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Highlights
e Tritium contents in river waters are lower than in rain waters.

e Contrarily to rain waters no seasonality is demonstrated for river
waters.

e Variation of tritium concentrations in rivers depends on various
parameters.

e Tritium inputs by rainfall, altitude, basin surface are the main
parameters involved.

e Tritium fluxes delivered to the Mediterranean Sea are estimated.
Abstract

Tritium background levels in various environmental compartments are deeply
needed in particular to assess radiological impact, especially in river systems where
most of releases from nuclear facilities are performed. The present study aims to
identify the main environmental factors that influence tritium background levels in
rivers at the regional scale. 41 samples were collected from 2014 to 2016 along 17
small rivers in the south of France. All were located out of the influence of direct
releases from nuclear facilities. Tritiated water (HTO) concentrations measured in
water samples ranged from 0.12 + 0.11 t0 0.86 + 0.15 Bq L-* and HTO concentrations
in rains were modelled between 2015 and 2016 over the study period referring to time
series acquired from 1963 to 2014 at Thonon-les-Bains monitoring station. The
results of tritium concentrations in rivers studied present a significant variability and
are more than twice lower than forecasted values in rain. Multiple linear regressions
allowed identifying that HTO concentration in rains, watershed area and altitude
were the main tested parameters that are linked to the variability of HTO
concentrations in the studied rivers. Finally, HTO fluxes delivered to

the Mediterranean Sea by French coastal rivers out of influence of nuclear releases
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were estimated. The results highlight that those account for around 1% of HTO
exported while 99% are transferred by the nuclearized Rhone River.
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1. Introduction

Tritium is the radioactive hydrogen isotope characterized by a half-life of 12.32 years, a low
energy beta emitter (average energy of 5.7 keV) decaying to the stable element *He. Tritium is
naturally produced in the environment mainly by nitrogen (**N) atoms absorbing neutrons
from cosmic rays in the upper atmosphere, a production significantly higher than its telluric
production. These natural processes lead to a rather constant amount of 1EBq at equilibrium
at the global scale (Eisenbud et al., 1979, Zerriffi, 1996). Tritium had been also artificially
produced since the middle of the last century by the atmospheric nuclear weapon testings
from 1945 to 1980, with peaking releases in 1958 and 1962. Explosions from nuclear tests led
to tritium emissions in the atmosphere as tritiated hydrogen (HT) and methyl tritium gas
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(CHaT) that were rapidly oxidized and converted into tritiated water molecules (HTO). Those
inputs generated tritium concentrations in rains more than one hundred times above natural
levels during the peaking emissions in 1963 (UNSCEAR, 2000).

Among contemporary anthropic sources of tritium, reprocessing plants release most
quantities. For example, nuclear discharges of AREVA NC La Hague (France) are about 10
times larger than releases of all French Nuclear Power Plants (NPP) (IRSN, 2009). Currently,
tritium is the major radionuclide, with 14C, to be released in both liquid and gaseous effluents
by Nuclear Power Plants (Gontier and Siclet, 2011). Tritium is additionally released to a
lesser extent by tritium production facilities and other plants using tritiated compounds
regarding their luminescent properties or for medical research purposes. At the global scale
about 0.1 EBq per year are released by the nuclear installations (UNSCEAR, 2000); i.e., 10
fold less that the natural production at equilibrium.

Tritium exchanges very quickly with hydrogen or water molecules and is thus extremely
mobile and ubiquitous in all compartments of the environment. It is encountered in gaseous
forms (HT, CHsT), liquid form (HTO), as well as associated with naturally-occurring organic
compounds (Organically Bound Tritium - OBT), or with man-made organic molecules
(Croudace et al., 2012, Krejci and Zeller, 1979) or refractory sub micrometric particles (El-
Kharbachi et al., 2014). HTO is by far the predominant form in the environment and thus
closely follows the whole water cycle and the water mass dynamics. Consequently, it is
generally encountered in various components of the hydrosphere including atmosphere,
rivers, marine waters, underground waters, interstitial water in soils and sediments and tissue
free water within organic compounds.

Tritium was widely used in the field of hydrogeology for its tracing properties enabling to
estimate origin, residence time, dynamic, mixing, storage volumes of groundwater and their
zone of discharge in surface waters (Gusyev et al., 2016, Mayer et al., 2014, Michel, 1992,
Michel, 2004, Mundschenk and Krause, 1991, Ravikumar and Somashekar, 2011, Subbotin et
al., 2013). Tritium was also widely used like tracer in the frame of marine studies (Andrie and
Merlivat, 1988, Bailly du Bois et al., 2002, Broecker et al., 1986, Bush, 1988, Butzin and
Roether, 2004, Géte Ostlund, 1994, Gote Ostlund et al., 1974). Finally, various studies were
performed in order to investigate the radiological impact of tritium releases from nuclear
facilities on the environment referring to pre-testing baseline levels (Dincer and Davis, 1984,
Eyrolle-Boyer et al., 2014, Mundschenk and Krause, 1991, Vakulovskii et al., 1978). Tritium
behavior and fate were often studied close to military, industrial or nuclear research center
areas such as Semipalatinsk Nuclear Test Site (Mitchell et al., 2008, Subbotin et al., 2013),
NPP (Ciffroy et al., 2006, Gontier and Siclet, 2011, Kotzer and Workman, 1999, Mundschenk
and Krause, 1991, Péron et al., 2016) or more rarely after the Fukushima Dai-ichi NPP
accident (Kakiuchi et al., 2012, Matsumoto et al., 2013, Ueda et al., 2015). Some studies
contributed to establish long time series for tritium concentrations in various hydrosystems
and generally allowed to determine tritium activity in the nearest influenced zone close to
those sites, i.e., the amount of anthropogenic tritium at the downstream part of nuclearized
rivers (Bondareva and Rubailo, 2016, Ciffroy et al., 2006, Marang et al., 2011, Pujol and
Sanchez-Cabeza, 2000, Tomasek and Wilhelmova, 1996, Varlam et al., 2012).

In this context, tritium baseline levels are deeply needed in the various environmental
compartments in order to characterize the environmental impact of nuclear releases and to
identify potential sources of tritium other than nuclear facility discharges. It is known that
tritium baseline (HTO form) in rivers varies according to physical, climatic and geographic
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parameters spreading from regional to global scales within the hydrosphere. Therefore, in
order to assess to the variability of tritium concentrations in rivers, water samples were
collected among various French Mediterranean catchment located out of the influence of
atmospheric and liquid nuclear releases. Statistical approaches were performed in order to
identify the most sensitive parameters accounting for the variability of HTO concentrations in
rivers. Finally, tritium fluxes delivered from these different rivers to the northwestern part of
the Mediterranean Sea were estimated and compared to those calculated for the nuclearized
Rhone River.

2. Materials and methods

2.1. Location of sampling areas

Sampling stations were mainly selected in South-Eastern France, in rivers out of influence of
atmospheric or liquid radioactive releases from nuclear facilities in agreement with Eyrolle-
Boyer et al. (2014) (Fig. 1). All nuclear power plants and a reprocessing plant (Marcoule)
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were taken into account in order to avoid any impact of direct atmospheric and liquid releases.
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Fig. 1. Location of the study area. Sampling stations are represented by red points. Rivers
investigated are symbolized in light blue and the Rhéne River in dark blue. Watersheds are
demarcated by black lines. The background colors show the elevation. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this

article.)

In order to identify these areas, GIS software (ARCGIS) were used to target rivers. Various
upstream and downstream stations were selected and sampled to study variations of tritium
concentrations in freshwater.
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2.2. Sampling

This step was manually carried out using a sampling rod to sample in the center of the river
(in the middle of the water column after the depth has been estimated) in order to enhance the
representativeness and limit remobilization of particles from bottom sediments and banks. All
samples were taken after at least 7 days without rainfalls and flood events. Samples were
filtered directly in-situ with GVS® filters (0.22 um). The filtered water was immediately
stored in previously dried (40 °C) amber glass vials then stocked in a cooler to the laboratory.
Then, samples were packaged in aluminized bags under vacuum in order to avoid any
exchange with the surrounding atmosphere and stored at 4 °C until analysis.

2.3. Analytical method

Two analytical methods were used to quantify tritium concentrations in river water samples.

Samples filtered in the field then distilled in laboratory. 70 mL of water sample with
70 mL of scintillation cocktail (Ultimagold LLT — PerkinElmer) in a polythene
antistatic vial before scintillation counting with Hitachi ALOKA LSC-LB7. The mean
uncertainty is equal to 57%.

500 mL of water sample distilled then concentrated by electrolytic enrichment during
9 days to obtain an average enrichment factor of 25. In a second part, added 12 mL of
scintillation cocktail (Ultimagold uLLT — PerkinElmer) with 8 mL of the sample
enriched and neutralized with lead chloride in a polythene antistatic vial before
scintillation counting with Tricarb 3180 TR/SL. The mean uncertainty is equal to 7%.

2.4. Other data sets

Tritium concentrations in rainfall in Thonon-les-Bains (France) near Geneva (Switzerland)
(altitude: 385 m; latitude: 46.3708°) (Fig. 1) are produced for the International Atomic Energy
Agency (IAEA) and available in the Wiser Data base (Global Network of Isotopes in
Precipitation (GNIP)) from 1953 until 2012. Rain water samples measured between 2012 and
2014 were provided by the Laboratory of Hydrogeology of Avignon University (UMR
EMMAMH). Tritium concentrations in rainfall after 2014 were established by forecasting.
Rainfall intensity and altitude data sets arise from Météo-France and are available on
“Publitheque” (https://publitheque.meteo.fr). Hydrological data set for all rivers come from
the “Banque HYDRO - MEEDDAT/DGPR/SRNH”
(http://www.hydro.eaufrance.fr/indexd.php).

Surface areas of drainage basins were calculated with GIS software (ARCGIS) and a Digital
Elevation Model (DEM).

2.5. Statistical analysis

2.5.1. Modelling rain tritium concentration time series in Thonon-les-Bains (France)
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Monthly tritium concentrations measured in rainwater in Thonon (France) between January
2000 and December 2014 (i.e. 180 measurements) were modelled using autoregressive-
moving-average (ARMA) model. The original time series contained 18 missing
measurements. As a seasonal trend was present, missing values were imputed using average
between monthly measurement of the previous and following year. For instance June 2005's
monthly measurement was imputed using an average of monthly measurement in June 2004
and June 2006.

Since the imputed time series was stationary and contained a seasonal trend, it was modelled
using a seasonal ARMA model with a 12 months' period, more precisely a SARMA
(0,1)(1,1)12. Choices concerning parameters were done visualising the Autocorrelation
Function (ACF) and Partial Autocorrelation Function (PACF), and final model selection was
done using Akaike information criterion (AIC), as recommended by (Aragon, 2011). This
final model was then used to forecast tritium concentration in rains in Thonon-les-Bains in
2015 and 2016. These forecasted concentrations were then used as a predictive variable in a
multiple linear regression in order to assess the impact of various parameters onto rivers
tritium concentrations.

2.5.2. Impact assessment of multiple variables on monthly tritium activity exported by
rivers

A multiple linear regression was used in order to assess the impact of different factors onto
monthly tritium activity exported by rivers. The explanatory variables were: forecasted
monthly tritium activity deposited by rains, drainage area, monthly cumulated precipitations,
altitude and latitude at the sampling station in rivers. For this aim we fitted a linear mixed
effect model (LMM), where explanatory variables were considered as fixed effect, and
monthly tritium activity in rivers as the response variable. Rivers were included as random
effect on the intercept, in order to take into account that the measurement performed in the
same river would exhibit more similarity that with other rivers. Moreover, we weighted the
multiple linear regression according to the inverse of the uncertainty of the rivers tritium
concentration, giving weight to more precise response.

Rains and rivers monthly tritium activities, and drainage area were logio transformed in order
to improve the relationships linearity as well as residuals normality and homogeneity.
Residuals normality assumption was assessed visually using a “quantile quantile plot”, and
residuals homogeneity assumption was assessed using a “residuals vs fitted plot”.
Multicollinearity between explanatory variables was check deriving Variance Inflation Factor
(VIF), they all were < 5. Moreover, this absence of multicollinearity is confirmed by a
Pearson correlation matrix plot (Fig. 2). Absence of spatial correlation was assessed visually
using a bubble plot on residuals (Zuur et al., 2009a), and lack of time correlation was assessed
using an Autocorrelation Function plot on residuals too (Zuur et al., 2009b).
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Fig. 2. This scatterplot correlation matrix displays the Pearson correlation coefficients
between paired explanatory variables: monthly tritium activity deposited by rains, watershed
area, altitude, latitude and monthly precipitation at the sampling station in rivers. On the
bottom of the diagonal, the bivariate scatter plots with a fitted red line are presented and on
the top of the diagonal, the values of the correlations are displayed.

LMM was fitted using REML (Restricted Maximum Likelihood method). The significances
were assessed using t-test with Satterhwaite approximations to degree of freedom, after
adjustment of p-values by single step method because of the multiple comparisons.
Significance level was fixed at 5%.

All the analyses were carried out with R software (R Core Team, 2016) (version 3.3.2) and R
studio environment (R StudioTeam, 2015) (version 0.99.484). Time series modelling was
done using Arima function of the forecast package (Hyndman, 2016). This package was also
used to forecast rain tritium concentration. LMM were fitted using Imer function of the Ime4
package (Bates et al., 2015). p-Values were adjusted using the glht function of multcomp
package (Hothorn et al., 2008).

3. Results and discussion
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3.1. Reconstruction of tritium concentrations in rains

Data of tritium concentrations in rains over our sampling period i.e. March 2014 to September
2016 are not available on the Wiser Database of IAEA (GNIP). Therefore tritium
concentrations in rains have been modelled over this period (Fig. 3) during which they varied
from 0.59 Bg L™ ! in the first two months of 2014 to 1.55 Bq L™ ! in July 2014 in Thonon-les-
Bains, the nearest sampling station to our study area with close altitude (385 m) and latitude
(46.3708°) values and an important time series of tritium concentrations in rains.

Forecast

- Observation

Tritium concentration in rains (Bq L?)

Date
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2. Download : Download full-size image

Fig. 3. Monthly tritium concentrations in rains in Thonon-les-Bains from January 2000 to
December 2016. The blue line represents tritium concentrations measured and the red line
depicts tritium concentrations forecasted. The black frame represents the period in which data
are used in this study. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

It clearly appears in Fig. 3 that there has been a good agreement between modelled and
measured data, especially since January 2010.

In the Northern hemisphere, where tritium releases from atmospheric nuclear weapon tests
were the highest, current studies show that tritium concentrations in rainfall had been
decreasing since 1963 (Varlam et al., 2012) and have been stabilising for a few years. This
stabilisation has been observed since 1992 in the USA by Eastoe et al. (2012) and the
concentrations registered were estimated in 2013 to be representative of pre-nuclear
concentrations in rains (Harms et al., 2016) in agreement with concentrations reported by
Craig and Lal (1961) and Roether (1968) respectively ranged from 0.07 Bqg L™ (for Hawaiian
rains) to 1.46 Bq L~ ! (for Greenland snow) and 0.6 Bq L™ 1. The same trend is highlighted in
the Southern hemisphere with a stabilisation of tritium concentration in Australia at lower
concentrations i.e. around 0.3 Bq L™ ! (Cartwright and Morgenstern, 2015, Tadros et al.,
2014). The reason of this contrast between Australian and mid-latitude tritium concentrations
is mainly due to less historical atmospheric nuclear weapon testing and could be explained by
other parameters such as lower latitude or a greater oceanic influence containing less tritium
for precipitations in Australia. In this way, the current concentrations in rains measured in our
sampling area, are representative of natural input over the study period.
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Moreover, seasonal and natural variations due to cosmogenic production of tritium in the
upper atmosphere are clearly perceptible on the measures of tritium concentration in rains in
Thonon-les-Bains (Fig. 3) (Araguas-Araguas and Diaz Teijeiro, 2005, Cauquoin et al., 2015,
Hayashi et al., 1999). Several mechanisms of tritium transfer from the stratosphere to the
troposphere are established to understand these seasonal variations. First of all, tritium
concentrations in the stratosphere are higher by several orders of magnitude than the natural
tritium concentrations in precipitation (Cauquoin et al., 2015). The most important
phenomenon is the “spring leak”, an increase in tritium concentrations in the troposphere on
the Northern hemisphere each year at that season. This mechanism is classically explained by
the exchange of tropospheric and stratospheric air masses occurring predominantly during late
winter and spring in the region of baroclinic zones and tropopause discontinuities located at
the mid-latitudes (Jordan et al., 2003, Newell, 1963, Pedro et al., 2011, Rozanski et al., 1991).
The other identified mechanisms are the eddy diffusion across the tropopause, roughly
uniform over the whole Earth surface and the tritium injections by jet streams as well as the
role of the Hadley cells (Ehhalt, 1971). The Hadley cell circulation would then govern
tropospheric tritium concentrations in January in the Northern tropical belt, and in July in the
Southern one. However, in our study, seasonal variations are characterized by highest tritium
concentrations in spring (essentially from April to June), not only during summer, in
accordance with tritium variations measured in Spain Araguas-Araguas and Diaz Teijeiro
(2005). In addition, Radwan et al. (2001) and Cauquoin et al. (2015) showed similar seasonal
variations, respectively in Warsaw in Poland (from 1994 to 1999) and in Vienne in Austria
(from 2000 to 2008) with a spring-summer maximum. This peak can be explained by the
importance of the spring leak which is particularly important for mid-latitudes.

3.2. Data sets

Tritium concentrations in rivers out of influence of nuclear releases are compiled in the Table.
1, with other parameters used to investigate relations such as monthly precipitations,
hydrological data, watershed area, altitude and latitude.

Table 1. List of 41 water samples for the 17 rivers investigated (in the case of two sample
stations on a given river, @ represents the upstream station and ® the downstream station)
with environmental parameters (name of rivers, latitude, sampling date, tritium concentration
in rivers, average monthly discharge, tritium concentration in rains, monthly precipitation,
altitude and watershed area) for each sampling station used during the statistical analyse. *
represents forecasted results for tritium concentrations in rains. Minimum, maximum, average
and standard deviation are also presented.

Averag
e . -
Tritium Tritium
. Sampli Latitu Watersh Altitu 'V'Of‘t.h'y. monthl concentrati concentrati
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ng date de (km?) de (m) on (cm) dischar on in rivers onin rains
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Agout® Feb-15 33'637 849.354 222 114 33.9 0.58+0.17 0.87*


https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#f0015
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0015
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0070
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0175
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/stratosphere
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/troposphere
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0070
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/tropopause
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/discontinuity
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0195
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0280
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0290
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0330
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/turbulent-diffusion
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/hadley-cell
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0100
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0015
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0015
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0310
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0070
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#t0005
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#t0005
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/upstream
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/tritium

Averag

€ Tritium Tritium

. Sampli Latitu Watersh Altitu Mopt_hly_ monthl concentrati concentrati
Rivers ed area precipitati e SoH
ng date de (km?) de (m) on (cm) dischar on in rivers onin rains
ge (BALH  (BaL™H
(m¥s™1)

o 43701 .
Agout® Feb-15 1> 25556 131 691 105  0.40+0.16 0.87
Ardeche apr.15 o 70% 303202 250 1105 982  047+015 L16*
AT Decas o7 227034 71 106 275 0554002 0.71*
Ardeche ug-16 2+ 2703 71 169 798  0.76+0.08 1.08*
ATCEN® Mar14 o739 227034 71 324 632 086+015 073
Argens Jul-16 ‘5‘3'423 2697.95 7 4 332  044+006 137*
Argens May-14 o*%% 2607.95 7 283 142  012+0.11 1.22
Argens May-14 ‘5‘3'423 2697.95 7 283 142 0124011 1.22
Aude Decls o2 513873 19 77 103  041+001 0.71*
Aude Decls o2 513873 19 77 103  041+001 071*
Aude Jun-16 0% 513873 19 94 186  020+0.15 1.16*
Aude Apr15 02 513873 19 437 61  029+0.15 1.16*
Aude Jun-16 0% 513873 19 94 186  047+005 1.16*
Céze® Apr-15 34'319 113765 291 1295 631 025+0.16 1.16*
Ceéze® Jun-16 ‘1‘4'205 102048 120 438 477 0.65+005 1.16*
Ceze® May-16 7 °°° 102048 120  79.2 114  051+006 1.38*
Céze® Aug-16 ‘1‘4'205 102048 120 145 187  063+0.07 1.08*
Ceze® Mar-14 77°%° 102048 120 311 134  056+0.13 073
Clamou 15 43302 455193 371 687 283 022+0.15 1.16*

X 9



Averag
e

Monthly monthl Tritium Tritium

Watersh

Rivers Sampli Latitu ed area Altitu precipitati con_cen_trati con_centr.ati

ng date de (km?) de (m) on (cm) dischar onin rlytlers onin rziulns

Bl (Bl

(m3s™1)

Gapeau Jul-16 010" 54485 2 28 023  038+0.04 137*
Gapeau May-14 > %% 54485 2 321 198  014+0.11 1.22
Gapeau May-14 70700 54485 2 321 198  015+0.11 1.22
Gardon Sep-15 >0 188244 22 315 287  0.44+001 0.98*
Gardon Aug-16 70 188244 22 65 352  0.47+004 1.08*
Ga’;’”” Feb-15 34'029 150445 72 60 441 039+0.16 0.87*
Herault oy, 15 03993 134620 86 209 123 028+0.16 0.87*
Herault sep15 93556 106305 46 14 687  0.29+015 0.98*
Orb® Feb-15 ‘713'546 911.003 191 225 184  028+0.16 0.87*
Orb® Dec-d5 o' 133664 39 154 843  034+001 0.71*
Orb® Jun-16 ¢4 133664 39 174 145  017+0.15 1.16*
Orb® Jun-16 ¢4 133664 39 174 145  039+003 1.16*
Ouvéze Sep-15 ‘1‘4'042 190515 23 1101 858  0.52+0.02 0.98*
Ouvéze Aug-16 7 O'° 190515 23 9.6 611  0.53+004 1.08*
Tarn Feb15 o0 914147 115 815 215  0.38+0.15 0.87*
Tech Sep-16 ‘1‘2'523 611204 88 407 37  061+005 0.98*
Thoré Feb-15 33'494 586.828 683 1826 261  0.36+0.16 087
Var Jul-16 23'682 2818.15 333 1.2 284  0.60+004 1.37*
var May-14 73682 581815 333 192 879  0.22+015 1.22

6



Averag

e - .
Tritium Tritium
. Sampli Latitu Watersh Altitu Mopt_hly_ monthl concentrati concentrati
Rivers ed area precipitati vy T A
ng date de (km?) de (m) on (cm) dischar on in rivers onin rains
ge (BALH  (BaL™H
(m3s™?)
Var May-14 23'682 2818.15 333 19.2 87.9 042+£0.32 1.22
Min
Mar-14 4252 48.52 2 1.2 0.23 0.12 0.71
value
Max  con16 4464 0045 gg3 1806 4410 086 1.38
value 0
A"(el[fge Jan-16  43.65 2460.44 112  39.3 37.0 041 1.05
Standar
(.j. 047  2717.05 140 40.7 76.0 0.17 0.20
deviatio
n (o)

Based on 41 water samples collected between March 2014 and September 2016, the
environmental background for tritium concentrations (HTO) ranged from 0.12 + 0.11 Bq L™ !
for the Argens River to 0.86 + 0.15 Bg L™ ! for the Ardéche River (Fig. 1). In this study, HTO
concentrations are close to those measured by Harms et al. (2016) in US surface water
ranging from around 0.2 Bg L' t0 0.4 Bq L™ * from 2013 to 2014. Measured or estimated
HTO concentrations in rains in Thonon-les-Bains over the same period were almost always
significantly higher and ranged from 0.71 to 1.38 Bq L™ %. On these 41 analysed samples, the
average HTO concentration in rivers (u = 0.41 Bq L™ ! 6 = 0.17 Bq L™ 1) was more than twice
lower than in rains (un = 1.05 Bq L™ ! 6 = 0.20 Bq L™ %). The lowest value for tritium
concentrations in precipitations was observed in December 2015 while the highest referred to
May 2016. The data sets showed that generally HTO concentrations in rains display a
seasonal trend characterized with lower concentrations in winter than at the late spring and
summer as discussed earlier.

In order to visualise the density distribution for each parameter, data are represented under the
form of violin plots (Fig. 4). This kind of graph is interesting to view the homogeneity or
heterogeneity of results.
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Fig. 4. These violin plots represent the density distribution. Points represent the results for
each variable and grey surfaces the distribution density by value. The white square represents
the average for each parameter.

The surface of the studied watersheds and the mean monthly water discharges varied over a
large range of values, i.e., from 48.52 to 15,044.50 km? (¢ = 1684.75 km?) and from 0.23 to
441 m3s™ ! (o = 75.95 m® s~ 1) respectively. Monthly precipitation, ranged from 1.20 to
182.60 cm (p = 39.34 cm and o = 30.34 cm) and altitude ranged from 2 to 683 m

(L=112.41 m and o = 99.84) also rather heterogeneous even though most samples (88%)
were collected at an altitude below 300 m. On the contrary, the latitude values are relatively
homogenous (ranged from 42.5231 to 44.6448) since the location of the study area is limited
to the south of France. Furthermore, these values are close to the latitude in Thonon-les-Bains
(46.3708).

The difference between HTO concentrations in rains and rivers reflects both the residence
time of water masses at the scale of the watershed and the mixing of river waters with
groundwater most generally depleted in tritium when compared to superficial waters (Gusyev
et al., 2013). Within the study area, groundwater is often the predominant water component in
rivers, especially during base flow conditions (Solder et al., 2016, Uhlenbrook et al., 2002,
Ward and Robinson, 1967).
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3.3. Potential relationship between tritium concentrations in rains and rivers

In order to study the relationship between tritium concentrations in rains and rivers, observed
concentrations in all the rivers for a given month were averaged to obtain the same time step
as the rain series. The result is presented in Fig. 5.

&8 Tritium concentrations
’ forecasted in rains

Monthly average of tritium
concentrations measured in rivers

Tritium concentration (BqL?)

S .

Date

1. Download : Download high-res image (232KB)
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Fig. 5. Comparison between monthly tritium concentrations forecasted in rains in Thonon-les-
Bains (blue line) and monthly average of tritium concentrations measured in all the rivers
investigated (blue points) (blue error bars represent standard deviation). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this
article.)

In Fig. 5, tritium concentrations are clearly higher in rains compared to rivers investigated.
The strong seasonality observed in rains is not reflected in the river series contrary to several
studies (Hadzisehovi¢ et al., 1978, Michel et al., 2013). Different processes lead to smooth the
amplitude of the seasonality in rivers such as mixing and storage processes such as those that
occur in lakes, reservoirs, and groundwater (Halder et al., 2015). The influx of younger water
or recent rains poor in tritium combined to base flow for most Northern Hemisphere rivers
also conduced to decrease the seasonality (Michel et al., 2013, Rank et al., 1998) (young
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groundwater is younger than 100 years old, while groundwater recharged past 50 years, since
the nuclear weapon tests, is considered modern (Bethke and Johnson, 2008, Gleeson et al.,
2016, Kazemi et al., 2006)). Furthermore, Harms et al. (2016) have not found a clear relation
between seasonal variation of tritium in rainfall and tritium concentrations in river water. In
our study, the lack of seasonality could be explained by the Mediterranean climatic context
which is characterized by mild wet winters and warm and dry summers and more particularly
by very uneven distribution of precipitation throughout the year (Lionello et al., 2006). The
impact of atmospheric moisture on tritium concentrations in rivers (or rains) is particularly
important for coastal systems because the marine compartment is least concentrated in tritium
(tritium concentrations are most of the time lower than 0.12 Bq L™ %) (Povinec et al., 2017).
Indeed, rain dilution by marine moisture characterized by low tritium concentrations has been
observed in several places around the world such as islands (e.g., Japan, Ireland) (Okai et al.
1999, Radwan et al., 2001, Weiss et al., 1979), places under monsoon phenomenon
(Bhattacharya et al., 2003) or seashore region (Bhattacharya et al., 2003, Radwan et al.,
2001).

The hydrogeological context is an important factor due to its complexity with a high
heterogeneity (different kinds of lithology) sometimes within a same watershed generating
very different groundwater residence times.

Tritium concentrations in rains and rivers were standardized for each watershed in order to
provide a monthly activity of tritium for each sampling station with the aim of establishing
potential relationships between tritium concentration in rivers and environmental parameters
identified i.e. tritium concentrations in rains, watershed area, altitude, latitude and monthly
precipitation.

For tritium concentrations in rains, a monthly tritium activity deposited by rains was
estimated and defined as an “Input” (Eq. (1)).

Input = [3H ] x MP x WA

TS 1)
with [®H]rains is the monthly tritium concentration in rains (Bq m™3), MP is the monthly
precipitation (m), WA is the Watershed area (m?). Input is expressed in Bq.

For tritium concentrations in river water, a monthly tritium activity exported by rivers
was estimated and defined as an “Output” (Eq. (2)).

OUtp ut = uf{] rivers

X (Q Monthiy *x 1000 x (3600 x 24 x 30))
)

with [®H]rivers is the monthly tritium concentration in rivers (Bq L™ 1), Qmonthiy is the average
monthly discharge (m®s™1). Output is expressed in Bq.
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In this way, the tritium activity Input within the watershed by rainfalls and Output by the river
can be compared (Fig. 6).
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Fig. 6. Comparison between the monthly tritium activity deposited by rains (Input) depicted
by the light blue curve line and the monthly tritium activity exported by all rivers (Output)
represented by the dark blue dotted line. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

The calculation of Input and Output allows the use of multiple linear regression without
having to worry about spatialisation of rains and climate properties own to Mediterranean
context. This approach of monthly activity enables the calculation of tritiated water balance
between Input and Output.

Starting from this part, tritium concentrations in rains and rivers are expressed as Input and
Output respectively.

3.4. Impact assessment of multiple variables on monthly tritium activity in
rivers
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The results of the multiple linear regression led to identify the main parameters which are
correlated with logio (Output) are presented in Table. 2. The right hand column represents the
results of the multiple linear regression after adjustment of the p-value to maintain an overall
alpha risk of 5%. The relation is linear and significant if the p-value is fall short of 0.05.

Table 2. Results of the multiple linear regression between logio of Output and other
environmental parameters: logio of Input, logio of Watershed area, Altitude, Latitude and
Monthly precipitations. Results of the river random effect are presented at the top of the table.
Adjusted p-value are displayed in bold. Concerning fixed effects, “**” highlights a
significant, positive and linear relationship between output and explanatory variable, whereas
“*” shows a positive linear relationship approaching the significance. “Intercept” represents
the expected mean value of Output (logio transformed) when all explanatory variables are
equal to zero.

Random effects
Groups Variance Std. dev.
River 0.1185 0.3443

Residual 1.0401  1.0199

Fixed effects

Estimate  Std. error Degree of t value Adjusted p-
freedom value

Intercept —2.310e + 01 1.154e + 01 1.252¢ + 01 —2.002 0.1751

logio (Inputs) 5.963e —01 1.996e —01 2.678e + 01 2.988 0.0124**

l0go (;’\r’g‘;;“hed 6.486e — 01 2.790e — 01 3.307e + 01 2325 0.0834*

Altitude 2.309e — 03 8.105e — 04 2.465e + 01 2.849 0.0191**
Latitude 3.929e —06 1.855e—06 1.242e +01 2.118 0.1363
Monthly

R —3.173e — 03 3.104e — 03 3.028e + 01 —1.022 0.7608
precipitation

These statistical analyses highlight that two parameters (logio (Input) and Altitude) have been
clearly identified to be positively and significantly correlated with monthly tritium activity
exported by rivers (Output). In addition, a positive linear relationship approaching the
significance has been found between logio (Watershed area) and Output. Concerning random
effect, intra-class correlation coefficient (i.e., correlation between measurements of the same
river) is weak, about 0.1 (0.1185/(0.1185 + 1.0401)) (Table. 2).

Among the results of the statistical analysis, the linear positive relationship between logio
(Output) and logio (Input) is the most significant (with a p-value equal to 0.0124). The study
of Danube Tisa and Sava Rivers (Europe) led by Hadzisehovi¢ et al. (1978) and HadziSehovié
et al. (1982) showed concomitant variations of tritium concentration in river and
precipitations even though less pronounced amplitude for river water. Variations of tritium
concentrations in river waters were most likely rather due to impact of tritium concentrations
in groundwater than snowmelt according to climatic conditions in these areas.

The altitudes of sampling stations ranged from 2 m to 683 m. Most of the sampling stations
were near sea level, however a significant, positive and linear relationship appeared between
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Output and altitude (with a p-value equal to 0.0191). No studies have been led to investigate
clearly the influence of altitude on tritium concentrations in rivers. Nonetheless, Harms et al.
(2016) highlighted the expected increasing trend of tritium concentrations on the one hand
with inland distance due to the decreasing of moisture coming from ocean and on the other
hand with altitude due to lower mixing between water surface and groundwater in higher
elevation. Jouzel et al. (1977) have observed an altitude effect in the distribution of deuterium
and tritium in the precipitation in the Mont Blanc area (culminating at 4809 m) with tritium
concentrations in the Mont Blanc snow 2.2 times higher than in Thonon-les-Bains
precipitation (altitude of 385 m) for the period extending from winter 1971 to June 1973.
These observations were explained on the one hand by the clouds penetration at the higher
altitudes throughout the higher layers of the troposphere and the incorporation of enriched
tritium moisture and on the other hand, by the isotopic exchanges between liquid water and
atmospheric moisture depleted in tritium in the low tropospheric layers (Jouzel et al., 1977).

In addition, a positive linear relationship approaching the significance appeared between logio
(Outputs) and logio (Watershed area) with an adjusted p-value < 0.1. In contrast with
Cartwright and Morgenstern (2015) who not observed any positive correlation between an
Australian catchment area and tritium concentrations (but a correlation with the runoff
coefficient), a positive relationship was mentioned by Radwan et al. (2001) showing lower
annual average tritium concentrations in rivers characterized by smaller drainage areas
(around 10% of other watershed investigated). For Momoshima et al. (1991), the larger area
of islands studied would cause longer residence time of groundwater due to larger size of the
reservoir and could explain, with the hydrogeological background, the differences observed in
tritium concentrations in various rivers of different islands. Indeed, the base flow of a river is
generally composed of water that was retained in the basin at timescales in the order of a
decade, labelled by global fallout and reflect the higher tritium concentrations found during
the earlier part of the tritium transient (Michel et al., 2013).

In this work, no significant relationship appeared between logio (Output) and monthly
precipitation in agreement with the observations of Radwan et al. (2001), Tadros et al. (2014)
and Hadzisehovi¢ et al. (1978). Besides, Tonosaki et al. (2000) noticed that tritium
concentrations in water of a Japanese lagoon (Obuchinuma Lake) were not significantly
influenced by precipitation but depend generally on other parameters such as the ratio of
seawater and river influx.

Similarly, no significant relationship appeared between logio (Output) and Latitude. The lack
of correlation was expected is our case because all sampling stations were closed in terms of
latitude, i.e. located in the southern part of France with values ranging ranged from 42.5231 to
44.6448. However, this is a key parameter and lots of studies have demonstrated the
relationship between tritium concentrations in rains and latitude. Indeed, Stewart and
Farnsworth (1968), Momoshima et al. (1991) and Rozanski et al. (1991) showed increasing
tritium concentration in precipitations at an exponential rate from the equator to the pole,
which double about every 13° of latitude. The same phenomenon, linked to the origin and
dynamic of air masses, has been highlighted by Tadros et al. (2014) in precipitation across
Australia and by Hadzisehovic et al. (1982) when the air masses from higher latitudes
penetrate in Europe often by western and north-western air streams.

3.5. Estimation of tritium fluxes exported by French coastal rivers to the
Mediterranean Sea


https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0170
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0170
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0200
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/deuterium
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0200
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0065
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/catchment-area
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0310
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0270
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0260
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0310
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0350
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0155
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0365
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/lagoon
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0340
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0340
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0270
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0330
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/equator
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0350
https://www-sciencedirect-com.federation.unimes.fr:8443/science/article/pii/S0048969717320247#bb0160
https://www-sciencedirect-com.federation.unimes.fr:8443/topics/earth-and-planetary-sciences/polar-region

A rough estimate of tritium fluxes exported by major French coastal rivers to the
Mediterranean Sea were performed in order to compare them with those delivered by the
Rhone River which is the main River in this area. Mean annual flow values for the coastal
rivers located to the west of the Rhone river were extracted from (Bourrin et al., 2006,
Marion, 2010) and for the Rhone River, flow rates were measured in Arles (IRSN-SORA
monitoring station). Flow rates in Argens, Var and Gapeau Rivers were extracted from
Banque HYDRO - MEEDDAT/DGPR/SRNH.

Annual fluxes were calculated by the following equation (Eq. (3)).

Flr_.p.ijlr_e,!juﬂl — [EH_ H lﬂ[}ﬂ X (gf_}.'ra.wfuu.i.fy
i 3)

where [3H] is the tritium concentration in rivers (Bq L™ ) and Qannuary is the mean annual
flowrate (m® year™"). Fuitium, the annual flux of tritium is expressed in Bq year™".

In order to present a range of tritium fluxes exported only by coastal rivers, minimum and
maximum concentrations measured during the sampling period were used (respectively equal
to 0.12 and 0.61 Bg L™ 1) and are presented in the Table. 3.

Table 3. List of coastal rivers used to estimate fluxes of tritium delivered to the Mediterranean
Sea. Mean annual flowrate used for each river and minimum and maximum fluxes of tritium
associated.

_ Mean annual flowrate Minimum tritiu_m flux Maximum tritiu_m flux
Rivers (106 m3 year) exported by _rllvers exported by _rllvers
(Bg year™) (Bg year™)
Tech 3015 3.62e + 10 1.84e +11
Tét 3415 4.10e + 10 2.08e + 11
Agly 193.4 2.32e +10 1.18e + 11
Aude 1197.6 1.44e +11 7.3le +11
Orb 841.6 1.0le + 11 5.13e + 11
Hérault 1281.6 1.54e +11 7.82e +11
Lez 68.7 8.24e + 09 4.19% + 10
Vidourle 215.4 2.59% + 10 1.31e + 11
Argens 781.0 9.37e + 10 4.76e + 11
Var 1698.7 2.04e + 11 1.04e +12
Gapeau 199.0 2.39% + 10 1.21le +11
Total 7120.14 8.54e + 11 4.34e + 12

Liquid fluxes delivered by the main French coastal rivers to the Mediterranean Sea represent
11.3% of total fluxes against 88.7% delivered by the Rhéne River (liquid discharges around
55.8 x 10° m® year™!). However, tritium fluxes exported by all the small coastal rivers ranged
from 0.85 TBq (0.29% of total fluxes) to 4.34 TBq (around 1.5% of total fluxes). Those
delivered by the Rhéne River are largely prevailing and represent around 293 TBq per year
(between 98.5 and 99.7% of total fluxes of liquid tritium mainly from anthropogenic sources).
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The proportions of naturally occurring tritium in this latter river is estimated at < 5%, with the
remaining amount arising from nuclear facilities (Eyrolle-Boyer et al., 2015).

These global estimations highlight the importance of the amount of tritiated water delivered
by the Rhone River towards the Mediterranean Sea, due to large amount of tritium controlled
discharges, in comparison to other French coastal rivers. It seems interesting to estimate
fluxes for other forms of tritium (Organically Bound Tritium, tritiated luminous compound
and other tritiated molecules) in order to compare them with fluxes of tritiated water.

4. Conclusion

Throughout the sampling period from March 2014 to September 2016, tritiated water
concentrations were measured in 17 rivers located in the Southern part of France that were not
directly influenced by the releases from nuclear facilities. Tritium concentrations in river
waters ranged from 0.12 + 0.11 Bg L * for the Argens River to 0.86 + 0.15 Bq L™ ! for the
Ardéche River. A significant variability of tritium concentrations in river waters studied was
highlighted. Those concentrations were more than twice lower than forecasted values in rain
waters which ranged from 0.73 to 1.22 Bg L™ ! in Thonon-les-Bains during the same period.
These differences are closely linked to both the residence time of groundwater bodies at the
scale of the watershed and their mixing with river waters. Tritium concentrations in rivers do
not demonstrate any seasonality contrary to tritium in rain in Thonon-les-Bains. However, a
relationship between tritium activity Input (monthly tritium activity deposited by rains) and
Output (monthly tritium activity exported by rivers) was obtained. Additionally, in order to
explain both temporal and spatial variability of tritium concentrations in river waters, a
multiple linear regression approach was used and highlighted a significant, positive and linear
relationship between the logio of Output and two environmental parameters: the logio of Input
and altitude, but also a positive linear relationship approaching the significance between
Outputs and the logio of the catchment area. Furthermore, this statistical analysis showed a
lack of relationship between logio Output and both latitude and monthly precipitation. The
characterization of those parameters will allow predicting tritium concentrations in other river
waters provided all affecting parameters including groundwater are known gaining access to
improve radiological impact studies anywhere at the global scale.

Finally, tritium fluxes exported towards the Mediterranean Sea by the main French non
nuclearized coastal rivers, ranged from 0.85 to 4.34 TBq per year which represent only 0.29 to
1.5% of total tritium fluxes delivered in this area though these rivers contribute to > 10% of
the liquid fluxes. Indeed, the Rhéne River exports up to 293 TBq per year (i.e., 98.5 to 99.7%)
mainly due to the releases from nuclear facilities which confirm that the Rhone River is the
main tritium land-based source for the Northwestern Mediterranean Sea.
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