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Graphical Abstract

Highlights:

e Spatial distribution and seasonal variations of I, Se and Cs in rains in France

e Annual I, Se and Cs concentrations of: 0.8-2.7 pg L™!; 23-85 and 2.3-13.2 ng L™!

e Common trends for I and Se with relatively homogeneous annual deposition fluxes
e No specific seasonal trend occurred for Cs and Se contrary to I

e On annual average, less than the half of I and Se are inorganic compounds



Abstract

The spatial distribution and seasonal variations of atmospheric iodine (I), selenium (Se)
and caesium (Cs) depositions remain unclear and this precludes adequate inputs for
biogeochemical models. We quantified total concentrations and fluxes of these elements in
rainfalls from 27 monitoring sites in France with contrasted climatic conditions; monthly
measurements were taken over one year (starting in 2016/09). Since speciation of I and Se can
impact their behaviour in the environment, analysis of their inorganic compounds was also
conducted. Our results showed that annual I concentrations in rainfall were much higher than
those of Se and Cs (annual means = 1.56, 0.044 and 0.005 pg L, respectively). The annual
iodine concentrations were highly positively correlated with those of marine elements (i.e. Na,
Cl and Mg), involving higher I concentrations under oceanic climate than for transition,
continental and mountainous ones. Furthermore, common patterns were found between Se
concentrations and both marine and terrestrial components consistent with the various sources
of Se in atmosphere. The association of Cs with two anthropogenic components (i.e. NH4" and
NO3") used in agriculture supports the hypothesis of its terrestrial origin (i.e. from atmospheric
dusts) in rainfall. We found higher rainfall concentrations of I during the warmest months for
all climates. However, no specific seasonal trend occurred for Se and Cs. On annual average,
rainfall contained mostly unidentified selenium compounds (inorganic Se proportions = 25-
54%) and equal proportions of inorganic and unidentified I compounds. Concentrations of

iodate were higher under oceanic climate consistent with an iodine marine-origin.
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1. Introduction

Although atmospheric deposits of stable iodine and selenium are known to play a major
role in their supply and cycling into the biosphere, data related to stable caesium are very
limited. Beyond enrichment of existing data sets, the monitoring of stable isotopes atmospheric
deposits allows to understand the long-term behaviour of corresponding radionuclides (i.e %I,
Se, B7Cs) that may incorporate the global cycling of their stable analogues. Atmospheric
iodine, selenium and caesium are transported and transferred to the Earth’s surface with wet
and dry depositions. Furthermore, forest ecosystems are particularly sensitive to atmospheric
inputs due to the large interacting surface area of the forest canopy, which could influence
elemental composition of incoming water during canopy crossing. The current understanding
of atmospheric selenium, iodine and caesium interception by tree canopy as a first step of
elements recirculation and redistribution to the forest floor is insufficient. To that end,
quantifying the spatial distribution and seasonal variations of iodine, selenium and caesium
atmospheric depositions onto forest is an important first step.

Most studies about atmospheric deposition of stable iodine indicate that this element in
the atmosphere mainly originated from volatilisation from the marine environment (Fuge and
Johnson, 2015). Methyl iodide (CH3l), diiodomethane (CH2I2), chloroiodomethane (CH2ICI),
bromoiodomethane (CH:IBr) and molecular iodine (I2) are the major sources of marine
atmospheric iodine from biological and photochemical pathways (Saiz-Lopez et al., 2012).
These compounds would rapidly be photolyzed in the atmosphere to form iodine oxide aerosols
(I1205) although significant proportion of iodide and organo-iodine has been reported in marine
aerosols (Gilfedder et al., 2007a). Volatilisation of iodine occurs also from terrestrial
environment with the emission of molecular iodine and methyl iodide (Fuge and Johnson,
2015). Volcanic emissions have been estimated to be negligible in comparison with marine and

terrestrial sources and, coal combustion has been identified as anthropogenic source of



atmospheric iodine that may influence iodine levels in rainwater around industrial areas (Fuge
and Johnson, 2015). In precipitation, iodine concentrations range from 02 and 6 ug L
(Aldahan et al., 2009; Gilfedder et al., 2007a, 2008; Neal et al., 2007, Truesdale and Jones,
1996), and seem higher for oceanic than continental sites in Europe (e.g. Aldahan et al., 2009,
Bowley, 2013). lodine concentration in rain varied through a rainfall event, indicating
progressive atmospheric washout (Duce et al., 1963; Fuge et al., 1987; Truesdale and Jones,
1996). In both rain and soluble fraction of aerosols, organo-iodine compounds account for over
half of total iodine content, with a variable proportion of inorganic iodine (e.g. Baker, 2005;
Campos et al., 1996; Gilfedder et al., 2007a, 2008; Lai et al., 2008; Truesdale and Jones, 1996).
While Campos et al. (1996) and Truesdale and Jones (1996) recorded equal quantities of iodide
(I") and iodate (I037) in rain, Gilfedder et al. (2007a) found higher proportions of iodide.

As iodine, atmospheric selenium is mainly originated from volatilisation from the
marine environment (Wen and Carignan, 2007, 2009). Biogenic marine volatile methylated Se
include dimethylselenide ((CH3)2Se), dimethyldiselenide ((CHs)2Se2), methane selenol
(CH3SeH) and dimethyl selenyl sulphide ((CH3)2SeS), while dimethylselenide is dominant in
biogenic continental emissions (Wen and Carignan, 2007, 2009). As expected by analogy with
sulphur chemistry and investigated using quantum chemistry calculations, the reaction of
methylated Se with radical hydroxyl (OH) produces dimethylselenoxide ((CH3)2SeO), which
can be oxidized successively to elemental Se and selenium oxide (SeO) and then to water-
soluble SeO2 and selenous (H2Se03) and selenic (H2SeO4) acids (Monahan-Pendergast et al.
2008; Wang and Tang, 2011). Atmospheric inorganic volatile selenium forms, elemental Se
and SeQz, also derive from volcanic and anthropogenic emissions (Wen and Carignan, 2007).
Industrial sources include metallurgical industry, coal combustion, refuse incineration
(Amouroux et al., 2001; Blazina et al., 2017; Mosher and Duce, 1987; Yudovich and Ketris,

2006). Long distance transport of atmospheric Se is expected after conversion of volatile to



particulate forms in which Se may occur in elemental, selenite (SeQ3%") and selenate (SeO4>")
species. Several studies have also investigated Se concentrations in precipitation (Blazina et al.,
2017; Cutter and Church, 1986; De Gregori et al., 2002; Di Tullo, 2015; Ham and Tamiya,
2006; Lawson and Mason, 2001; Lidman et al., 2011; Pan and Wang, 2015; Sakata et al., 2006;
Suess et al., 2019; Suzuki et al., 1981; Wang and Gao, 2001). Reported values, from 20 to 2,830
ng L™, vary in a wider range compared to iodine. Regarding speciation, inorganic selenium, in
the forms of selenite and selenate, is essentially detected in waters including rainwaters. In
precipitation in Europe, Robberecht et al. (1983), Floor et al. (2011) and Suess et al. (2019)
reported that selenate was the major species (>65%). On the other hand, selenite was the most
present (>50%) in rain in Tokyo (Suzuki et al., 1981), in the western Atlantic (Cutter and
Church, 1986) and in Helsinki (Alfthan et al., 1995).

Unlike iodine and selenium, literature reporting levels of stable caesium in the
atmosphere or in rainwaters is very limited. On the other hand, the '¥’Cs radiocaesium was
measured in rainwaters following the Fukushima and Chernobyl accidents, showing that its
deposition is correlated with precipitation amount (e.g. Hotzl et al., 1989). Hence, the study of
stable caesium as a proxy of radiocaesium allows to better predict the fate of released
radiocaesium. In precipitation, the volume-weighted mean concentration of caesium in rain
collected during two months in Lennox Mountain (Massachusetts) was 7.5 ng L' (Dasch and
Wolff, 1989). Caesium has only one oxidation state (+1), and is present in waters as Cs” soluble
cation which is not volatilized but can form insoluble complexes with suspended matter
(Agency for Toxic Substances and Disease Registry, 2004). Atmospheric caesium is thus
expected to exist mainly as particulate forms either oxides or sorbed onto aerosols in windblown
seasprays and soil dust.

The Part 1. of our work describes the spatial distribution and seasonal variations of

iodine (*?), selenium ("®Se) and caesium ('**Cs) atmospheric depositions at the level of France.



Twenty-seven forest sites, representative of five climates (i.e. oceanic, Mediterranean,
transition, continental, mountainous), were monitored monthly in order to quantify I, Se and Cs
concentrations and fluxes in rainfall (i.e. total precipitation including rain, snow, hail and dry
deposition accumulated on the collectors). lodine and selenium speciation in rainfall was also
investigated. The aim of this Part 1. is both to contribute to comprehensive data set of
atmospheric depositions for these trace elements and to provide the basis to evaluate their
interactions with tree canopy that will be the objective of the Part II. companion paper Roulier

etal., 2020.

2. Materials and methods
2.1. Study sites

The 27 study sites are part of the French RENECOFOR network (the National Network
for the long term Monitoring of Forest Ecosystems), managed by the ONF (National Forest
Board) (www.onf fr/renecofor) as part of the Integrated Co-operative Programme on
Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests Level II) under
the UNECE Air Convention (http://icp-forests.net/). All study sites are in forested areas, and in
most cases are distant from cities or industrial emission sources (Ulrich et al., 1998). These sites
are equipped with weather stations to sample rainfall (Figure 1). They are distributed throughout
the French territory whose climate is temperate due to its middle latitude and the dominance of
winds from Atlantic. The study sites are grouped in five main types of climates (oceanic,
transition, continental, mountainous and Mediterranean) according to the temperatures,
precipitation, latitude and altitude of the regions, as well as their proximity to the seas
(Mediterranean Sea or English Channel) or the Atlantic Ocean, and their localisation compared
to the three main mountain ranges (Pyrenees, Massif Central, Alps)

(www.meteofrance.fr/climat-passe-et-futur/climat-en-france/le-climat-en-metropole) (SI
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Table S1). In the rest of paper, the Mediterranean site (PL20) localized in Corsica is included

in the Oceanic climate group.

Figure 1. French climates and studied sites in the French RENECOFOR network (n = 27). Oc:
Oceanic; Tr: Transition; Co: Continental, Mo: Mountainous; Me: Mediterranean. Base map:
Eric Gaba (https://commons.wikimedia.org/w/index.php?curid=4899458).

2.2. Sampling procedure

Sampling procedure, detailed in Roulier et al. (2019), was based on the ICP Forests
manual part XIV (Clarke et al., 2016). Briefly, rainfall was collected in bulk collectors
(including dry deposition) once a week from September 2016 to September 2017 in open field
areas while the precipitation amount was measured in a separate reference rain gauge (SPIEA
1650-01 model, graduated up to 100 mm). In order to avoid contamination of the samples with
solid particles, the rims of the collectors were 1.0-1.5 m above ground level. The weekly

samples were shipped to the laboratory in refrigerated tanks. Analyses were performed every

28 days on composite samples made from 4 weekly samples that were pooled in proportion to
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their volume. Hence, a total of 13 composite samples was analyzed per site. The monthly basis
composites were filtered at 0.45 um with cellulose nitrate membrane filters, but were not
acidified to prevent I losses through volatilization, and then stored in the dark at 4 °C until
analysis. Hereafter, the four seasons were defined as follows: September 2016 to November
2016 and September 2017 (Autumn; n = 4/site), December 2016 to February 2017 (Winter; n
= 3/site), March 2017 to May 2017 (Spring; n = 3/site), and June 2017 to August 2017 (Summer;

n = 3/site).

2.3. Chemical analysis
2.3.1. Physicochemical properties of rainfall

The main physicochemical properties of the rainwater (i.e. pH, dissolved organic carbon
and concentrations of major elements) were determined by the RENECOFOR network,
following the ICP Forests manual part XIV (Clarke et al., 2016). The methods used and the
limits of quantification are listed in SI Table S2. Briefly, most cations (Na, Mg, Ca, K) were
analyzed by ICP-AES, anions (CI", SO4*", NO3") by ionic chromatography, NH4" by continuous
flow UV-VIS-spectrophotometry, and dissolved organic carbon (DOC) with an elemental
analyzer. Quality control was insured according to the ICP Forests manual part XVI (Konig et
al., 2016). Samples were systematically re-analyzed in case the first results did not fulfill
validation tests (ion balance, measured conductivity vs calculated from ion concentrations,
Na/Cl ratio, total N vs sum of N-NH4 and N-NQO3); in addition, the laboratory itself had

successfully passed the international ring tests organized every two years in 2015 and 2017.
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2.3.2. Analysis of iodine, selenium and caesium

The instrumental operating conditions for ICP-MS are summarized in SI Table S3. The
quantification limits for total and speciation measurements were determined according to
TUPAC recommendations as 10 X standard deviation of blanks divided by calibration slope.

Total soluble elemental concentrations were measured by inductively coupled plasma
mass spectrometry (ICP-MS) (Agilent 7500ce for iodine and caesium, Agilent 7900 for
selenium, Agilent Technologies, Japan). External calibrations in ultrapure water were prepared
daily from individual I, Se and Cs single element standard 1 g L~! (SCP Science). Quantification
limits were 0.04 pg L', 0.6 and 2 ng L! for total iodine (**7), caesium (**Cs) and selenium
("8Se), respectively. Typical analytical precision was lower than 5% (Relative Standard
Deviation (RSD)).

An Agilent 1200 series HPLC pump was coupled to ICP-MS (Agilent 7900) for
speciation analyses of iodine (iodide I~ and iodate 1037) and selenium (selenite SeO3* and
selenate SeO4%"). Chromatographic separation was carried out on an anion exchange stationary
phase (Agilent G3154-65001 column and G3154-65002 guard column, Agilent Technologies,
Japan) with 20 mmol L' ammonium nitrate (= 99.5%, Sigma-Aldrich) as the mobile phase at
pH 8.5 adjusted with ammonia (NH4OH solution > 25%, Fluka) delivered at 1 mL min! flow
rate. Low percentage (2.5% v/v) of methanol (> 99.9%, Sigma-Aldrich) was added in the
mobile phase to improve sensitivity. The sample injection volume was of 100 uL.
Quantification was based on the standard addition method using daily diluted solutions of
certified standards of 1 g L! iodide from Sigma-Aldrich and, 1 g L~! iodate, 1 g L~! Se as
selenite and 0.1 g L™! Se as selenate obtained from Spectracer. The quantification limits were 5
ng L' (I-I05~ and Se-Se04%) and 10 ng L ™! (I and Se-SeO32"). Memory effects were checked
by periodically running blanks between samples. The unidentified fraction (denoted “other”

iodine and selenium: Iomer and Seotner, respectively) was calculated as the difference between
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total and inorganic species concentrations (i.e. Iother = I — (I" + I037) and Seoter = Se — (SeO3*
+ Se04%7)). Since some samples were only available for analysis three months after sampling,
we repeated an analysis on some samples three months after their first analysis to check the
stability of the total concentrations and speciation during storage. Average gaps of 4 +4, 10 +
5 and 2 + 2% were found for I, I and 1037, respectively. For selenium, the difference between
the two analyses was 9+ 6 and 8 + 4% for Se and SeO4>", respectively (SeO3> was not detected
in any re-analyzed samples). For Cs, the difference between analyses at 3-months intervals was

on average of 7 + 9%.

2.4. Calculation and data analysis
2.4.1. Calculation methods

For Seother and following calculations, a value of one half the quantification limit, i.e. 5
ng L1 as Se, was assigned to selenite concentration in samples that did not contain quantifiable
level of this species.

To take into account the influence of sample volume on concentrations, the annual and
seasonal volume-weighted mean (AVWM and SVWM, respectively) concentrations were
calculated from elemental or species concentrations (c;; pg L) and the sample volume (V7
mm) for the analysed time period as follow (Equation 1):

Ly (e xVy)
AVWM or SVWM =——+—% (1)
ZiVi

For SVWM concentrations, the four seasons were defined as follows: September 2016 to

November 2016 and September 2017 (Autumn), December 2016 to February 2017 (Winter),

March 2017 to May 2017 (Spring), and June 2017 to August 2017 (Summer).
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The annual elemental flux (g ha™! yr™!) in rainfall (RF) was calculated as the sum of the

monthly elemental concentrations in the water multiplied by the corresponding monthly water

flux (provided by ONF-RENECOFOR).

2.4.2. Statistical analyses

Preliminary analyses were conducted to assess overall multivariate relationships
between the different variables measured in our study. At first, a principal component analysis
(PCA) was applied to the AVWM elemental concentrations from the 27 studied sites to evaluate
preferential association between chemical elements in rainfalls. Second, relationships between
pairs of variables were tested using Pearson’s correlations to assess the relationship between
pairs of quantitative variables and an analysis of variance (ANOVA) to assess relationships
between quantitative and categorical variables. Prior to these analyses, the normality of the data
was evaluated with a Shapiro-Wilk test. For variables that did not satisfy normality, a non-
parametric approach was preferred with the Spearman’s correlation and the Kruskal-Wallis to
replace Pearson’s correlations and ANOVA, respectively.

The relationships between each AVWM elemental concentrations and the explanatory
variables (i.e. altitude and rainfall amount) were further investigated using ordinary least
squares (OLS) multiple regression analyses. Statistical analyses and boxplot representations

were performed with R programming environment (R Core Team, 2013, version 3.4.3).
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3. Results and discussion

Detailed data for (a) annual water amount, annual pH mean, AVWM concentrations of
DOC and major elements; (b) AVWM concentrations of total I, Se and Cs, and proportions of
I and Se species; and (c¢) seasonal water amount and SVWM concentrations of total I, Se and

Cs in rainfall for each site are available in SI Tables from S4 to S8.

3.1. Spatial and seasonal rainfall water fluxes and their physicochemical properties
Spatial differences in rainfall amounts were observed among sites; for the study period,
annual rainfall ranged from 518 to 2,365 mm yr ! (mean = 893 + 391 mm yr '; SI Figure S1).
The highest annual rainfall levels (760-1,270 mm yr ') were recorded in mid- and high-altitude
mountains (altitude > 400 m), and were related to orographically induced rainfall. The southern
HET30 site, located in the Cévennes Mountains (Figure 1) and characterised by strong
convective rainfall (Vidal et al., 2010), had the highest annual rainfall (SI Figure S1; 2,365 mm
yr 1) as observed for previous years (mean annual rainfall between 1995 and 2007 = 2,400 mm
yr1; Pascaud et al., 2016). Annual rainfall was the lowest (< 600 mm) in the western and
northern areas influenced by a marine west-coast climate (SI Figure S1). A high variability in
seasonal rainfall was also observed. Overall, monthly rainfall was higher at the end of autumn
(November 2016) and beginning of spring (March 2017) and lower in winter (December 2016
and January 2017) and April 2017 (SI Figure S2). Rainfall pH values were mostly acidic, with
mean annual values of 6.0 + 0.5 (SI Table S4). Dissolved organic carbon (DOC) concentrations
in rainfalls were very low (median = 0.50 mg L) and therefore were not systematically

detected.
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3.2. lodine, selenium, caesium and major elements in rainfall
3.2.1. Rainfall elemental concentrations
3.2.1.1. Spatial distribution

Sodium and chlorine were major elements in rainfall, with AVWM concentrations
ranging from 0.20 to 3.94 mg L ! (SI Table S5; median = 0.53 mg L) and from 0.34 to 7.55
mg L! (median = 0.99 mg L), respectively. Sea spray aerosols are the major contributors to
Na and Cl in rainfall with molar Cl/Na ratio of seawater composition (i.e. 1.17; Bruland and
Lohan, 2003). The slope of annual VWM Cl versus Na molar concentrations in rainfall equaled
1.23 + 0.01 (SI Figure S3, R2 = 0.99) and was thus comparable to the molar Cl/Na ratio in
seawater; this is consistent with results of Blazina et al. (2017) obtained in England with a molar
Cl/Na ratio in rainfall of 1.25. Hence, no significant depletion of Cl relative to Na seemed to
occur, and rainwater composition indicated a marine influence as previously observed in France
and Western Europe (Deboudt et al., 2004; Delalieux et al., 2006). Rains were also mostly
composed of terrestrial ions with Ca (SI Table S5; median = 0.46 mg L ') mainly provided by
dust from the Sahara Desert and/or the regional erosion of soils (Lequy et al., 2012), the
anthropogenic components NO3 and NH4*, (median =0.22 and 0.36 mg L !, respectively) from
traffic, industry and agriculture sources (Bertrand et al., 2008; Pascaud et al., 2016), and SO4>
(median = 0.24 mg L) from anthropogenic, volcanism and marine sources (Balestrini et al.,
2007; Bertrand et al., 2008). AVWM I concentrations in rainfall varied between 0.82 and 2.70
ug L1 (SITable S6; median = 1.42 ug L ™!). These concentrations were similar to those reported
by Neal et al. (2007) (1.41 ug L) and Bowley (2013) (2.25 ug L'!) in the UK., Aldahan et al.
(2009) (2.37-2.77 ug L'!) in Sweden and Denmark, Lehto et al. (2012) (0.47-0.72 ug L") in
Finland, and Suess et al. (2019) (0.34-1.29 ug L'!) in Switzerland and France. In our study,
selenium and caesium concentrations in rainwater were much lower than those of iodine,

ranging from few ng L™ to tens of ng L™!. AVWM Se concentrations ranged between 23 and
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85 ng L ! (SI Table S6; median = 44 ng L!). This is in the lowest range of Se concentrations
reported in rainwater in Europe (40-1,600 ng L) as reviewed by Conde and Sanz Alagjos
(1997), in China (30-590 ng L!; Wang and Gao, 2001), and in Japan (100-1,400 ng L~!; Ham
and Tamiya, 2006). Comparable Se concentrations were reported in rain from Northern Sweden
and Finland (50 and 120 ng L™!, Lidman et al., 2011) and from rural and agricultural areas in
Chile (40 and 130 ng L!; De Gregori et al., 2002). More recently, Blazina et al. (2017) reported
rainfall Se concentrations in the U.K. ranging from 310 t0 2,830 ng L'}, and Suess et al. (2019)
from 20 to 50 ng L ! for two Swiss and French high-altitude sites. Very little is known about
stable caesium concentrations in rainfall, since most studies on caesium in rain focused on *’Cs
release after the Chernobyl and Fukushima accidents. The values measured in this study,
between 2 and 13 ng L'! (median = 5 ng L'!), are similar to those reported in Massachusetts
precipitation (5-24 ng L~!; Dasch and Wolff, 1987) and are thus in the lower range of stable
caesium concentrations in fresh water, lakes and rivers (10-1,200 ng L~!; Burger and
Lichtscheidl, 2018).

In order to determine similarities between the chemical elements in rainfall, the principal
component analysis (PCA) applied to the AVWM elemental concentrations for the 27 studied
sites is shown Figure 2. The variables included concentrations of elements of interest (i.e. I, Se
and Cs), concentrations of major elements (i.e. Na, Cl, Mg, Ca, K, SO4?", NO3~ and NH4"),
DOC concentrations and annual rainfall amounts. The first three PC axes explained 76.8% of
the total variance of data (Table 1), and only the first two axes are represented (Figure 2; 65.3%
of the total variance). The first PC axis (44% of the total variance) suggested that both iodine
and selenium were associated with elements of marine origin (Na, Cl, Mg, SO4>") as well as
with certain elements mainly of terrestrial origin (Ca, K, SO4?") and with DOC of biogenic (e.g.
marine environment, vegetation) and anthropogenic (e.g. fossil fuel combustion) sources. The

second PC axis (21.3% of the total variance) highlighted association of anthropogenic

15



components (NHs", NO3") and Cs. The third PC axis associated selenium concentrations and

rainfall amount (11.5% of the total variance).

Principal Component Analysis - Variables

cos?
B 0.0
g : 0.8
0.0 L — 07
TR 0.6
0.5
0.4

s 0.3

Axis 2 (21.3%)

-1 I. ] »IJI. b 0.0 i .IE 1 .Il:l
Axis 1 (44%)

Figure 2. The correlation circle of the principal component analysis (PCA) showing the
contribution of AVWM elemental concentrations in rain and annual rainfall amount on the
first two PC axes. Representation of the variables on PC axis 1 and 2 is expressed in cos2.

Table 1. The contribution (loadings) of each AVWM elemental concentrations in rain and
annual rainfall amount on the first three PC axes. The percentage of variance explained by
each axis is given in parentheses. Bold indicates that the variable correlates well with the axis.

Axis (% of the total PCl1

Variaéce) (a4) PC2 (213) PC3(11.5)
Rainfall amount (mm) -0.461 -0.486 0.628
Na (mgL™) 0.870 -0.373 -0.104
Cl(mgL™) 0.891 -0.342 -0.111
Mg (mg L) 0.939 -0.230 -0.040
Ca(mgL™) 0.528 0.203 0.031
K(mgL™) 0.732 0.413 -0.231
SO4* (mgL™) 0.840 -0.133 0.249
NHs" (mg L) 0.091 0.873 0.152
NO; (mgL) 0.102 0.843 0.453
DOC (mgL™1) 0.669 0.406 -0.367
I(ugL™ 0.831 0315 0.223
Se (ng L) 0.604 0.035 0.732
Cs(ng L) -0.193 0.501 -0.091
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The PCA clearly showed a high positive relationship between AVWM 1, Na, Cl and Mg
concentrations consistent with their common marine origin in the rains. Consequently, AVWM
I concentrations were significantly higher under oceanic climate than for transition, continental
and mountainous sites (Figure 3 (b); Kruskal-Wallis test, p < 0.001). Likewise, Aldahan et al.
(2009) and Bowley (2013) determined higher iodine concentrations in rainfall from coastal
areas compared to continental sites. In the current study, the PCA showed common patterns
between selenium and both marine and terrestrial components consistent with the various
sources of Se in atmosphere (i.e. natural marine and terrestrial sources + anthropogenic
releases) resulting in no significant difference between AVWM Se concentrations in rains under
oceanic, transition and continental climates (Figure 3 (c); Kruskal-Wallis test, p <0.05). Unlike
I and Se, AVWM Cs concentrations in rainfall were significantly higher for continental sites
than for oceanic, transition and mountainous sites (Figure 3 (d); Kruskal-Wallis test, p < 0.05).
Caesium concentrations in rainfall might have a terrestrial origin, such as atmospheric dusts
derived from wind erosion of the Earth’s surface which contains Cs. The association of Cs with
NH4" and NOs~ (Table 1 and Figure 2) supports this hypothesis since the latter two
anthropogenic components are used in agriculture and when soils are tilled, suspended soil

particles are released into the atmosphere.
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Figure 3. Distribution of AVWM concentrations of (a) sodium, (b) iodine, (c) selenium and
(d) caesium in rains across the four climates. The Mediterranean site (PL20) is included in the
Oceanic climate group. Distributions are represented by boxplots based on the five-number
summary, that is: minimum, first quartile, median, third quartile and maximum. Black
diamonds indicate mean value. Climates accompanied by a different letter are significantly
different from each other (pairwise Wilcoxon test, with Holm adjustment for p-values).
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Iodine and selenium concentrations were also influenced by orographically induced
precipitation as indicated by the results of a multiple regression analysis (Table 2). Indeed,
AVWM concentrations of both I and Se in rainfall decreased with increasing altitude (Table 2;
p < 0.05). On the contrary, there was no link between AVWM Na and Cs concentrations in
rainfall and site altitude (Table 2; p > 0.05). These results are consistent with previous studies
suggesting that iodine concentrations in rainfall are also influenced by an orographically
induced removal effect (Aldahan et al., 2009; Gilfedder et al., 2007b; Reithmeier et al., 2006).
Indeed, Gilfedder et al. (2007b) study on orographically induced precipitation demonstrated

that iodine concentrations in rainfall significantly decreased with altitude.

Table 1. Statistical analyses for AVWM Na, I, Se and Cs concentrations in rain. Summary of
p-values obtained through multiple regression analyses.

Candidate explanatory variables Sodium Todine Selenium  Caesium
Altitude 0. 0649 <0.05 <0.05 0.8380
Rainfall amount 0.6952 0.2043 <0.05 0.8180

3.2.1.2. Seasonal variability

Considering all sites and months, monthly Na, I, Se and Cs concentrations in rainfall
ranged from 0.06-11.62 mg L™, 0.30-4.73 ug L™}, 8-472 and 1-32 ng L !, respectively. Sodium
and caesium concentrations varied considerably throughout the year within the same site (for
the 27 sites average factor of 15 and 8, respectively) more markedly than those of I and Se
(average factor of 4 and 5, respectively). In past research on rainfall chemistry, the relationship
between elemental concentrations and rainfall amount has been mentioned many times and
attributed mainly to the washing out of elements during precipitation and/or to the rainfall
dilution effect (e.g. Blazina et al., 2017; Suess et al., 2019; Suzuki et al., 1981; Xu et al., 2016).
In our study, considering all sites and months there was no relationship between monthly Na,

I, Se or Cs concentrations and monthly rainfall amounts (SI Figure S4).
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The changes in SVWM Na, I, Se and Cs concentrations in rainfall in four seasons
according to climates are presented Figure 4. Under oceanic and transition climates, SVWM
Na concentrations were significantly higher in winter and spring than in summer and autumn
(Figure 4 (a); Kruskal-Wallis test, p <0.05). This finding is in accordance with previous studies
indicating that higher sodium concentrations in winter may be due to the greater amount of
maritime air recorded during this season, and western air masses from the Atlantic Ocean in
France are more frequent at this period of the year (Calvo et al., 2012; Thimonier et al., 2008).
However, for continental and mountainous sites, sodium concentrations were not significantly
different from one season to another (Kruskal-Wallis test, p > 0.05). Unlike sodium, SVWM I
concentrations were generally significantly higher in summer and autumn than in winter and
spring for all climates (Figure 4 (b); Kruskal-Wallis test, p < 0.05). For other European sites,
Campos et al. (1996) (England), Gilfedder et al. (2007a) (Germany and Switzerland), Aldahan
et al. (2009) (Sweden and Denmark) and Suess et al. (2019) (Switzerland) also observed an
increase in iodine concentrations over the summer months. Whereas for some English sites,
Truesdale and Jones (1996) and Baker et al. (2001) noted no relationship between rainfall I
concentrations and season. Baker et al. (2001) explained this lack of seasonal trend by the
important influence of wind speed changes on sea spray inputs. Moreover, previous works have
shown that terrestrial areas receive higher amounts of moisture derived from the continent in
summer, spring and autumn than they do in winter (Calvo et al., 2012; Pio et al., 2007; Pupier
et al., 2016; Suess et al., 2019; Thimonier et al., 2008). Consequently, higher concentrations of
I in the warmest months (summer-autumn) could be due to a higher contribution of continental
sources (e.g. volatilization of I, evapotranspiration through soil and vegetation, wind-borne soil
dust) during these warmest seasons. On the other hand, in the current study, SVWM Se
concentrations were higher in summer only for mountainous climates (Figure 4 (c¢); Kruskal-

Wallis test, p < 0.05). In our study, no clear seasonality was observed for Cs with SVWM
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concentrations showing similar trend as annual ones with higher seasonal values under

continental climate in all seasons (Figure 4 (d)).
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Figure 4. Seasonal volume weighted mean (SVWM) concentrations of (a) sodium, (b) iodine,
(c) selenium and (d) caesium in rainfall according to climate (n = 26 sites, the mountainous
HET30 site was excluded due to its exceptionally high water amount). The Mediterranean site
(PL20) is included in the Oceanic climate group. Error bars correspond to standard errors.
Ocean. = Oceanic, Trans. = Transition, Conti. = Continental and Mount. = Mountainous. The
four seasons were defined as follows: September 2016 to November 2016 and September
2017 (Autumn; n = 4/site), December 2016 to February 2017 (Winter; n = 3/site), March 2017
to May 2017 (Spring; n = 3/site), and June 2017 to August 2017 (Summer; n = 3/site). For
each climate, seasons accompanied by a different letter are significantly different from each
other (Post hoc Dunn test after significant Kruskal-Wallis test).
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3.2.2. Rainfall elemental fluxes

Since rainfall amounts and elemental concentrations varied significantly from month to
month, as expected their rainfall fluxes showed significant monthly variations within the same
site. Considering all sites and months, ranges for monthly Na, I, Se and Cs RF were 0.001-
0.712 g m™ month!, 0.01-1.29 mg m™ month™!, 0.2-77.4 and 0.04-3.59 pg m™ month !,
respectively. Ranges of annual rainfall I, Se and Cs fluxes were: 7.6-51.8, 0.25-2.01 and 0.02-
0.12 g ha! yr'!, respectively (SI Figures S5). The sites HET30, HET64 and PL20 had the
highest I and Se rainfall fluxes (> 27 and > 0.70 g ha! yr'!) due to both the highest annual
rainfall amounts (> 1,000 mm yr ') and their proximity to coasts (< 80 km), which resulted in
higher AVWM I and Se concentrations (I: 2.2, 2.0 and 2.7 ug L', Se: 85, 51 and 70 ng L'!; for
HET30, HET64 and PL20, respectively). Excluding these three sites, there was very little
variation among rainfall I and Se fluxes according to climate (SI Figure S6; mean RF(I) = 13.7
+33,119430,88+14and 11.8+ 1.7 gha! yr'; mean RF(Se) = 0.35 + 0.08, 0.36 + 0.13,
0.35 £ 0.07 and 0.33 £ 0.06; for oceanic, transition, continental and mountainous climates,
respectively). Such values are in the same order of magnitude as those previously reported in
Sweden and Denmark (3.4-15 g ha'! yr'! (2000-2006 period); Aldahan et al., 2009) and, in
North-Eastern France (15.4 = 1.7 gha ! yr'! (2014-2016 period); Roulier et al., 2018). Aldahan
et al. (2009) also observed higher values at sites near coasts compared to inland ones. Annual
Se inputs associated to rainfall were comparable to those previously reported in the North-East
of France (1.11 g ha ! yr'!; Di Tullo, 2015), in Northern Finland and Sweden (0.43 to0 0.49 g
ha! yr'!; Lidman et al., 2011), in China (0.15 to 0.3 g ha! yr'!; Wang and Gao, 2001) and in
the western Atlantic (0.45-1.5 g ha'! yr'!; Cutter and Church, 1986). Concerning Cs, highest
rainfall fluxes of 0.12 g ha ! yr'! were quantified at two sites (HET30 and SP68) due to highest
annual rainfall amount and highest AVWM Cs concentration, respectively. With the exception

of these two sites, Cs rainfall fluxes under oceanic climate (0.033 + 0.008 g ha ' yr!) were
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slightly lower compared to other climates (0.05 £ 0.02, 0.06 £+ 0.02 and 0.05 +0.02 gha ! yr!

for transition, continental and mountainous climates, respectively).

3.2.3. lodine and Selenium species in rainfall
3.2.3.1. lodine species

The annual contributions of I', 103~ and “other” 1odine compound(s) in rain ranged from
8-44, 16-37 and 39-66%, respectively (Figure 5 (a); means = 25.55, 24.85 and 49.60%,
respectively). Therefore, over the year, the rains contained on average equal proportions of
inorganic and “other” iodine compounds. In Central Europe, Gilfedder et al. (2007a) also
observed that iodine was mostly organically bound (about 56%) and that iodide was more
abundant than iodate (about 27 and 10%, respectively).

In the current study, iodide proportions were significantly higher in rains under
continental and mountainous climates than under oceanic climate (Figure 6 (a); Kruskal-Wallis
test, p < 0.001). On the other hand, iodate proportions were significantly higher in rains under
oceanic and transition climates than under continental and mountainous climates (Figure 6 (b);
Kruskal-Wallis test, p <0.001). These results are in line with some previous findings indicating
that the share of 103 is higher in marine-derived rainfall than in continental rainfall (e.g.
Gilfedder et al., 2007a; Gilfedder et al., 2008). Gilfedder et al. (2007a) found that soluble
organically bound iodine (calculated as total iodine minus inorganic iodine species) was the
dominant fraction in all rain samples collected in Australia, New Zealand, Patagonia, Germany,
Ireland and Switzerland, generally accounting for 50-80% of total iodine. They hypothesized
that soluble organically bound iodine would be formed by a reaction between organic matter
derived from the ocean’s surface layer and HOI and/or 12 produced by the oxidation of I", and/or
the reduction of 103". In our study, no correlation between “other” iodine fraction and DOC

concentrations was found (results not shown). This lack of correlation could be explained by
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(a)

the various sources of DOC in rains that can be both biogenic and anthropogenic. However,

two unknown iodine containing peaks were detected in rainwater samples in addition to
inorganic compounds (SI Figure S7 (a)). With similar anionic chromatographic analysis,
Gilfedder et al. (2008) also detected unidentified iodine-containing compounds, likely anionic

transferred from aerosols to rainwater.

organic iodine species
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Figure 5. Annual proportions of (a) iodide, iodate and “other” 1odine and (b) selenite, selenate
Med.: Mediterranean. Error bars show the standard errors.
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Figure 6. Distribution of (a) iodide and (b) iodate proportions in rains across the four climates.
The Mediterranean site (PL20) is included in the Oceanic climate group. Distributions are
represented by boxplots based on the five-number summary, that is: minimum, first quartile,
median, third quartile and maximum. Black diamonds indicate mean value. Climates
accompanied by a different letter are significantly different from each other (pairwise
Wilcoxon test, with Holm adjustment for p-values).

The contributions of I™ and 103~ in rainfall showed an important monthly variability
within the same site whatever the climate conditions. Although iodine speciation could depend
on rainfall pH, no link was found between the variability of iodine species concentrations (or
proportions) and rainfall pH (results not shown). Whereas iodide showed no clear seasonal trend
(SI Figure S8 (b); Kruskal-Wallis test, p > 0.05 except for mountainous climate with p <0.001),
iodate proportions significantly increased during winter (SI Figure S8 (a); Kruskal-Wallis test,
p < 0.001 for all climates), especially under oceanic and transition climates. This result is
consistent with expected contribution of moisture from marine sources (contributing to a higher

103~ proportion) which is more important in winter than during warmer months, resulting in the
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decrease of 1odate fraction in summer. The lack of seasonal trend for iodide might be explained
by its oxidation and subsequent reaction with atmospheric compounds. Indeed, iodide oxidized
to I> or HOI is likely to react with atmospheric organic compounds derived from the oceanic
surface micro layer or from a terrestrial source (Gilfedder et al., 2007a). Contrary to our results,
for a site in southern Germany, Gilfedder et al. (2007a) found no strong seasonal patterns in
inorganic iodine speciation. However, in contrast, organically bound iodine concentrations and
their percentages were higher during summer months than in winter. In our study, the “other”
iodine compounds fraction showed no clear monthly pattern (SI Figure S8 (c¢); Kruskal-Wallis
test, p > 0.05 for all climates). We detected two unknown iodine containing peaks but this
unidentified fraction could correspond to a mixture of various iodine compounds due to both
(1) organic iodine directly derived from marine and continental sources and (2) reaction

between iodine and atmospheric organic carbon compounds (gaseous or particulate matter).

3.2.3.2. Selenium species

An example of IC-ICP-MS chromatogram of inorganic selenium species in rainfall is
shown in SI Figure S7 (b). Most of the rains had selenite concentrations below the limit of
quantification and the value of 5 ng L'! as Se (half of the quantification limit) was assigned to
selenite concentration in these samples. In annual average, rainfall contained mostly “other”
selenium compounds and inorganic selenium was clearly minor pool (range and mean = 7-20
and 10, 14-39 and 24, 46-75 and 66%, for SeO3*, SeO4* and Seomer respectively). Only the
mountain site HET30 had equal levels of inorganic Se and other unidentified compounds. Suess
et al. (2019) reported that selenium was mainly present as SeO4> with average contributions of
around 65-84% at high altitude Swiss and French sites. These authors also indicated that the
presence of unidentified Se accounted for up to 60% of total Se. Higher proportions of selenate

were reported for rainwater sampled in Antwerp (80%; Robberecht et al., 1983) and on the
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Mount Etna volcano (67%; Floor et al., 2011). On the contrary, selenite was the major species
detected in rains in Helsinki (60%; Alfthan et al., 1995), Tokyo (50-90%; Suzuki et al., 1981)
and the western Atlantic (66% on average; Cutter and Church, 1986). In our study, for all sites,
AVWM selenate concentrations were significantly positively correlated with those of Se
(Figure 7, R2= 0.65; Spearman’s correlation, p < 0.001), whereas no correlation was found with
climate (Kruskal-Wallis test, p > 0.05). As for iodine species, the contributions of SeO3*~ and
Se04* in rainfall varied significantly from month to month within the same site whatever the
climate (SI Figure S9), and no link with rainfall pH was found (results not shown). Selenium
volatilization by microbial methylation (from marine and continent biospheres), and industrial
activities contribute to the release of atmospheric Se into various organic and inorganic forms
(e.g. Lag and Steiness, 1974; Suess et al., 2019; Vriens et al., 2014; Wen and Carignan, 2007).
Spatial and temporal variations in selenium speciation in rainfall reflect thus the various
atmospheric pathways, from emission to deposition, of these various emitted sources affected

by oxidation reactions during atmospheric transport.
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Figure 7. Relationships between AVWM total Se and selenate concentrations in rainfall.
Error bars correspond to standard errors.
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4. Conclusion

In this work, we analysed the spatial and seasonal variations of I, Se, Cs in rainfall in 27
forest sites all over France. The results of one year of monitoring indicated that annual volume
weighted mean concentrations of iodine in rainfall were much higher than those of Se and Cs
(factor = 35 and 312, respectively), and significantly higher under oceanic climate than for
transition, continental and mountainous sites which is consistent with a predominant
atmospheric marine source. Spatial distribution of annual Se concentrations was not so clear
probably due to the various sources of Se in atmosphere (natural marine and terrestrial sources
+ anthropogenic releases); while Cs concentration was significantly higher under continental
climate. The association of Cs with agricultural anthropogenic NHs" and NO3~ elements
supports a more terrestrial origin of this element in rainfall. Resulting annual rainfall fluxes of
iodine and selenium were relatively homogeneous (12 + 3 and 034 + 0.08 g ha™! yr,
respectively) with the exception of three sites with annual pluviometry above 1000 mm yr!
that coincide with highest annual concentrations. Annual average rainfall deposition was
composed in equal proportions of inorganic and unidentified I compounds, and mostly of
unidentified Se compounds which proportion was higher than the one of inorganic selenium
detected mainly as selenate. Qualitative and quantitative description of atmospheric deposits of
stable selenium, iodine and caesium presented in this paper was the necessary first step to
further investigate their interactions with tree canopies that will be presented in the Part II. of

this paper.
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