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Abstract

The Sr isotopic compositions (2’Sr/®°Sr) of varied organs (branches, leaves and olives)
of olives trees (Olea europaea) and those of their growing environment (soils, waters,
agricultural products) were determined in two distinct agricultural contexts to discuss the
origin of Sr as a function of the irrigation and fertilization techniques. The two studied
sites belong to the same geographic area and the same geological basement and soils,
but were by subjected to different agricultural practices in terms of irrigation and supply
of fertilizers and protection products. The conventional and biological agriculture
modalities were defined and tested. Homogeneous ®'Sr/®®Sr ratios were measured in the
various organs of the trees from a given site. However, the composition was significantly
different at the two studied sites. When considering a biological agricultural modality,
significant correlations are obtained between the Sr isotopic composition of the tree
organs, the soils and the irrigation waters. The mobile and exchangeable fractions of the
soils have identical ®’Sr/*®Sr ratios that were transferred to the trees. In case of a
conventional agriculture with more intensive irrigation and spreading of plant-protection
products, a clear impact of these products is visible in the soils. The 8Sr/*Sr ratio of the
olive trees not only derives from soil sources, but also from added products with a clear
role of the irrigation. A slight but noticeable foliar uptake of anthropogenic Sr is also
observed. The disturbance of the soil and tree Sr isotope composition as a function of
the agricultural practices is discussed in the context of using the Sr isotopic tool as a

tracer of the geographic origin of olives and olive oil.



Introduction

The bioavailability of any element can be defined by the fraction able to be incorporated
into a biological reservoir, and can subsequently be used for normal physiological
functions (Fairweather-Tait and Hurrell, 1996). In fact, the bioavailability of an element
for a given organism is quite complex, hardly defined as directly linked to intrinsic and
extrinsic values such as the element solubility, water content, soil mineralogical and
chemical composition, temperature, pH and oxidation-reduction conditions, foliage
density, rooting depths... (Marschner, 1995; Hinsinger, 1998, 2001; Fuhrmann and
Lanzirotti, 2005). However, the origin and intrinsic properties of some chemical elements
are of interest for determining the geographical origin of plants in terms of quality and/or
authenticity certifications. In this context, the strontium (Sr) content and isotope
composition (3’Sr/®°Sr ratio) of a plant represents an appropriate tool to discriminate
agri-food products (Almeida and Vasconcelos, 2001; Barbaste et al., 2002; Fortunato et
al., 2004; Swoboda et al., 2008; Techer et al., 2011; Voerkelius et al., 2010; Durante et
al., 2013; Hartman and Richard, 2014; Vinciguerra et al., 2015; Petrini et al., 2015).
However, as for other elements, the Sr bioavailability is not a single function and
numerous internal and external parameters seem to control the capacity of a plant to
uptake this trace element and, thus, endorse its source(s). In order to define best the
feasibility of using Sr isotopes as a performing tool to discriminate the source of an agri-

food product, it appears essential to define the Sr bioavailable reservoirs in precise



agricultural conditions, and to determine which one is most impacting the Sr isotopic

composition imprinted in the plant and in its consumable products.

This study aims to investigate the origin of Sr in olive trees (Olea europaea) by
considering different agricultural practices. It has been undertaken in the frame of a
global approach dealing with the feasibility of a geographic identification and recognition
of the origin of olive oil (Janin et al., 2014; Medini et al., 2015). The feasibility of Sr
isotope measurements in oil was demonstrated by Medini et al. (2015), however a better
knowledge of the Sr bio-geochemical cycle during olive trees growth is now expected to
consolidate the authentification of olive oil by strontium isotopic tracing. The Sr isotope
composition of various parts of olive trees (Olea europaea) such as the branches,
leaves and olives from two different parcels was compared to those of the interfering
environmental components such as the soils, surface water, rainwater. Varied cultivation
modalities were also evaluated in the two study cases as functions of the irrigation
degree and fertilization technique (conventional or biologic). Two soils fractions, the
exchangeable and mobile fractions of the soils that will be defined further down were
analyzed to discuss the origin of the Sr taken up by the trees in the different cultivation

contexts.

1 Sr in plants — The state of the art

Sr is not an essential element for plants, but it behaves very closely to calcium that is a
fundamental macro-nutriment (Marschner, 1995). Many studies based on 8’Sr and ®°Sr

isotopes (8'Sr/%®Sr ratio) were determined to trace its source origins and transfer



processes. In fact, in contrast to lighter stable elements, Sr isotopic ratios are
theoretically not affected by kinetic and equilibrium fractionations during low
temperatures and biologic processes, due to their high atomic mass and small mass
difference (Capo et al., 1998; Faure and Mensing 2005). Only a few data outlined very
discrete Sr isotope fractionation in soil environments (Fietzke and Eisenhauer, 2006;
Halicz et al., 2008; Shalev et al., 2013) and during uptake by plants (De Souza et al.,
2010). These studies focused on stable #Sr and Sr isotopes, which are not considered
here.

Compilation of literature data focuses on two main sources for Sr supply, one derived
from bedrock weathering and the second from exogenous atmospheric input (Graustein
and Armstrong, 1983; Graustein, 1989; Miller et al., 1993; Stewart et al., 1998; Vitousek
et al., 1999; Probst et al., 2000; Whipkey et al., 2000; Poszwa et al., 2004, 2009;
Reynolds et al., 2012; Hartman and Richard, 2014; Clauer and Semhi, 2016). Recently,
an additional potential source has been suggested in the context of forest ecosystems:
ground aquifers whose solute elements are able to rise towards the roots system by

capillary (Grigal and Ohman, 2005; Bedel et al., 2016).

The atmospheric source of Sr, that is to say Sr that is brought by precipitation or wind to
a vegetable, is considered as major for some authors (Graustein and Armstrong, 1983;
Graustein, 1989; Fichter et al., 1998; Chadwick et al., 1999; Probst et al., 2000; Poszwa
et al., 2004, 2009; Maurer et al., 2012; Hartman and Richard, 2014). Atmospheric
source material can be of natural continental or marine origin (precipitation, dust...) or of
anthropogenic origin (sprayed fertilizer, pollutant particles, ...), and can be used by a

plant either through its roots or its leaves (Clauer and Semhi, 2016). For instance,



rainwater transferred into soils can be a determining carrier, picked up by the roots
system. Foliar absorption from atmospheric deposition can also lead to element
mobilization and base cation accumulation in trees (van Der Heijden et al., 2013). Even,
when reaching the soil, these deposits can constitute an important nutrient source for
plants. Shallow rooting plants (annuals and perennials) that utilize water and nutrients
from upper soil layer are thus more likely to be affected by atmospheric deposition of
bioavailable strontium than deep rooting plants (Poszwa, et al., 2004, 2009;Hartman and
Richards, 2014). It is thus assumed that atmospheric contribution gradually decreases
with soil depth (Capo et al., 1998; Vitousek et al., 1999; Hartman and Richards, 2014).
To be also mentioned is the fact that bioavailable Sr may depend on the possibility to be
supplied by alterable minerals (Reynolds et al., 2012; Miller et al., 1993; Vitousek et al.,
1999; Hartman and Richards, 2014; Song et al., 2015; Fichter et al., 2015). This latter
contribution is probably more important in an old carbonate-rich bedrock. In sum, the
contribution of each source seems to depend on varied parameters such as the plant
species, the geological environment, and/or the hydrological context that can be

calculated using a simple mixing equation (Stewart et al., 1998).

Two main reservoirs are generally considered for bioavailable Sr in the literature. They
are referred as: (i) the free solution or mobile water of the soil, and (ii) the labile fraction
of the soil (Capo et al., 1998; Stewart et al., 1998). The former free or mobile water of
the soil is mainly represented by cations from solutes of the interstitial water, and from
carbonates and other easily soluble minerals. Rainfall and irrigation waters potentially

contribute to this fraction. On an operational point of view, the mobile fraction is basically



obtained by leaching soil samples with a weak acid or with purified water. The labile
fraction of a soil is generally considered to consist of the ‘exchangeable’ cations that are
removable from soil components. On an operational point of view, this ‘exchangeable
fraction’ corresponds to cations that are leached from solid soils with buffered solutions
such as ammonium acetate, ammonium chloride or ammonium nitrate (Tessier et al.,
1979; Stewart et al., 1998; Takeda et al., 2006, 2008; International Organization for
Standardization 19730, 2008). This method extracts cations from pore waters and those
bounded to exchange sites on minerals and organic matter. The Sr content of this
fraction is clearly linked to the nature of the geological bedrock and to the pedogenic
processes that combine mainly the primary minerals alteration and the availability of the
organic matter, but it is also controlled by rainfall (Chadwick et al., 1999). Many consider
the reservoir consisting of the exchangeable cations to be the major source of base
cations for the uptake by the vegetation (Blum, 2000; Gastberger et al., 2000; Takeda et

al., 2006; Durante et al., 2013; van der Heijden et al., 2013; Bedel et al., 2016).

A compilation of literature data leads to the conclusion that Sr supplied by the
exchangeable fraction, and therefore potentially mobile fraction, does clearly not result
from a single function and that numerous parameters linked essentially to the plants
and/or their environments could modify the behavior of a plant in its capacity to extract
Sr preferentially from one or the other of the identified reservoirs. For instance, the plant
variety as well as the geological and environmental contexts are determining parameters
in the characterization of the bioavailable Sr. A combined contribution of these
parameters can interfere in the bioavailable reservoir (Durante et al., 2013).

Furthermore, few is known about the Sr bio-geological cycle in agricultural



environments, whereas its isotope signature is often considered as a reliable tracer of
the geographic origin of agri-food products, by assuming that it is mainly derived from
geological reservoirs of the cultivated area (Almeida and Vasconcelos, 2001; Barbaste
et al., 2002; Fortunato et al., 2004; Swoboda et al., 2008; Techer et al., 2011; Voerkelius
et al., 2010; Durante et al., 2013; Hartman and Richard, 2014; Vinciguerra et al., 2015;
Petrini et al., 2015). However, little is still known about the contribution of the agricultural
practice on the bioavailable reservoir, especially the impact of irrigation and fertilization.
Hartman and Richards (2014) identified different Sr sources in plants with a clear
dependence of some plant ®’Sr/®°Sr ratios with that of the atmospheric precipitations,
which has also been suggested by Clauer and Semhi (2016). Constituents of fertilizers,
such as Sr in the present case, can also be taken up by plants, even if their impact on
the chemical composition of agri-food products is debatable (Srek et al., 2010; Techer et

al., 2011; Gao et al. 2011).

2 The study sites

2.1 Geographic setting and geological data

The sites of this study are located in southern France, to the South-East of Nimes (X:
43°40'59.99"; Y: 425' 59.99"). They correspond to two plots of olive tree separated by
about 1 kilometre and grown on the same geological unit (Fig.1). The first corresponds

to cultivated plots that belong to a regional olive oil mill called “The Costieres Mill”



(http://www.oliveraie-jeanjean.com/). The second belongs to a regional laboratory, the
Serfel station, dedicated to a nursing and production experimentation of stone fruits and

vegetables (Fig. 1).

The two sites are located in the Mediterranean sedimentary basin, precisely in ‘the
Costieres’ area that represents a distinct geographical entity forming a plateau at an
altitude of 30 to 80 m above sea level, bordering the Cretaceaous limestones to the west
(Fig. 1). The geological bedrock is characterized by an impermeable clayey sediment
represented by grey-blue clay of Plaisancian age (3.6-2.6 My). This formation is topped
by Rhone and Durance gravels of Pliocene-Quaternary age (Villafranchian, 0.9-3.6 My)
consisting of heterogeneous materials (pebble of quartzite and quartz, limestones,
magmatic rocks, cherts and flints, and metamorphic rocks in smaller proportions)

(Desaunettes & Vigneron 1958; Barriére et al., 1973).

The soil of this area is a pebble soil called locally ‘the gress’. It is quite heterogeneous in
its mineralogical and granulometric composition, as confirmed by the ground of the
studied Serfel zone (Fig. 2). Data on the amount and distribution of the <2 mm fraction
reveal a metric zonation in the soils of the experimental plots. The fine fraction is
dominant (more than 70%) in the central part, from the surface-until 75 to 100 cm depth.
On the eastern and western parts of the plot, the fine fraction is concentrated in the 0-50
cm zone, even sometimes in the upper 0-25 cm zone. The ‘gress’ is classically known to
be carbonate free, however CaCOj3; has been detected in some parts of the experimental

plot (Fig. 2).



2.2  Agricultural practices

At “The Costieres Mill” site

The olive oil produced by “The Costieres Mill” has been recognized since 2011 by the
label “Protected Designation of Origin” (PDO) that guarantees the geographical origin,
the quality, and the know-how production and manufacturing of the product. The PDO
label gives these oils a guaranteed market value. In this context, the Costiéres Mill is
especially interested in the design of a tool able to discriminate its production from any

other (Medini et al., 2015).

The Olea europaea species that includes the Cendre, Aglandau and Picholine varieties
were planted in 1996 on the property of the mill. Today, the cultivated area extends over
30 hectares and is divided into four plots (D, E, F and G) for the purpose of the mill
organization, with about 10,000 trees (Fig. 1). Since 2008, the holding has been
converted to an organic production and obtained the “Organic Agriculture” label in
2011. Only specific treatment products are authorized to compile with this label; those
used on the plots were of three types:

- acuprous oxide is used as a fungicide sprayed on the trees during March;

- at about the same time, an organic fertilizer consisting essentially of dried blood

and called the Biovie is deposited at the tree feet (about 350g/tree); and
- a white clay (kaolinite) is sprayed on the trees during summer (July) to avoid the

olive fly called Dacus Oleae at an amount of 80 kg/ha.
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Irrigation of “The Costiéres Mill” holding is based on a drop-by-drop supply using fluvial
water drained from the Rhone River by the Bas-Rhone Languedoc channel. However, it
was not possible to obtain the amounts of water flooded over the plots during the

investigated period.

At the Serfel site

One of the research domains of the Serfel station concerns the cultivation of Olea
europaea and more precisely the understanding of the irrigation impact on the olive
production and the quality of the olive oil. The plots are located in the same geographic
and geological area than “The Costieres Mill” distanced by only about 1000 meters
(Fig. 1). Two varieties of olive trees, Picholine and Aglandau, were planted in 2003 in
dedicated plots over a surface of 11,340 m? (Fig. 2). Now, 315 specimens of about ten-
years old trees are cultivated under known and controlled conditions with only specified
irrigation modalities. The irrigation is activated according to soil humidity measurements
monitored by two tensiometers buried at -35cm and -70cm depth for each modality.
Irrigation is initiated automatically drop-by-drop, when humidity is at a minimal value of
60-70 cbars at -35cm in the soil. This supply is completed, as for “The Costieres Mill”, by
using fluvial water drained from Rhone River by the same Bas-Rhone Languedoc
channel.

Two irrigation modalities are currently applied (Fig. 2):

- Modality 1 consisting in a supply of 25 mm of water at the threshold value of 65 cbars
that corresponds to ‘high’ irrigation applied to the A and B plots.

- Modality 2 applied the same day than the previous one at the C and D plots, but

considered as ‘moderate’ with a water supply reduced by half at 12.5 mm.

11



A supplementary control identified as group ¢ with no watering other than the rain was
also included.

Each group consisting of ten trees of the Picholine variety and ten trees of the Aglandau
variety has been triplicated (Repl, Rep2 and Rep3) (Fig. 2). To avoid border effects,
only the 6 central trees of each given group were selected, including 3 Aglandau and 3
Picholine trees (Fig. 2). Three replicates of the same distribution were examined for the
groups B (high irrigation modality), D (moderate irrigation modality), and ® (no

anthropogenic irrigation).

Well under control, fertilization was identical for all trees especially the supplied amount
of nitrogen. Two main plant-health products were used:

(1) a mixture of Cu sulphate and Ca hydroxide (80% Ca(OH),+ 20 % CuSQO,) called
the “Bordeaux mixture” sprayed on the trees before blooming (March) and after
harvest (beginning of October), to prevent from specific disease of olive-tree
called the ‘peacock eye’, and to prevent from specific bacterium and fungus;

(2) as for “The Costieres Mill”, white clay (kaolinite) was sprayed twice a year on the
trees during summer (July — August) to avoid the olive fly (Dacus Oleae) at an

amount of 50 kg/ha.

3 Sampling and Methods

3.1 Sampling

3.1.1 “The Costieres Mill” plots

12



Sampling of “The Costieres Mill” site was completed in September 2012 at a restricted
area of plot F (Fig. 1). Four specimens of Picholine and four specimens of Aglandau
trees were selected not far from each other to avoid or, at least, reduce soil
heterogeneities. Four branches of about 3 mm in diameter were cut on each tree at 1 m
from soil. Leaves and olives were removed from each branch. For an extrapolation of
the results at the 30-hectare scale of “The Costieres Mill” site, 10 leaves were collected
on each olive tree of the four plots (D, E, F, and G) that consist of about 2,000 to 3,500
trees per plot, and were mixed to build one leave-sample per plot. Olives collected

during the harvest period were also sampled on the studied trees.

Soil samples of plot F were also collected using an auger, at a depth of 30 to 40 cm and
distant by about 1 m from each of the 8 studied trees. As the site was operated at the
time of sampling, it was not possible to collect the soil as a function of depth. The choice
of the 30-40 cm depth was decided to avoid litter effects that might interfere in the
recycling of strontium and other nutrients (Graustein and Armstrong, 1983). Also, as the
root system of olive trees is known to be mostly a vertical and deep system (Kailis and
Harris, 2007), the upper soil level was not expected to be the nutrient one and,
consequently, not the strontium source. As stipulated by Kailis and Harris (2007), no

roots were observed in the 0-30 cm zone during digging.

3.1.2 The Serfel plots
The three irrigation groups, B (high irrigation), D (moderate irrigation) and ¢ (no

irrigation) and their three repetitions (Repl, Rep2, Rep3) were sampled as follows. In

13



each repetition, 3 specimens of Picholine and 3 specimens of Aglandau trees were
selected (Fig. 2): branches and leaves were collected over two consecutive years, in
November 2012 and September 2013, to evaluate the time effect. As for “The Costieéres
Mill”, four branches were cut off each tree at about 1 m from soil. The leaves were
removed from each branch (about 30 leaves per branch). Olives could not have been
harvest as used for the Serfel own measurements.

To mimic “The Costieres Mill” sampling, soil samples were initially collected at a depth of
-30 to -40cm in each repetition of the different studied groups in November 2012. In
September 2013, three soil profiles were made in one repetition of each group at -30/-

40cm, -60/-70cm and -80/-90cm depths.

The products for the plant protection and the fertilizers were collected for chemical and
Sr isotopic measurements at each studied site. They include the white clay (AB) used at
the “The Costiéres Mill” and the Serfel sites, the Bordeaux-mixture (BB) used only at the
Serfel, the cuprous oxide (Cu20-Cos) and the biovie (Biov-Cos) used only at the “The
Costiéres Mill”. To constrain atmospheric inputs, a rain gauge was installed on the Serfel
site, and rainwater (RW) was collected at the time of material sampling. Water used for
irrigation and derived for the two sites from Rhone River, was also collected (IW at two

different time periods at the two sites).

3.2 Sample preparation and analytical procedure

14



The tree organs (leaves, branches, olives) were carefully washed by ultrasonic
treatment in distilled water, dried and mineralized in a microwave (Ethos one —Milestone
at the University of Nimes, France) according to the procedure described by Medini et
al. (2015).
The soil samples were crushed gently and treated according to two procedures:
(1) an aliqguot of the powder was leached with supra-pure 1 M acetic acid considering
a 1:100 soil/solution ratio in order to extract the mobile fraction of the powder;
(2) a second aliquot was treated for extraction of the exchangeable fraction
according to the procedure of Takeda et al. (2006) using a NH4;NO3 solution with
a 1:10 soil/solution ratio.
Irrigation and rainwaters were filtered (0.45 pum) and acidified (HNO3 6N) after sampling.
They were then evaporated and their residues dissolved for Sr isotope treatment and

analysis.

The two products for the plant protection and the fertilizers were dissolved in mixed hot
acids (HF-HCI-HNO3). The soluble fraction was collected, as potentially available for the
plant. An amount of 300 mg of the white clay and 200-250 mg of the Cu-product and
Biovie mixture were leached with supra-pure acetic acid. The leachates were then

evaporated for Sr isotopic and chemical measurements.

The dry residue of the treated samples was dissolved in nitric acid for Sr separation and

purification on the Eichrom Sr-resin, following the Pin et al.’s (2003) procedure.

Strontium was loaded on a Ta-filament and the ®'Sr/*®Sr isotopic ratio measured by

15



solid-source thermal ionization mass spectrometry (TIMS ThermoFinnigan Triton TI) (at
the University of Nimes, France). For control of the analytical accuracy, the 2’Sr/®°Sr
ratio of the NBS987 standard was determined periodically, giving an average of
0.710257 with a standard deviation of 3E-6. The internal analytical uncertainty (2o0D)
was calculated for each measured 8'Sr/%®Sr ratio on the basis of 100 runs pro analysis.
For groups of n samples, a median 2’Sr/®°Sr ratio and the standard deviation (2SD) were
calculated. Sr contents were determined for a few samples of the soils, the leaves and
for the plant-protection products by inductively coupled plasma-mass spectrometry (ICP-
MS at the Laboratoire d’'Hydrologie et de Géochimie of the University of Strasbourg) with

an analytical precision of +5%, based on the procedure by Samuel et al. (1985).

4 Results

4.1 Branches, leaves and olives

Leaves and branches of 8 trees from F plot of “The Costieres Mill” site were analyzed.
Leave-samples consisting of 10 leaves per tree of each plot were also selected at the
scale of the entire site (D, E, F and G plots) (Table 1 - Supporting Material). The overall
database of the Sr isotopic composition of the branches and leaves was summarized
statistically in box plots that outline the spread and average value of the trees from each
compartment as a function of the location (Fig. 3a). The 8'Sr/*®Sr values of the branches
range from 0.708281 (+8E-6) to 0.70875 (+10E-6) with a median ratio of 0.7087 (+1.6E-
4) (Fig. 3a). The ®'Sr/*®Sr ratios of the leaves from the 8 trees yield the same range,

from 0.708305 (x1.6E-6) to 0.70877 (+13E-6) with a median value of 0.7086 (+1.6E-4)

16



(Fig. 3a). Values obtained for the tree leaves of the 4 plots are of the same order of
magnitude with a median ratio of 0.7087 (x1.2E-4) (Fig. 3a). As a main observation, the
87Sr/®Sr ratios of branches and leaves from trees of the “The Costiéres Mill” are
identical with a median value of 0.7087 and a standard deviation of 1.6E-4. Olives that
could be sampled during the harvest period from 4 studied Aglandau trees (A4-1, A4-5,
A4-10, A4-15) display also identical isotopic ratio ranging from 0.7083 (+2E-5) to 0.7086
(x1E-5) with a median value of 0.7086 (x1.7E-4) (n=4). Alternatively, the Sr contents in

the leaves are quite scattered ranging from 14.3 to 41.4 pg.g™.

At the Serfel site, 27 samples of branches and 27 samples of leaves were analyzed for
their Sr isotope composition combined with their Sr contents (Table 1 - Supporting
Material). The Sr contents in the leaves range from 25 to 44.5 pg.g*. The 8'Sr/%®sr
values of the branches range from 0.708927 (+6E-6) to 0.709319 (+7E-6) with a median
ratio of 0.7091 (x1.0E-4) (n=27) (Fig. 3a). The Sr isotopic ratios in the leaves define the
same narrow range, from 0.709047 (x6E-6) and 0.70945 (x12E-6) with a median value
of 0.7092 (£1.1E-4) (n=27) (Fig. 3a). Branches and leaves from the Serfel plots display
identical ®'Sr/**Sr values with a median value of 0.7092 and a standard deviation of

1.1E-4.

These results outline: (1) an identical 8 Sr/®°Sr ratio in the studied organs of the trees for
a given agricultural site, (2) a significant difference between the Sr values of the Serfel
and “The Costiéres Mill"” trees. Also to be mentioned are the identical Sr isotopic

compositions of the Picholine and Aglandau tree varieties of the same plots, which

17



suggest in turn that the ®'Sr/*®Sr ratios are not tree-type dependent (Table 1 -

Supporting Material).

If combining branches and leaves of a given site because of their isotopic identity, very
tiny variations can be observed at the Serfel site as a plausible function of the irrigation
modality. Indeed, slightly higher ®'Sr/®°Sr values have been measured in samples
removed from trees cultivated under moderate irrigation conditions (D modality) (Fig.
3b). The ¥Sr/*Sr ratios of the branches and leaves taken from trees that have been
either highly irrigated (B modality) or not irrigated (¢ modality) are slightly lower and
within the same order of values (Fig. 3b). However, on a statistical point of view, all data
are identical with median values of 0.7092 (+1.1E-4), 0.7092 (+1.0E-4), and 0.7091
(x1.0E-4), respectively for the trees subjected to not, moderate and high-irrigated

conditions.

3.2 Soils

The irrigated soils collected at “The Costieres Mill” site yield low Sr contents in both the
mobile or exchangeable fraction, ranging from 4.52 to 8.28 ug.g™*. The two fractions
yield the same #’Sr/®Sr ratios with a median value of 0.7085 and a standard deviation of
1.1 and 5.0E-5 for the mobile and the exchangeable fraction, respectively (Table 2 -
Supporting Material; Fig. 4a). This value is close to that measured in the organs of the

trees (branches, leaves, olives) of this cultivated site (0.7087 + 1.6E-4) (Fig. 4a).
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At the Serfel site, the mobile and exchangeable fractions of the soils yield distinct Sr
elemental contents and isotopic values as a function of the irrigation modality. Both
fractions of the irrigated soils (moderate and high irrigation modalities) yield low Sr
contents for the ranging from 4.94 to 16.3 pg.g* with a median value of 8.29 pg.g*
(Table 2 - Supporting Material). Conversely, the mobile fraction of the not-irrigated soils
is characterized by higher Sr contents, ranging from 17.2 pug.g* to 41.7 pg.g™ with a
median value of 30.2 pg.g™*. On each studied plot, higher Sr contents are measured at
the -30-40 cm depth of the soil profiles. On the Sr isotopic point of view, the mobile and
exchangeable fractions of the soils are significantly different for the non-irrigated plot
with ’Sr/®Sr median values of 0.70854 (3.2E-5) and 0.70897 (4.4E-5), respectively
(Fig. 4a). These values are clearly lower than the median Sr composition measured in
the organs of trees cultivated in these plots (0.7092 + 1.1E-4). Under moderate
irrigation, the 8'Sr/®°Sr ratios measured in the mobile and exchangeable fraction of the
soils range from 0.708811 to 0.709296 and from 0.70902 to 0.70928 with identical
median values of 0.7090 (1.7E-4) and 0.7092 (1.1E-4), respectively (Fig. 4a). These
ratios are close to those measured in the tree organs of the trees grown in the
moderately irrigated plots (0.7092 £ 1.0E-4). Similarly, soils from the high-irrigated plots
display ’Sr/®°Sr values for their mobile and exchangeable fractions that recall those
measured in branches and leaves of trees (Fig. 4a). The isotopic ratios of the mobile
fraction range from 0.70863 to 0.70899 with a median value of 0.7088 (1.7E-4), whereas
the exchangeable fraction yields a median ratio at 0.70904 (7E-5) that is less scattered,

ranging from 0.70892 to 0.70904.
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If considering the mobile soil fractions, heterogeneous and distinct 2'Sr/®°Sr ratios are
observed as a function of location (“The Costiéres Mill” or the Serfel), of irrigation
modality, and for the same modality as a function of depth in the soil (Fig 4b). At the
upper levels (-30/-40cm), the 8'Sr/%®Sr values of the mobile phase of the soils from not-
irrigated plots of the Serfel site are the lowest, ranging from 0.708509 (x6E-6) to
0.708605 (+10E-6) (Fig. 4b). These values are close to those measured in “The
Costiéres Mill” soils (Fig. 4b), while clearly lower than those measured in the highly
irrigated soils where they range from 0.708631 (x10E-6) to 0.708997 (+4E-6), and even
more in the moderate irrigated ones, from 0.708811 (+10E-6) to 0.709045 (+16E-6)
(Fig. 4b). When considering the distribution of the ®'Sr/*®Sr values relative to depth,
varied outlines can be distinguished: whereas values are quite homogeneous and
identical from -30 to -80 cm in the not-irrigated plots (median value of 0.70853 * 3.2E-5),
they clearly tend towards higher ratios when irrigation is moderate and high. A high
heterogeneity in the values is also visible for samples collected at a same depth for the

high irrigation modality at “The Costieres Mill” site.

Considering the exchangeable fraction of the same soils, distinct values are again
obtained in the two sites: the exchangeable soil fractions of “The Costieres Mill” site is
characterized by low isotopic compositions compared to those of the Serfel site with a
median ®’Sr/*®Sr ratio of 0.70852 (5E-5) (Fig. 4c). The exchangeable fraction of the soils
from Serfel site are less scattered compared to those of the mobile fraction, ranging
from 0.70888 (3E-5) to 0.70904 (1.3E-5) in the upper collected soil levels, increasing

with depth to a value of 0.70928 (2.6E-5).
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A comparison of the Sr isotopic composition from exchangeable fraction with that from
mobile one provides similar values for the soils of “The Costieres Mill” and for those of
the Serfel site that were moderately and highly irrigated (Fig. 4c). Conversely, specific
trends are observed in the two fractions of the not-irrigated soils: the exchangeable
fraction appears to be more radiogenic than the mobile one. As a conclusion, the mobile
and the exchangeable fraction of a soil yield quite the same 8Sr/*°Sr ratios in irrigated

conditions, whereas clearly distinct ratios when the soils are not irrigated.

4.3 Waters, plant protection products and fertilizers

Water used for irrigation at the Serfel and “The Costieres Mill” sites yields a mean
87Sr/%%Sr ratio of 0.708539 (+9E-6). Rainwaters collected in the Serfel rain gauge are
slightly more radiogenic with an ®'Sr/?®Sr ratio of 0.70877 (+1E-5).

The Sr isotopic and chemical compositions of the plant-protection products were
determined on the whole material (total dissolution of the products labeled WR), and on
the leachable component (labeled SP) (Table 3 - Supporting Material). The white clay
used at both sites, yields high radiogenic 8'Sr/*®Sr ratios whatever the studied fractions
(WR = 0.758760 (+8E-6) and SP = 0.74325 (+4E-5)). The cuprous oxide and the Biovie
used on the olive trees at “The Costiéres Mill” are also characterized by high 8Sr/®Sr
ratios (WR=0.713091 (+5E-6) SP from 0.71098 (x2E-5) to 0.70950 (+2E-5). The
Bordeaux mixture used at the Serfel site appears to be the less radiogenic

anthropogenic product with 2’Sr/*®Sr values of 0.708095 (+7E-6) and 0.70801 (+2E-5)
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for the whole product and the leachable fraction, respectively. The Bordeaux mixture
and the white clay contain quite high Sr contents of about 107 and 68 pg.g*, whereas

the Cu-oxide used during the cultivation is very poor in this element (2 ug.g™).

5. Discussion

The Sr geochemical characteristics of olive trees were determined in two domains
identical in terms of geographic and soil and rock contexts, but distinct in the applied
cultivation modalities, the pedologic, geologic and climatic parameters being identical in
the two sites. If considering that the bio-available Sr has a natural origin, that is to say is
extracted either from soil minerals or from rainwaters (Stewart et al., 1998), the same Sr
iIsotopic composition is expectable in the tree organs of the two sites. Quite varied
87Sr/%°Sr ratios were measured: at the Serfel site, olive-tree branches and leaves yield
Sr isotopic composition clearly higher (0.7092 + 1.1E-4 (n=54)) than those recorded in
the same organs of “The Costieres Mill” trees (0.7087 + 1.6E-4 (n=20)) (Fig. 3). As the
geological and climatic environments are the same for the two sites, and as the same
olive varieties were studied in the two cases, the potential contribution of agricultural
parameters must be considered to explain the difference in the Sr composition. The
cultivation modalities had, therefore, to impact significantly the source of the bioavailable
Sr. In order to better constrain this hypothesis, the contribution of Sr from soils, natural
waters and humans-added components (irrigation waters, fertilizers and protection
products) to the olives trees is discussed further on the basis of the Sr isotopic and

elemental patterns depending on the applied cultivation modalities.
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5.1 The Srisotopic composition of olive trees

Considering the statistical data, branches and leaves of trees yield homogeneous and
identical Sr isotopic compositions for these organs at a given site (Fig. 3a) and no
distinction can be made between the two varieties of Olea europaea (Picholine and
Aglandau). As already stated above, this identity supports the same biological behavior
of Sr taken up by the Picholine and Aglandau tree varieties, excluding a potential control
by the plant species. To pursue this aspect, a comparison can be made with Sr isotopic
measurements obtained on olive oil produced by “The Costieres Mill” (Medini et al.,
2015). The authors defined a Sr isotope method for olive oil characterization and
analyzed various types. They published an 8'Sr/*®Sr ratio of 0.7088 (+2E-4) for the olive
oil produced by “The Costieres Mill” in 2012. This value is identical to the Sr isotopic

ratios measured in the branches, leaves and olives of the trees grown at this site.

Despite the statistical Sr isotope homogeneity at each site, a specific care may be paid
to branches and leaves Sr isotope data obtained from trees of the Serfel not-irrigated
plots, and to a lesser extent from those of the highly irrigated ones (Table 1 - Supporting
Material; Fig. 5). Even if the two types of samples yield statistically the same Sr isotope
composition, slightly higher 8'Sr/*®Sr ratios were determined in leaves compared to
branches. This slightly higher Sr isotopic composition implies addition of a Sr with a
higher 8Sr/®°Sr ratio to the leaves that can be explained by deposition of an external,

atmospheric compound with a higher ratio. Foliar transfer of elements has already been
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described (Scotti and Carini, 2000; van der Heijden et al., 2013; Schreck et al., 2014;
Bedel et al., 2016 and references therein). For instance, Ca absorption by the foliage in
broadleaf forests was reported and even calculated (van der Heijden et al., 2013). The
same mechanism can be suggested for Sr being an analogous element of Ca. In this
case, candidates for atmospheric deposition are either of natural origin such as aerosols
carried by rainwater, or of an anthropogenic origin such as the sprayed agricultural
products. Plain rainwater collected during the study period yields a low 2Sr/*®Sr value of
0.70877 (x1E-5), lower than that of the leaves and cannot, thus, be considered as a
good candidate for this external Sr. Rainwaters are however known to have ®'Sr/*®Sr
compositions that are susceptible to vary significantly in time and space. For instance,
values ranging from 0.709198 and 0.713143 were measured in rainwater samples
collected in the Massif Central (France) over a period of one year (Negrel and Roy,
1998). Despite these data, an impact of 2’ Sr-rich rainwater is not expected here as not
identified at “The Costieres Mill” site. Apparently, natural deposits do not explain the
slight Sr isotopic shift between leaves and branches observed at the Serfel site.
Alternatively, other components that may potentially have been deposited on the leaves
are the sprayed plant protection products (e.g., the white clay and Bordeaux mixture at
Serfel). As for rainwater, the Bordeaux mixture appears to vyield lower 8'Sr/®Sr ratios
than the tree organs and cannot have induced the observed increase in the 2Sr/®°Sr
ratio. The white clay protection product represents in the Serfel environment context the
sole potential reservoir enriched in ®’Sr. The bulk component and its soluble fraction
display significantly high ®’Sr/®°Sr values (Table 3 - Supporting Material), and even a
limited contribution of this product can induce a noticeable increase of the 'Sr/*®Sr ratio.

Sprayed on the trees, this product could have adhered to the leaves better than to the
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branches due to the greater contact surface, and may even have penetrated into the
stomata of the leaves. This is observed at the Serfel site, whereas it was not identified in
the samples from “The Costiéres Mill” site, where the same protection product is used.
The insignificant ®’Sr increase for the Sr taken up by tree leaves at “The Costiéres Mill”
site may then relate to a lower amount of white clay used in the ‘biological’ modality.
During a cultivation year, the white clay was sprayed once on “The Costieres Mill” trees
(80Kg/ha), whereas added twice at those of the Serfel site (2 * 50kg/ha). Finally, the fact
that moderate irrigated trees at Serfel do not display the ®’Sr enrichment in leaves may
be due to the spreading procedure. In turn, the trees located in the central parts of the

plots may have received less production products than those around.

Homogeneous on a given site, the median 8'Sr/*®Sr ratios values of the tree organs are,
however, clearly distinct in the “The Costieres Mill” and Serfel sites. This implies different

Sr sources as a function of the site and of the cultivation modality.

5.2  Origin of Sr in tree organs and implication for a geographical discrimination of

olives and olive oil

“The Costieres Mill” site

The relationship between the ®’Sr/®°Sr ratios of the organs from olive trees (leaves and
branches) and those of the soils and waters reservoirs at the “The Costieres Mill” site
can be discussed as a function of a vertical projection (Fig. 5). Considering the biologic
agriculture practices applied at this site, olives, leaves and branches vyield 8'Sr/®°Sr

values that are of the same order than those of either the mobile or exchangeable soll
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fractions, being also identical to those of the irrigation waters and, to a lesser extent, to
that of the rainwaters. On the basis of the cultivation practice at “The Costieres Mill” site,
a clear, simple and straight relation is thus obtained between the Sr isotopic composition
of the tree organs and that of their growing environment. The soil appears to be the
major source of base cations for the trees, either through its mobile or exchangeable
fractions. It seems that the used anthropogenic products have no impact on the Sr
isotopic composition of the trees. This relationship between the trees and their natural
environment is of special interest when using the Sr isotope composition as a tracer of
the geographic origin of olives and olive oil. For instance, Medini et al., (2015) observed
by means of geological map studies and oils analyses a fair correlation between the Sr
isotopic composition of an olive oil and the geologic bedrock-of the producing orchards.
In fact, we demonstrate this relationship in the herein study. In turn, one can assume the
origin of olive trees grown on a specific soil by analyzing the Sr isotope composition of
the olives and of the derived olive oil, and comparing the results with the Sr isotope
composition of the soil in the case of a biologic farming with drop-by-drop irrigation. The
87Sr/®sr ratio of these agri-foods can thus be used to discriminate the production area of

tree nurses located on distinct bedrocks.

The Serfel site

Despite the similar soil and climatic conditions, trees from Serfel site display higher
87Sr/®Sr ratios relative to those determined on “The Costiéres Mill" trees. Their Sr
iIsotopic compositions are, however, homogeneous whatever the irrigation modality,

which agrees with the fact that irrigation is not a predominant parameter in the definition
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of the bio-available Sr source. Indeed, irrigation and rain-waters yield significantly lower
87Sr/%®sr values than tree leaves and branches (Fig. 5) and, therefore, cannot be a major
source for the bio-available Sr. Furthermore, no direct relation can be observed between
the Sr isotope compositions of tree organs and mobile soil fractions. A better relation
can be determined between the Sr of the tree samples and that of the exchangeable soil
fractions, even if some tree organs can contain Sr with higher ’Sr/*®Sr ratios than this
exchangeable fluid phase. As a preliminary statement, cations available for the olive
trees are of various origins and do not only reflect a natural origin in “conventional
agricultural practices”, with or without irrigation. It seems that anthropogenic products
have a significant impact on the elemental tree uptake in this agricultural context. The Sr
isotopic composition of olive trees cannot be directly derived from natural environment,
and can reflect a potential imprint supply of man-made anthropogenic products. Special

care in the use of the Sr isotopic tool is, therefore, needed in discriminating studies.

5.3 Srisotopic composition of soils

As for tree organs, distinct %’Sr/®°Sr ratios were measured in the mobile and
exchangeable fractions of the two studied sites (Fig. 5), despite the proximate location
and the similar geographic and geologic areas that were selected on purpose to avoid
as much as possible heterogeneities due to variations of the geological and pedologic
basement. Despite this choice and the homogeneous nature of the soils, slight
mineralogical and structural differences were observed at the scale of the plots. At the

Serfel site, even if being randomly distributed in space, the studied plots were
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characterized by specific carbonate and fine fraction contents (Fig. 2). However, no
specific correlation between the Sr isotopic composition of the mobile or the
exchangeable fractions and the mineralogical and textural parameters could be
detected. For instance, the three replicates of the not-irrigated plots are characterized by
three different patterns in term of fine fraction distribution and by homogeneous &’Sr/®Sr
compositions of the mobile and exchangeable fractions. Similarly, the B-Repl and D-
Repl plots that are characterized by different carbonates contents and similar
granulometric texture are identified by close ®’Sr/**Sr compositions. In summary, the
local soil heterogeneities seem not to control the Sr isotopic composition of their varied
fractions. Therefore, another external parameter must be identified for the
heterogeneities in the 8’Sr/®°Sr ratios of the soils at the Serfel site and, consequently, for

the difference with those of “The Costieres Mill”.

Variations in the mobile fraction of soils from various studied plots were observed in both
the Sr isotopic ratios and elementary contents (Fig. 6). When the soils are not irrigated
(P plots of Serfel), their mobile fraction is characterized by high Sr contents (average
value of 30 pg.g™) and low 'Sr/®Sr (0.70854 +3.E-5). With irrigation (B and D plots of
Serfel and “The Costieres Mill”), this fraction appears to be Sr depleted with higher
87Sr/%®sr compositions, which does not favor any clear relationship with the irrigation
degree. The increase in the Sr isotopic values is especially visible at the Serfel site,
even if it can also be observed in some samples at “The Costieres Mill” (Fig. 6). The
decrease in the Sr contents of the mobile fraction from these soils can be explained by:

(1) a dissolution process of Sr-rich soluble minerals during irrigation and by irrigation
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waters, and/or (2) an important root activity with metabolic processes of ions uptake by
root cells in irrigated conditions (Marschner, 1995) (Fig. 6). These chemical or
biochemical processes can induce the increase of the remaining phase by a balance
effect. However, as mineralogical measurement are lacking, it is quite difficult to argue
further. On the other hand, the increase of the ®’Sr/®®Sr ratios from mobile fraction of
irrigated soils calls for a supply of Sr with a higher ®’Sr/*®Sr ratio or an isotopic
fractionation during the chemical or biological process that is clearly not conceivable as
discussed above. In the hypothesis of a rich-8’Sr supply, its impact appears stronger at
the Serfel site (Fig. 6). Considering that Sr of irrigation water yields a low 8'Sr/*®Sr ratio,
the observed increase in the 8’Sr/®®Sr of the irrigated plots cannot be due to a supply of
this water. In addition, such a supply was not identified at “The Costieres Mill” site, which

plots were also irrigated even if the irrigation degree was not specified.

To explain the nature and origin of this potential supply of Sr with an increased ®'Sr/?®Sr
ratio, it is needed to focus on the main difference in the cultural modalities. This
difference deals mainly with the use of fertilizers and protection products: the Bordeaux
mixture was used at the Serfel site, whereas Cu-oxide and Biovie were applied at “The
Costiéres Mill” site, white clay being used at both sites. These products sprayed on the
trees or deposited at their feet are characterized by distinct Sr elementary and isotopic
compositions (Table 3 - Supporting Material). As a consequence, their potential
incorporation in the soils could induce a change of the intrinsic Sr pattern of the soil
reservoir by a mixing process. Mixing between the fractions of the soils and the plant-
health products can be illustrated in an 8’Sr/®°Sr = f (Sr) diagram where data from soils

and anthropogenic products were reported (Fig. 6). In irrigated conditions, the Sr data of
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the mobile fractions from the soils fit on a trend towards a reservoir characterized by a
high 8’Sr/%®Sr ratio that corresponds to the soluble fraction of the white clay product. This
can be explained by the use of this product at the two sites, spread once or twice a year.
During spreading, particles probably reach the soil and are dissolved, leading to a
soluble phase that could have been transported by pore waters of the soil. As the
leachate of the white clay has a low Sr content and a high 2’Sr/®°Sr ratio, its addition to
the soil does not induce significant variations of the Sr content from mobile fraction, but
a clear increase of its isotopic value. The impact of this process is, thus, implemented by
irrigation. Such an imprint of the white clay is clearly observed in the moderately and
highly irrigated soils of the Serfel site. Alternatively, it is less pronounced in “The
Costiéres Mill” soils despite irrigation (Fig. 6). This can be explained again by the
cultivation practices, with more white clay spread on the trees at the Serfel site (2 times
50kg/halyear) compared to “The Costieres Mill” trees (80kg/hal/year). In addition, as
already mentioned, penetration of the white clay soluble particles into the soil is favored
by running rain- and irrigation water. At “The Costieres Mill” site, a drop-by-drop
irrigation system exists, but no information about the amount of used water was made
available. On the basis of the low deviation of the Sr isotopic composition of these soils,

a lower irrigation degree than that observed at the Serfel site is probable.

The exchangeable fraction of the Serfel soils seems also to have been impacted by the
same process of white clay leached into the soluble fraction, whereas the Sr of that of
“The Costiéres Mill” soils remains of the same value than those of the mobile fraction. A
similar trend is observed in the diagram between the Sr contents and isotope

compositions of the soil samples and the plant-protection products (Fig. 6). However,
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the reported data do not exactly plot on the mixing trend defined with the leached phase
of the white clay; they are slightly shifted to the right of the trend. It looks like another
component enriched in Sr with a higher 'Sr/®®Sr ratio contributes to the composition of
these fractions of the soil from Serfel. Among the used anthropogenic products, bulk
particles of white clay could be an appropriate candidate (Biovie being not used in the
Serfel agricultural modalities) (Fig. 6). As these particles contain cations bounded to
exchange sites, their addition to the soil suggests a disturbance of the intrinsic
properties of the exchangeable fraction. The exchangeable phase of the Serfel
cultivated soils appears thus to be imprinted by anthropogenic sources represented by
the white clay. This is not observed at “The Costiéres Mill” due to the lower amount of
used white clay, even if a slight Sr enrichment can be detected, probably involving the
same mixing process. On the Sr elementary basis, the exchangeable fraction of the soils
does not appear to have been significantly disturbed by the previously discussed
dissolution of Sr-rich phases. All studied soil samples irrigated or not of both “The

Costiéres Mill” and the Serfel site, display quite the same Sr contents (Fig. 6).

The nature of the protection products added to the cultivated plots can be responsible
for significant changes in the ®’Sr/®°Sr ratios of the soil extractable fractions, either
mobile or exchangeable. For instance, the use of a product that contains Sr with a high
87Sr/%%sr ratio, such as the white clay, can lead to an increase of this ratio in the two
phases. Irrigation is a cultural practice that leads to depletion of the Sr contents of the

mobile fraction, whereas it has no significant effect on the exchangeable fraction.
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6. Conclusion

The role of cultivation practices on bio-available 8'Sr/®°Sr of olive trees is discussed on
the basis of a Sr elementary and isotope study conducted on tree organs of two sites
located about 1 km apart on similar soils, but with distinct cultivation modalities.
Aglandau and Picholine olive trees contain Sr with identical ®'Sr/®°Sr ratios in varied
organs (branches, leaves, olives) at the scale of the studied areas. The Sr isotopic
composition of the trees is clearly related to the soil mineral compositions in case of a
biologic agriculture. However, it can also be significantly disturbed in the case of
‘conventional cultivation’ modalities. Irrigation is a widely used agricultural practice that
can lead to the dissolution of Sr soluble-mineral and, as a consequence, to lower Sr
contents of the mobile fractions from soils. It is also responsible for the transfer of
particles and soluble phases from plant-protection products into the soils. This process
can lead to the disturbance of the intrinsic Sr isotopic properties of both the
exchangeable and mobile fractions. For instance, white clay used here to protect the
trees from ‘olive fly’ disease induces an increase of the 8'Sr/®®Sr ratio of the mobile and
exchangeable fractions of the soils. This imprint is observed only under ‘conventional
agricultural modality’ that implies high spreading of white clays on the trees, and it is not
detectable in a ‘biological agriculture’ modality.

Finally, the 8’Sr/®°Sr measured in organs of olive trees and in the consumable products
is dependent on their growing environment and on the applied cultivation practices.
Thus, the mechanisms involved in the Sr uptake by olive trees can be used as a reliable

tool to trace the origin of the olive and olive oil production, but only in case of a ‘biologic’
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agricultural practice that does not need an intensive use of additive anthropogenic

products during the growth process of the plants.
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Figure caption

Figure 1. Location of “The Costieredill” and Serfel sites in southeastern France wath
satellite map detailing the emplacements of thévaied plots. The geological context of the
studied area is also provided.

Figure 2: (a) Detailed sketch of the experimental plotshef ¢live trees at the Serfel site: three
repetitions (Repl, Rep2, Rep3) of three irrigatimodalities (no irrigation, moderate
irrigation and high irrigation) were studied. Thitg ®, B and D were selected with six
olive trees sampled in each repetition for Sr mesments. (b) Mapping of the <2mm
fraction and of detected carbonate in the soithefSerfel plots.

Figure 3: (a) Boxplot presentation 8fSr°Sr of branches and leaves sampled on the Serfel and
“The CostiéresMill” sites; (b) Boxplot presentation of Sr°Sr of combined ‘branches +
leaves’ samples according to the irrigation moait The long central rectangles of the
boxes represent 75% of their contents with a trarssl bar for the median value of these
data, the highest and lowest values being idedtliethe circles above and below.

Figure 4: (a) Boxplot presentation of th&Srf®Sr ratios from mobile and exchangeable
fractions of soils according to the sites and thigation modalities. Plots of th¥Srf°sr
ratio of (b) the mobile and (c) the exchangealdetfons of soils from “The Costierd4ill”
and the Serfel sites as a function of depth.

Figure 5: Relationship between tHéSrP®Sr ratio of all studied reservoirs as a functionaof
vertical profile (oil data is from Medini aral., 2015).

Figure 6: Mixing diagram®'Srf°Sr = f(Sr) showing relationship between soil sampad

plant-protection products.
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Supporting Material

Table 1: Sr concentrations an¥Srf®Sr ratios of branches and leaves from Picholine and

Aglandau trees sampled at the Serfel and “The @esi/ill” sites.

Table 2: Sr concentrations artdSrF°Sr ratios of the mobile and exchangeable fractafrsoils

collected at the Serfel and “The Costiekéi” plots.

Table 3: 8’Srf°Sr ratios of the plant-protection products andilfeers as whole products (WR)

and leachates (SP), and of waters (rainwater aigation water).

41



—4

“ The
Costiere |
s Mill

7
{? "V\‘kf U\R\L
(f\\,__f S mLEse {L
f? GARD . .Y
~ NiMES “ -
V‘L{J \Z/L. “ >

NNW
SSE
Serfel
Garrigues Nimes  Caissargues Générac And St Gilles
The Costieres Mill

150m Pliocene sea

1o0m S

50m | T |

Om E_l : |

Nimes's fault

—
2Km
50e29%ed Villafranchian alluvian
Astian sand _
— ) ) ) Pliocene
~2" 22 | Marine Plaisancian grey blue clay

E Barremian (Urgonien)




0O 0 X X|0o o X xXx|o o x x|o X
A-Rep1 -Rep- C-Rep1
olo X| x| ollO x |o]JO X|x|o} X
O X| X ) X O X
O X]| X ) X O X
0O o X X|o0o o x x|o o x x]|o X 0 0 X X
0O 0 X X|0o o X xXx|o o X x|o X 0 0 X X
_B-Rep?2 A-Rep2 D-Rep2 ®-Rep?
o b@:iX]| x |[oJOo X| x |o x| o x olO X| x
o f@X] x |oJOo X| x| o x|o x olo x| x
ofioix] x |olo x| x|o x|o x olo X| x
0O 0 X X|o o x x|o o X x|o X 0 0 X X
0O 0o X X|o o x x|[o o x x|o X 0 0 X X
C-Rep3 B-Rep3 A-Rep3 P-Rep3
olO X| x |of@:X] x [o]O X|x|oO x olo X| x
olo X| x [ofpEX] x |o]J]o x| x|o x olo X| x
olo X| x |of@iX] x [o]O X|x]|o x olo x| x
0O 0 X X|o0o o x xXx|o o x x]|o X[x o o x x

Selected plots for this study

o0 Aglandau trees at the edge
O Aglandau trees selected for analyses

x Picholine trees at the edge
X' Picholine trees selected for analyses [z

A-Rep1

Not irrigated plots (¢ groups)
Moderate irrigation (D groups)

High irrigation (B groups)

Less than 70% in the deep profile
More than 70% in the 0-25 cm zone
More than 70% in the 0-50 cm zone
More than 70% in the 0-75 cm zone
More than 70% in the 0-100 cm zone

Carbonates free
zone

Occurrence of
carbonates

®0O




0.7096

0.7094
0.7092 -
0.7090
0.7088 +
0.7086 +
0.7084
0.7082 +
0.7080
07078
0.7076 -

S/ St

l

The Costieres Mill

0.7087 (1.6 E-4)

OMin =Médiane OMax
T o
R

The Serfel
0.7092 (1.1 E-4)

Branches
Costieres

Leaves
Costieres
F plot

Leaves
Costieres
D, E, G plots

Branches Leaves
Serfel Serfel

0.7096
0.7094
0.7092
0.7090
0.7088
0.7086
0.7084
0.7082
0.7080
0.7078
0.7076

87~ 86
Sr/ " Sr (branches + leaves)

T

[

Costieres
All plots

Serfel
Not Irr. plots
(D)

Serfel Serfel
Mod. Irr. plots High Irr. plots

(D) (B)




8751 %%

0.7096 -
0.7094 -
0.7092 -
0.7090 -
0.7088 -
0.7086 -
0.7084 -
0.7082 -

0.7080 -

0.7078 -

trees med. value
0.7087 (1.1E-4)

=

exch.f.
mobile f.

Costieres plots

trees med. value
0.7092 (1.1E-4)

trees med. value
0.7092 (1.0E-4)

T

exch.f.

>

mobile f.

Serfel
Not Irr. plots (P)

T \g
N
exch.f.

mobile f.

Serfel
Mod. Irr. plots (D)

trees med. value
0.7091 (1.0E-4)

7

exch. f.

mobile f.

Serfel
High Irr. plots (B)

Depth (cm)
0

-10

Mobile fraction < Serfel Not Irr. (d)- mobile f.

O Serfel Mod. Irr. (D)- mobile f.
B Serfel High Irr. (B)- mobile f.
X Cos - mobilef.

Not Irr. High Irr.
Sl /G L]

] g-# B

Mod. Irr.

o HEH

b
* ¢

-90-
o 10%

1 1 L L 1 1 L 1 1 L I 1 L 1 L 1 L 1 1 L I L L 1 L ]
T T T T T 1

o1 Qo 1o of® g1 1ot

875/ 805y

Depth (cm)
0

-10

Exch ble fracti
xchangeable fraction < Serfel Not Irr. (®)- exch f.

O Serfel Mod. Irr. (D)- exch f.
B Serfel High Irr. (B)- exch f.
X Cos - exch f.

High Irr.
Cos Not Irr. g Mod. Irr.

o

o108 0710%° 010%° 010 0109 010

875/ 805y



87c.,86 87¢,.,86
,\6& @%'L ,\chtx ,\th% ,\ch,‘b ,\qu ,\chb Sr/™7Sr ,\QQ,Q ,\QQ;L ,\Q‘bb‘ @Q;b ,\cha: ,\ng ,\ng, Sr/°°Sr
NI i NS O rainwater NS NS NS NS i O rainwater i N
Olives = oil
Leaves + Leaves B —
Branches - Branches ——
N trees - < >
trees
@ irrigation water Depth (cm) .irrigation water
10 + . . .
The Costiéres Mill mobile fraction | The Serfel " obile fra“,'°” E<—>XCh' fraction
< > - Not irrigated plots
-30 - Femmm—————— | -30 % O
PN - .o .
| — 50 4 ™
%0 Exch. fraction 01 .
- o8 > &
-70 - -70 - i
L
L] -
-90 - -90 -
87c.,86 87¢,.,86
,\Q%Q /\chq/ ,\Q%b‘ ,\ch‘.o /\ch‘i’) A QQQ Qqﬂz S I, / S r A Q%Q ,\Q%{L ,\chb‘ /\ch?) ,\Q%% A QQ)Q ng/ S I / S r
N N N Q" rainwater O Q- : N N N O rainwater © o :
Leaves —_— '3 Leaves —_——
" Branches —_— " Branches —_——
trees
trees
@ irrigation water Depth.(cm) n irrigation water
mobile fraction 10 Jnobile fraction >
The Serfel o < — The S‘erfel ¢ Exch. fraction
30 4 Moderate irrigated plots —Ms = -~ 30 High irrigated plots p—
- N ® .
-50 1 -50
o ew L= ]
70 -70 :
\\ ]
=0 = ]
-90 - -90




8751/ 86sx )
|white clay (leach) | | white clay (WR) |
0.7110 1 OF
o) :
c H
- X
0.7105 1+ £ H . Mobile fraction of soils
= B
0.7100 + 2
[ §
2 | Biovie (leach) |
070905 1 2 I O
-2 b
0.7090 Ellrrigated soils (Serfel)
[ ]
i % Not irrigated soils (Serfel)
0.7085 7 Irrigated e P 3
- soils (Cos) -
[ Dissolution of Sr-rich phases @
0.7080 T and/or high roots activity | Bordeaux mixtare (WR) |
0.7075 — - : i
-10 10 30 50 70 90 110 130
Sr (ug/q)
¥7Sr/ %sr t
|white clay (leach) | | white clay (WR) |
0.7110 1 OF
o ;
-
0.7105 + £
' LS Exchangeable fraction of soils
F T
0.7100 + &
r é | Biovie (leach) |
~
0.7095 1 2 &
o
2 d’soils (Serfel)
0.7090 +
Klot irrigated soils (Serfel)
0.7085 +
! Irrigated ©)
0.7080 + soils (Cos)
Bordeaux mixture (WR)
0.7075 + : — — } |
-10 10 30 50 70 90 110 130

Sr (ug/qg)




Impact of agricultural practice on the Sr isotopic composition of
food products: Application to discriminate the geographic origin

of olives and olive oil.

Highlights:

The origin of Sr in trees in agricultural contexts is discussed
Irrigation and fertilization have significant effect on trees Sr isotope ratio
Sr isotope could be used as tracer of the geographic origin of agri-food products

The efficiency of the tracing tool is strictly dependent on agricultural modalities
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