 0.025 %o and ¥Sr/*°Sr = 14 ppm).
With the exception of the *’Sr/**Sr ratio measured on 24/10/2002, all samples have
5*/%Sr and *’Sr/**Sr compositions that are less than seawater (0.39 %o and 0.70918

respectively; Pearce et al., 2015).

Figure 3: Variation in the measured 8**°Sr and *’Sr/*Sr composition of rainwater as
a function of the total fraction of ions derived from sea-salt dissolution (Fses-salt). Fsea-
salt Values were determined from major ion abundances, assuming that NO; and NH4
are only derived from anthropogenic sources (see Chetelat er al., 2009 for details).
The 8%¥%Sr composition of rainwater (open circles) shows a positive relationship with
the extent of sea-salt dissolution (r* = 0.72), and there is evidence for a slight
correlation between *’Sr/*°Sr (solid squares) and Fgey-sat (r2 = 0.36). These trendlines
and correlations were calculated without the outlier samples analysed on 20/06/02,
24/10/02 and 06/11/02. Samples with an Fge, ¢ value of 1.0 represent the composition

of pure seawater.
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Figure 4: Comparison between the 5%/%6Sr and ¥’Sr/**Sr (A), Ca/Sr and ¥'Sr/*Sr (B),
and Ca/Sr and 8%¥%Sr (C) compositions of the non sea-salt (NSS) components in
rainwater. Also shown are the riverine silicate and carbonate weathering end-member
compositions determined by Pearce et al. (2015) as well as the three agricultural
fertiliser samples analysed in this study. Arrows denote the mixing lines between the
inferred silicate dust, carbonate dust and anthropogenic end-member compositions

indicated by the shaded boxes.

Figure 5: Relationships between 8°**°Sr and *’Sr/*’Sr (A), 8*¥*°Sr and [Sr] (B), and
%7Sr/*Sr and [Sr] (C) for all samples analysed in this study. The 8%%Sr, ¥7Sr/*Sr and
[Sr] compositions of seawater, glacial ice and global rainwater samples are taken from
Pearce et al. (2015). The arrow between the two samples of the River Seine indicates
the direction of flow, demonstrating a downstream decrease in 8****Sr and increase in

[Sr] but negligible change in *’Sr/*Sr.
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Table 1

Click here to download Table: Table 1.xls

88/86 !
S:Tplze Nas:ir:/g:te (%o)s T 2se  sevsr 2s.e. (nh::m) (mc(:)II/I)* (mgl/l) K (- mol/) (n?:I/I) (rr?cr)I/I) (:oo|3/|)* (f,g{‘/.)* (r:::}I)* PH*
Snow Naisy 0.104 0.007 50.70854 2.89E-06 | 19.91 n.d. 1.61 2.19 24.66 0.041 n.d. n.d. n.d. n.d.
15-17/01/2002 |  0.207 0.007 , 0.70853 2.33E-06| 39.27 47.04 3.97 7.21 22.73 0.035 39.17 26.36 34.51 4.76
26-27/01/2002 | 0.242 0.006 50.70847 2.12E-06 | 17512  205.17  20.03 10.47 76.07 0.129 27.2 37.64 26.27 6.76
08/02/2002 0.234 0.006 | 0.70836 2.64E-06| 6.57 6.77 1.06 0.70 7.73 0.013 8.06 8.13 32.22 5.33
18/03/2002 0.193 0.007 50.70854 2.48E-06 | 25.72 24.26 2.41 7.97 18.49 0.028 24.68 20.83 76.67 5.88
01-02/05/2002 | 0.270 0.006 | 0.70911 2.41E-06| 59.16 66.48 7.72 2.31 22.21 0.038 26.91 23.93 59.59 5.74
. 14/05/2002 0.291 0.007 50.70885 2.60E-06 | 36.26 39.45 4.15 0.63 5.48 0.011 13.08 8.8 29.89 5.35
‘g 22/05/2002 0.224 0.009 50.70883 3.45E-06 | 2.83 5.57 0.75 0.66 6.07 0.009 15.60 9.91 27.63 5.63
£ 05/06/2002 0.127 0.013 1 070847 2.67E-06| 3.43 4.34 0.77 0.77 11.00 0.018 17.99 13.15 25.21 5.08
- 20/06/2002 0.168 0.006 ' 0.70898 2.54E-06| 1.45 0.65 1.35 -0.58 7.76 0.008 12.24 9.83 21.76 4.59
05-06/07/2002 | 0.222 0.007 1 0.70868 3.09E-06| 6.38 11.33 1.18 1.56 7.75 0.012 21.26 19.91 49.39 n.d.
08-09/08/2002 | 0.315 0.007 50.70915 2.54E-06 | 87.52 n.d. 9.56 3.58 5.62 0.017 n.d. n.d. n.d. n.d.
03-04/09/2002 | 0.163 0.007 . 0.70817 2.53E-06| 6.75 6.82 2.28 1.37 28.37 0.028 83.38 27.45 90.23 4.59
24/10/2002 0.304 0.007 50.71093 2.69E-06 | 8.11 7.60 1.37 0.86 8.71 0.019 8.81 14.78 12.29 5.70
06/11/2002 0.305 0.006 | 0.70796 2.56E-06| 6.48 5.38 1.01 0.69 6.21 0.023 3.7 4.55 0.22 4.95
La Seine Paris SP30 0.273 0.007 50.70797 2.47E-06 | 145 n.d. 118.91  29.41 2293 1.738 n.d. n.d. n.d. n.d.
River Rouen 0.168 0.007 , 0.70787 2.38E-06| 978 n.d. 30648  136.63 2125 6.843 n.d. n.d. n.d. n.d.
Magni 0.237 0.008 50.703340 2.69E-06 | 65 n.d. 965 n.d. 72966 3105 n.d. n.d. n.d. n.d.
Fertiliser K,O 0.308 0.015 , 0.707745 5.57E-06| 5534 n.d. 531 n.d. 159 3.02 n.d. n.d. n.d. n.d.
P,Os 0.484 0.007 50.707791 2.87E-06 | 2365 n.d. 2308 n.d. 145899 951 n.d. n.d. n.d. n.d.




Table 2

Click here to download Table: Table 2.xls

Sample S ryss E 87q,./86 Nayss Mgnss Knss Cayss Sryss NO; nss SO, nss NH, nss
Name/Date (%0) 2se. VS Stvss 28 | Lol (moll) (moll) (moll) (mol) (moly (moly ( moly | et
15-17/01/2002 0.154 0.007 E 0.708347 2.33E-06 0.00 0.00 6.33 21.85 0.027 39.17 23.93 34.51 0.66
26-27/01/2002 0.189 0.006 , 0.708218 2.12E-06 0.00 0.18 6.63 72.21 0.095 27.20 27.03 26.27 0.80
08/02/2002 0.220 0.006 E 0.708287 2.64E-06 0.76 0.40 0.57 7.60 0.012 8.06 7.78 32.22 0.45
18/03/2002 0.159 0.007 , 0.708436 2.48E-06 4.87 0.06 7.52 18.03 0.024 24.68 19.58 76.67 0.50
01-02/05/2002 0.220 0.006 E 0.709084 2.41E-06 2.04 1.29 1.07 20.96 0.027 26.91 20.49 59.59 0.75
14/05/2002 0.148 0.007 |, 0.708374 2.60E-06 2.37 0.33 0.00 4.74 0.005 13.08 6.76 29.89 0.85
22/05/2002 0.205 0.009 1 0.708792 3.45E-06 0.00 0.21 0.56 5.96 0.008 15.60 9.62 27.63 0.44
05/06/2002 0.117 0.013 E 0.708445 2.67E-06 0.00 0.35 0.69 10.91 0.018 17.99 12.93 25.21 0.27
20/06/2002 0.165 0.006 : 0.708979 2.54E-06 0.89 1.29 0.00 7.75 0.008 12.24 9.80 21.76 0.06
05-06/07/2002 0.190 0.007 E 0.708591  3.09E-06 0.00 0.09 1.35 7.54 0.010 21.26 19.32 49.39 0.48
03-04/09/2002 0.153 0.007 . 0.708127 2.53E-06 0.89 1.62 1.25 28.24 0.027 83.38 27.10 90.23 0.19
24/10/2002 0.298 0.007 E 0.711051  2.69E-06 1.58 0.64 0.72 8.56 0.018 8.81 14.39 12.29 0.38
06/11/2002 0.301 0.006 : 0.707916  2.56E-06 1.85 0.49 0.59 6.11 0.022 3.70 4.27 0.22 0.45




