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HIGHLIGHTS

Srisotopes are a suitable tracer for MTEs
and As transfer in grapevine,

Three MTEs and As reservoirs were
identified in the studied soil.

The highest MTEs and As concentrations
were observed in leaves.

Foliar uptake contributes up to 10% of
the MTEs in leaves.

The chronic As exposure is of great con-
cern in the mining areas.
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GRAPHICAL ABSTRACT
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ABSTRACT

The transfer of metal and metalloid trace elements (MTEs) from contaminated soil to grapevines is a major issue for
grape consumption and for the associated health risks. Based on an isotopic approach, we shed light on the concept
of MTE bioavailability. The bioavailable fractions are identified by using the Sr-isotope ratio as a proxy for MTEs, This
allows us to differentiate three soil reservoirs: the ‘current available fraction’ in soil water, the ‘reserve available fraction’
stored in mineral phases of the soil fractions, and the ‘non-available fraction’. The reserve available fraction,
representing 10 to 60% of bulk seil depending on the MTE, includes the exchangeable, carbonates, humic substance
and oxides fractions. The 8”Sr/38Sr isotopic signatures of grape berries and vine leaves show an additional source of
MTEs, which is imported by foliar uptake and can contribute up to 10% of the MTEs in leaves. In addition, root-
uptake and translocation rates show high accumulation rates of Co, Sn and Cu, and low ones for As, Sb, Zn and Cd. A
daily intake between 1 and 3 kg of (dry grapes) would reach the benchmark dose level for a 0.5% (BMDLgs). While
such a daily intake of grapes is unreasonable, consumption of other local vegetables and fruit would contribute to
the daily intake. Hence, a chronic arsenic exposure is of great concern for human health in mining areas. We outline
the importance of geochemical tracers, such as Sr isotopes, when determining the transfer and translocation of MTEs
in plants. Qur method presents a high-precision evaluation of the bioavailability and bicaccumulation of MTEs, and a
better understanding of these processes in plants, thus leading to a better assessment of the environmental risk on
human health.

* Corresponding author.
E-mail address: somar.khaska@unimes.fr (S. Khaska).
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1. Introduction

The composition of plants reflects the environment in which they
grow (e.g. Kabata-Pendias, 2001, 2004, 2010), andbioavailability refers
to the available amount of elements and their ability to be incorporated
into biota (e.g. Kim et al., 2015; Olaniran et al,, 2013; Rieuwerts et al.,
1998).Up to now, the bioavailable fraction was considered to be associ-
ated with the soil exchangeable fraction and/or with carbonates (e.g.
Hartman and Richards, 2014; Maurer et al., 2012; Song et al,, 2014).

Bioaccumulation of metal and metalloid trace elements (MTEs) is a
worldwide environmental issue, as it can adversely affect ecosystems
and human health. This process will be amplified near mining areas,
as the bioavailable fraction of MTEs is increased with respect to the pris-
tine geochemical baseline (PGB) as provided by the INRA Infosol data-
base (French National Institute for Agricultural Research). Its
evaluation should provide valuable information regarding the risk of
contaminant transfer and accumulation in the food chain (Kabata-
Pendias, 2001). The bioavailable fraction is usually determined by
single-step extraction on bulk soil, using buffered salts such as ammo-
nium acetate (NH4OAc) (Bertoldi et al,, 2013; Cary et al,, 2015; Song
et al, 2014), NH;NO; (Durante et al.,, 2016), or chelating agents such
as diethylenetriaminepentaacetic acid-triethanolamine (DTPA-TEA)
(Censi et al,, 2014; Kabata-Pendias, 2004; Leita et al., 1998; Lindsay
and Norvell, 1978; Vazquez Vizquez et al., 2016).

However, the calculated bioaccumulation index based on MTE con-
centration in soil, will differ significantly according to the method
used for determining the bioavailable MTE fraction (Amorés et al.,
2013; Bertoldi et al,, 2013; Kabata-Pendias, 2010). Hence, this is a
major issue when evaluating the bioaccumulation and transfer factors
in vineyards; high-precision isotopic techniques thus may be a valuable
tool for the tracking of MTE transfer and bioaccumulation in grapevines.

Hereafter, we propose a novel approach for identifying the bioavail-
able phase in all identifiable soil fractions (exchangeable, carbonates,
Fe-Mn oxides, organic matter, humic substances, sulphides and resid-
ual), which is based on Sr-isotope signatures. To this end, we deter-
mined the Sr-isotope signatures of soil fractions obtained from
sequential extraction, together with multi-element analyses of MTEs.
Then, the obtained isotopic signatures and MTE concentrations of the
different soil fractions were compared to those of plant tissues.

Srisotopes are known to be a conservative tracer during nutrient up-
take by plants (Capo et al., 1998). As the geochemical behaviour of Sr is
quite similar to that of Ca in most natural environments and during
most biological processes (Capo et al., 1998), it may be used as a
proxy for Cain plants.

On this basis, Sr isotopes are widely used in many fields, including in
tracing the geographical origin of agricultural products (Bataille and
Bowen, 2012; Durante et al,, 2013; Gremaud et al., 2004; Kelly et al.,
2005; Marchionni et al,, 2013) and in archeological studies (Beard and
Johnson, 2000; Degryse et al,, 2010; Montgomery et al., 2007; Muller,
2003). Song et al. (2015) showed that the 37Sr/%6Sr ratios of rice and
hot-pepper plants were in agreement with those of water and of the ex-
changeable soil fraction as determined with NH4OAc. Durante et al.
(2016) showed the power of isotopic tools as geographical tracers, for
tracking the origin of wine and for the processes controlling such
traceability.

For this study, grapevines (Vitis vinifera) were selected as a case
study model because:

1) They are relatively tolerant to metallic contamination, notably to
arsenic;

2) They constitute a worldwide type of agriculture, covering over
800,000 ha in France alone; and

3) Their consumption as wine or table grapes may impact human health.

We focused on MTEs of major interest in bicavailability and risk as-
sessment, including As, Cd, Cr, Cu, Ni, Sb, Sn and Pb that are considered

as potentially hazardous metals in the environment (McKinney and
Rogers, 1992). In order to quantify MTE distribution and bioaccumula-
tion in grapevines, we analysed xylem sap, canes, leaves, and berries,
in addition to chemical leachates of the vineyard soil.

Thus, the objectives of this study were: 1) Assess the bioavailable
phases in soil for plant uptake using Sr isotopes, 2) Define the bioaccu-
mulation and translocation factors in the soil-grapevine system, and
3) Demonstrate the influence of foliar uptake on MTE bioaccumulation,

Two observation sites (A and B) occupied by vineyards (Khaska
et al, 2018) were selected near the Salsigne mining district in the Orbiel
Valley (southern France). Both sites are affected by past mining activity
and show high concentrations of As. See (Khaska et al., 2015a) for a his-
torical, geological and general overview of the studied sites.

2. Materials and methods
2.1. Sampling, preparation and mineralization of grapevine tissues

Vineyard soil and vine samples were collected from two sites, lo-
cated near the reclaimed gold-mining area of Salsigne in southern
France (Fig. S1).

At site A, agricultural practices are fully natural and no organic nor
inorganic treatments are applied. At site B, synthetic organic pesticides
are applied to the vines. The sampled grape varieties are Carignan and
Merlot at sites A and B, respectively. Grapevine tissues (leaves, canes,
berries, and xylem sap), and soil samples were collected from both
sites. Five hundred millilitres of xylem sap (reflecting the uptaken
water, nutrients and soil contaminants) were collected during the first
3 days of bleeding sap. Leaves, grapes, and canes were collected from
both sites in late summer, and frozen at —20 °C until analysed. For
each sampling site, two hundred berries from ten bunches were ran-
domly selected. All samples were cleaned manually and washed twice
with deionized water in an ultrasonic bath, before washing with a
0.2 M solution of nitric acid (or 1% HNO3) in order to remove any re-
maining atmospheric-dust deposits. Samples were then dried at 60 °C
and ground for homogenization. About 400 mg of each tissue and
5 mL of xylem sap were mineralized by assisted microwave extraction
(AME) using a Milestone Ethos Microwave in PFA vessels at the
CHROME-team GIS laboratory of the University of Nimes, using HNO;,
H;0; reagents (see Table S1 in Supporting information). In parallel,
raw xylem sap was also analysed after filtration at 0.22 pm and acidified
to pH & 2. Results are compared in the Supporting information (Fig. S2)
and are fairly coherent.

2.2. Selective sequential extraction from soil samples

Soil samples were collected around the grapevine trunk. They were
then dried, sieved at <1 mm and homogenized before analysis. For
each site, four sub-samples were collected from the surface horizon
(0-40 cm). Five hundred grams from each soil sub-sample were pooled
and vigorously homogenized to obtain a composite soil sample.

One gram of composite soil was used for selective sequential extrac-
tion according to the procedures modified from Campanella et al.
(1995) and Tessier et al. (1979) (Table S2, Supporting information). In
addition, to evaluate the potential for mobilization of Sr and MTEs dur-
ing a short water-soil contact—as would occur in the field during infil-
tration of rainwater, irrigation water, or during flooding events—, a
leaching experiment was carried out using 1 g of composite soil in
10 mL deionized water under constant agitation for 24 h (Table $2). Fi-
nally, 1 g of composite soil was totally mineralized by AME to determine
the total concentration of MTEs and Sr in the soil, and to assess the re-
covery of the sequential extraction (Table S2). For comparison with
the sequential extraction method, 1 g of soil was leached with
NH40Ac and 1 g with DTPA/TEA/MgCl,.

The concentration of each fraction is expressed in concentration
with respect to the mass of the bulk sample. The overall recovery rate
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of the sequential extraction, modified from Tessier et al. (1979) is
calculated as the sum of MTEs associated with each fraction over
the total concentration measured on bulk samples. The recovery
rates vary between 70% and 120% for MTEs (except Pb), 65% and
80% for Sr, and between 90% and 110% for As for sites A and B,
respectively.

The physico-chemical parameters of the soil samples (texture, pH,
carbonate content, organic-matter content, cationic-exchange capacity,
and oxide content) were determined at the Alsacian Society for the De-
velopment and Study of Fertility (SADEF), in compliance with, respec-
tively, the NF ISO 11464, NFX 31-107, NF 1SO 14 235, NFX 31-130, NFX
31-121 and NFX 31-108 standards of the French accreditation organiza-
tion COFRAC. The results are presented in Table S3 (supporting
information).

2.3, Analytical methods

All soil-leachate and vine-tissue samples were evaporated on a
hot plate before conditioning in 50 mL of HNO3 (2% v/v). As, Cd, Cr,
Cu, Ni, Zn, Co, Sb, Sn, Pb, Sr, and Rb concentrations were determined
by inductively coupled plasma mass spectrometry (ICP-MS) on an
Agilent 7700x Quadrupole ICP-MS at the AETE-ISO regional facility
(OSU OREME, University of Montpellier, France). Analytical uncer-
tainty is around 5%,

Sr-isotope analyses were determined by thermal ionization mass
spectrometry (TIMS) at the CHROME laboratory of the University of
Nimes. The analytical procedures of Sr isotope separation and analysis
are described in (Khaska et al,, 2015b; Pin et al., 1994; Sassine et al,,
2015).

3. Results
3.1. Vineyard soil MTEs

Among the assayed MTEs, only arsenic concentrations exceeded the
pedo-geochemical baseline (PGB) concentration of 31 mg-kg™!, as de-
fined in uncontaminated soil near the study area (INRA Infosol data-
base). Arsenic concentrations in soil were 134 and 87 mg-kg~! for
sites A and B, respectively (Table S4), close to those observed in mining
areas in Italy by Bertoldi et al. (2013). These values are 3 to 4 times
higher than the local PGB, and 9 to 13 times higher than in uncontami-
nated soils, where As contents are typically below 10 mg-kg™!
{Adriano, 1986). According to the United States Environmental Protec-
tion Agency (US. EPA, 1990), such As concentration levels in soil reach
the trigger level for remediation at 100 mg-kg~'. The presence of As
in soil is mainly due to arsenopyrite, which was the predominant ore
in the former Salsigne mine. Cu, Zn, Cr, Ni and Pb show concentrations
in the range of 24 to 203 mg-kg ™', while the concentrations of Co, Cd,
Sn and Sbare much lower, ranging from 0.6 to 3 mg-kg . The influence
of past mining activities on the PGB in terms of MTE concentrations in
the study area, was earlier described in Khaska et al. (2018).

The partitioning pattern of MTEs in soils as defined by the selective
extraction procedure, shows that As, Cr, Cu, Rb, Sb, Sn and Cd are simi-
larly distributed in both soils, while Zn, Pb, Ni, and Co differ slightly
(Fig. 1). As expected, the labile Sr shows higher concentrations when as-
sociated with the carbonate fraction in site A, while on site B most of the
labile Sris associated with the exchangeable fraction. These results are
coherent with the low CaCO; content of the soil on site B, which at 8%
is less than half that for site A (19%).

Concerning the one-step extraction procedure, a good correspon-
dence is observed for MTE distribution in the DTPA/TEA leachate versus
that of NH, OAc (Fig. $3). We also observe a good correlation between
the sum of the carbonate and exchangeable fractions extraction, and
that of the DTPA/TEA and NH4OAc leachates.

Pb  Cd Ni Zn Sr Sb
tiCarbonates o Humic substances BFe - Mn oxides
u Sulphides ® Residual

As Co
r1Exchangeable
O Organic matter

Fig. 1. Distribution of As and MTEs in the different soil fractions in both sites.

3.2. Rapevine tissue

The pattern of MTE translocation from xylem sap to canes, leaves
and grapes shows a bioaccumulation in leaves and a retention from
leaves to grapes. Similar profiles were observed at both sites (Fig. S4).
Compared to the xylem sap, the MTE concentrations are up to 90
times higher in canes and up to 370 times higher in leaves. In contrast,
the concentrations of MTEs are up to 15 times lower in grape berries
than in leaves. For arsenic for example, its concentrations in xylem sap
are only a few pg-kg ™" dry weight (dw), while in leaves they reached
up to 1282 and 400 pg-kg ™" dw and in grapes 83 and 38 pg-kg~" dw,
at sites A and B respectively. These results also fall within the range of
concentrations measured in grapevine leaves and berries in mining
areas in Italy (Bertoldi et al, 2011, 2013). Lower Cd, Sn and Sb concen-
trations were observed in the grapes, canes, leaves and xylem
(Table S4).

Sr shows a similar pattern as MTEs (Fig. S4). Rb, showed the highest
concentration in grapes, which is consistent with the fact that Rb be-
haves similarly to K, moving via the phloem into the grape and accumu-
lating there after veraison (Bertoldi et al, 2011).

3.3. Vineyard-soil and grapevine 7Sr/*°Sr ratios

The Sr composition of soil and vines is likely to be influenced by the
CaCO, isotopic signature of the soil, and by agricultural treatment and
pedo-genetic evolution. Among all solid soil fractions, the residual frac-
tions (0.73141 and 0.72909 for sites A and B, respectively) and sulphide
fractions (0.71388 and 0.71689 for sites A and B, respectively) yielded
the most radiogenic Sr-isotope ratio (Fig. 2). Carbonate, Fe-Mn oxide,
humic substance and exchangeable fractions all show similar signatures
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to that of the soil H,O-leachate (0.70879 and 0.71047 for sites A and B,
respectively). The Sr signature of organic matter is similar to those
phases at site A, but differs significantly at site B, This may be due to ag-
ricultural treatment input with a higher Sr isotopic signature of 0.71346.

Apart from the residual and sulphide fractions, the #Sr/%sr isotopic
signatures of all studied soil fractions were significantly more radio-
genic in site B (0.70991 to 0.71689) than in site A (0.70829 to 0.70879).

As far as the plants are concerned, the #5r/%Sr signatures of the
Xylem and cane tissues are similar to that of the labile fraction of vine-
yard soil obtained by H,0-leachate (0.70879 for site A and 0.71047 for
site B). However, the 37Sr/%6Sr ratios of leaves and grape berries at
both sites, (Table 54) differ significantly from those of the xylem sap
or canes, suggesting the contribution of an additional Sr source in leaves
and grapes (Fig. 3).

4. Discussion
4.1. Strontium as a tracer of the bioavailable fraction

Higher MTEs content in grapevine in site A than in site B may be ex-
plained by the difference of MTEs contents in soil where the sum of
MTEs concentrations systematically being higher on site A than on site
B. However, similar uptake pattern processes are observed at both
sites Aand B (Fig. 1).

In addition, the observed difference of the soil types, physical chem-
ical characters but also the difference of grape varieties is all potential
factors affecting uptake and translocation in the grapevine,

As mentioned before, the choice of Sr as a proxy for MTEs during
transport in the soil/grapevine system was mainly based on its geo-
chemical similarity with calcium, an essential nutrient for plant growth
and development (Keller, 2015; Thomas et al,, 1984). Hence, in plants,
Sr can substitute for calcium in tissues (Hutchin and Vaughan, 1968;
Queenet al, 1962; Thomas et al., 1984; White and Broadley, 2003);
therefore, as Sr is relatively omnipresent and abundant in soil, water
and plants, it constitutes a useful tracer.

The linear correlation between Sr concentrations and the sum of
MTEs ingrapevine tissues (Fig. 4) confirms that Sr and MTEs have a sim-
ilar behaviour during nutrient uptake and translocation in the grape-
vine, as suggested in Section 3.2. This makes Sr into a suitable tracer of
MTE transfer.

As shown in the ¥Sr/%Sr vs. St diagram (Fig. 2), the similarity be-
tween Sr signatures of the exchangeable, humic-substance, carbonate
and Fe-Mn-oxide-leachate fractions, and those of grapevine tissues

0.70895 - Sité.“x
Root uptake Foliar uptake
0.70890
| . \
P Vo
0.2’: 0.70885 -
& o
b 0.70880 - Xylem isotopic signature
0.70875 -
0.7116 - i
Root uptake Foliar uptake Site B
0.7112 Xylem isotopic signature
D 07108 |
2
|
i
@ 0.7104 -
0.7100 T ! T =
Xylem sap  Canes Leaves Grapes

Fig. 3. Comparison of the #7Sr/%%5r ratios of the grapevine tissues, showing a significant
difference between xylem sap, canes, leaves and grapes.

(xylem sap, canes, leaves, and grapes) indicates a possible direct trans-
fer of Sr from these four solid soil fractions to the grapevine. Conse-
quently, we can assume that the bioavailable MTEs in soil come from
those four phases. In addition, the isotopic signature of the H,0-s0il
leachate both in composition and concentration is very close to that of
the xylem, which suggests that the soil H,0 leachate represents the di-
rect bjoavailable fraction for plant uptake.

However, the significant contrast in 7Sr/%°Sr ratios between on one
hand, sulphides and the residual-fraction leachates, and on the other
hand the grapevine tissues, suggests that MTEs associated with the for-
mer two fractions are unavailable for grapevine uptake. This is due to
the slow dissolution kinetics of sulphides under the prevailing
oxidation-reduction conditions of soil, which at the time of observation

0.7170

;,,r Residial fractions
sitesA and B
0.7150
Sulf
<&
¢ OM
0.7130
e
o HS
(]
O;
T 07110 ® sap. $ car 0.3 ST
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0.7070 -
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Fig. 2. Comparison of *’Sr/%%Sr ratios of the soil fractions and Sr in grapevine tissues in sites A (open symbols} and B (closed symbols). Note the isotopic contrast between both sites, as well
as the isotopic-signature contrast between the residual, sulphidic and organic-matter fractions and the other group. HS: humic substances; Carb: carbonates: Exch: exchangeable; Sulf:
sulphides; OM: organic matter; CAF: current available fraction (in pg-kg™") or H;0 soil leachate (inpg-L™"); Sap: xylem sap; Leav: leaves; Grap: grapes; Can: canes.
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Fig. 4. Arsenic and the sum of MTE concentrations vs. Sr concentrations in grapevine tissues at sites A and B,

ranged between 15 to —20 mV for sites A and B, respectively, and the
slow hydrolysis rate of silicate minerals in soil (White, 2003). Conse-
quently, sulphide and silicate residual fractions are thus unlikely to con-
tribute to the MTE content in grapevine tissues,

Similarly, the contrast between the 87Sr/®5Sr ratios of organic matter
and of vineyard tissues, at least at site B (Fig. 2), suggests that this frac-
tion is unavailable for grapevine uptake.

Depending on the trace element, the overall bioavailable fraction of
MTEs—including the exchangeable fraction, carbonates and Fe-Mn ox-
ides—varies between 13% and 76% of the total amount of elements pres-
ent in the bulk composition for site A, and between 12% and 63% of that
for site B.

Rb, Cr, Sn, Ni and Sb are mainly present in the residual, organic-
matter and sulphide fractions, while Co, Zn, Cd, As, Cu and Pb are
more-or-less evenly distributed between the unavailable fraction, and
the available fraction (the carbonate, exchangeable, oxide and humic-
substance fractions).

4.2. Uptake of MTEs by the grapevine

Nevertheless, the bioavailable phases, as defined through the se-
quential leachate, are not directly available for absorption by roots,
due to the chemical equilibrium kinetics between mineral phases and
the soil solution. MTEs in the exchangeable fraction are taken up by cat-
ionic exchange, allowing easy uptake of metals and metalloids sorbed
on the exposed surfaces of soil components and organic matter, includ-
ing humic substances. Indeed, the root exudates contribute to MTE re-
lease from the exchangeable fraction, especially from the rhizosphere
that extends to about 1 to 3 mm from the root surface into soil
(Hinsinger, 2001; Thomas et al.,, 1984). Elements bound to carbonates
are released by dissolution, a process that is susceptible to pH changes.
Elements bound to Fe-Mn oxides can be released either by exchange or
dissolution of oxides that are susceptible to oxidation-reduction condi-
tions in the soil. The mobilization of MTEs and As from iron oxides has
been shown by many authors (e.g. Khaska et al., 2018, or Palumbo-
Roe et al, 2015). Once in solution, the elements are readily available
for plant uptake. This method do not differentiate between amorphous
and crystalized iron oxide phases, though (Pierce and Moore, 1982)
showed that amorphous Fe-oxy-hydroxides show more reactive sur-
faces compared to crystalized iron oxides, subsequently, amorphous

Fe-oxy-hydroxides may present a more important potential for MTEs
and As bioavailability.

The uptake and incorporation of humic substance in plants was
demonstrated based on 'C-labeled (Vaughan et al., 1974; Vaughan
and Linehan, 1976; Vaughan and MacDonald, 1976; Vaughan and Ord,
1981). It was shown that the low (<3500 Da) molecular-size fraction
may easily reach the plasmalemma of higher plant cells, while the
high-molecular size (>3500 Da) rather interacts with the cell wall
(Nardi et al,, 2002). Consequently, the MTEs associated with humic sub-
stance may also be absorbed by roots and taken up by tissue.

We consider that the sum of the exchangeable, carbonate, oxide and
humic-substance fractions represents a ‘reserve available fraction’
(RAF), and that the soil solution in equilibrium with the RAF constitutes
a ‘current available fraction’ (CAF). The CAF may be represented by the
soil HyO-leachate as mentioned above, its chemical composition being
controlled by different chemical processes, such as ionic exchange, dis-
solution/precipitation, oxidation/reduction, and microbiological activ-
ity. In addition, anthropogenic factors, such as irrigation and the
addition of fertilizers and other chemical products, contribute strongly
to the interaction between CAF and RAF.

Hence, we suggest that, as roots take up nutrients and other ele-
ments from the soil solution, the sheer uptake factor (UF) can be calcu-
lated relative to the MTE concentrations in the CAF. This shows that the
root uptake factor is independent of the unavailable soil fraction as well
as of the chemical equilibrium kinetics involved in mobilizing the RAF
into solution.

CXylem sap
Cear

Q)

UnyJem,ICAF =

The obtained uptake factors between CAF and xylem vary widely be-
tween 0.0001 and 0.1, depending upon the MTEs. The observed UFyyem/
car variations reflect the high selectivity of roots in uptaking MTEs from
soil (Kabata-Pendias, 2010). The MTEs are ranked according to increas-
ing uptake factors (Fig. 5). The UFxyiem/car is compared to the UFyyiem,
guk and UFyyiem/rar. Both sites, A and B, show very similar uptake
patterns.

The uptake factors may be classified into three categories
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- Low uptake ability with UF below 0.001, which includes Sb and As.

- Medium uptake ability with UF ranging from 0.001 and 0.01, includ-
ing Sn, Cd, Pb, Cu, Ni and Co,

- High uptake ability with UF above 0.01, including Rb, Zn, Sr, Ni and
Cr.

Compared to uptake factors calculated with respect to bulk-rock
concentrations or to the RAF, the UF,yiem/car is at least one order of mag-
nitude higher. The overall MTE distribution remains roughly similar,
though Pb shifted from the low- to the medium-uptake group, while
As and Sb shifted downward, showing the lowest uptake factor and
reflecting the variable solubility of the elements.

It is also noticeable that the calculated UF relative to the RAF, is
higher than that calculated relative to DTPA or NH40Ac, and a preferen-
tial MTE uptake differing significantly between these phases, Therefore,
the bioaccumulation index may be under-estimated if the DTPA/TEA or
NH,40Ac is considered as reference for the MTE amount in soil.

4.3. Translocation rate (TR) of MTEs in V. vinifera L. tissues

Once in the xylem, MTEs are transported to the different parts of the
plants and may accumulate differently (Keller, 2015). Here we consider
the translocation rate (TR) in the different plant parts with respect to
the MTE concentrations in the xylem phase.
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We calculated the TR of MTEs in leaves and grapes with respect to
the CAF at sites Aand B (Fig. 6). The TR of MTEs in grapes can be grouped
into two categories:

- MTEs with a low TR, <100, including Sr, As, Cd, Zn and Sb;
- MTEs with a high TR, >100, including Co, Cr, Sn, Cu, Rb, Pb and Ni.

Based on these data, the MTEs in leaves can also be divided into two
groups:

- MTEs with alow TR of 100 to 1000, including Pb, Sb, Cr, Sr, As, Cd and
Ni;
- MTEs with a high TR, >1000, including Co, Cr, Cu and Pb.

The TR for Sr, As, Zn, Sb and Cd is ten times higher in leaves than in
grapes, but for Cr, Pb, Ni, Zn, Sn and Cu, it is slightly less in leaves than in
grapes. The translocation rate in leaves is around 100 to 1000 for most
MTEs, except for Co that shows the highest translocation rate.

For Pb, Ni, Sn, Cr and Co, the TR is 100 times higher at site B than at
site A.

At site A, grapes accumulate up to ten times less MTEs than leaves. A
similar MTE distribution is shown at site B for low accumulation factor

~+—Xylem sap/ CAF

—+—Xylem sap/ Whole soil fraction
—+—Xylem sap/ RAF

==NH40Ac A/ Xylem sap
=e=DTPATEA A/ Xylem sap

—=—Xylem sap/ CAF

—+— Xylem sap/ Whole soil fraction
—e—Xylem sap/ RAF

-+~ DTPA/TEA B/ Xylem sap
——NH40Ac B/ Xylem sap

Fig. 5. The evolution of uptake factors for the different MTEs. These values were calculated as the ratio between the xylem and the CAF,
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Fig. 6. Translocation rate of trace elements by grapevine from soils. Bioaccumulation index was calculated as the ratio of trace elements in grapevine compared to their concentration in the

current available fraction (CAF).

MTEs as at site A, but for the higher accumulation factor MTEs the accu-
mulation in grapes becomes 10-fold higher than in leaves. This might be
related to chemical treatment of the vines at site B.

Overall, the bioaccumulation indexes of trace elements in the differ-
ent grapevine tissues are related to different factors such as the bioavail-
ability, the absorption by roots and/or leaves, and the translocation rate.
Some of the trace elements are active, such as Zn, Cu and Ni that are
bound to proteins and enzymes in plants, and as such participate in
plant metabolism (Alagic et al,, 2016; Keller, 2015). Others are passive
such as Pb, Asand Cd (nonmetabolic) and just accumulate in grapevine
tissues and organs such as roots (e.g Angelova et al,, 1999). At higher
concentrations MTEs can eveal toxic to plants. However, according to
previous studies on the tolerance and phytotoxicity of As and MTEs
(Alagit et al,, 2016; Carbonell-Barrachina et al,, 1997; Juang et al.,
2012; Pavlovkin et al,, 2016; Tiecher et al, 2017), and considering the
observed concentration of these elements at our site, there is no ex-
pected phytotoxic effect on the studied grapevines.

The evolution of MTE concentrations between the bioavailable soil
fractions and grapevine parts is shown for sites A and B (Fig. 7).

4.4. Evaluation of foliar uptake and implication for the Sr signature

The relative enrichment of MTEs in leaves is directly related to the
water cycle in the grapevine, but may also be influenced by direct foliar
uptake. The stomats on the lower leaf surface play an important role in
the exchange of gases (CO,, 0;), food and water, to and from the leaf
surfaces (Baldiet al, 2014; Lange et al,, 1982). Exchange with the atmo-
sphere involves the loss of water by transpiration and its absorption by
leaf surfaces. MTEs deriving from atmospheric deposits (dust) will dif-
fuse inside the leaf surfaces. The MTE absorption may be mobilized by
rainwater, dew, or directly from fog (Boucher et al., 1995; Breshears
et al., 2008).

Foliar water uptake has been largely demonstrated by many authors.
Based on isotopic tracers (O, H), for instance, Limm et al. (2009) showed
that foliar uptake contributes directly to increase the water content in
leaves by 2-11%. In our study, 37Sr/25Sr ratios also revealed to be suit-
able tracers for tracking the implication of foliar uptake on the MTE bud-
get in leaves. Any Sr from atmospheric deposits or anthropogenic

sources may present a distinct #Sr/*Sr signature compared to that of
available soil fractions. The 7Sr/%8Sr ratio of atmospheric deposits may
depend on geological formations outcropping at the regional scale,
and on aerosols, mining activities, and application of pesticides or
other products used in agriculture for treating vines, such as CuSO.. In
mining areas, dust analyses show high concentrations of As, Sb, Cd, Co
and Cr (around 400, 120, 29, 10 and 170 g-kg~', respectively
(ADEME, 2007)). The increase in 37Sr/®5r ratios in grapes and leaves
relative to xylem sap and canes at site A may be explained by the influ-
ence of radiogenic Sr through foliar uptake from the surrounding envi-
ronment, characterized by a radiogenic Sr signature ranging from
0.7149 to 0.7226 and inherited from outcropping Paleozoic basement
rocks (Khaska et al, 2015a, 2015b). At site B, however, the relatively de-
pleted Sr signature in grapes and leaves compared to that of canes and
xylem sap, may be due to the contribution of Sr from fungicides used
in vine treatment. This depleted Sr signature is around 0.70916 -+
0.0002 (Khaska et al., 2013), relative to local atmospheric deposits.

The isotopic contrast between root uptake and foliar uptake is highly
significant at site B (varying by 1 on the third decimal of the 87Sr/36S¢
ratio), suggesting a non-negligible impact of fungicide applications. It
is less significant at site A where no spraying occurs, varying by 1 on
the fourth decimal #7Sr/35Sr ratio, showing less influence of local dust
deposits, Based on appropriate mixing equations (Faure, 1986), be-
tween xylem and external Sr sources, such as fungicide or dust particles,
the Sr amount required to shift the Sr-isotopic composition of leaves by
1 on the third decimal represents 90% from the Sr concentrations in
xylem sap and about 10% from foliar uptake.

Contrasting with leaves and grapes, the isotopic Sr signature is dom-
inated by the xylem sap signature according to the water cycle in plants.
The isotopic implication of such water cycling is shown by the similar
8751/ ratios of xylem sap and canes,

Finally, a conceptual scheme was drawn to illustrate the transfer of
MTEs in the spoil-vineyards system (Fig. 8).

4.5. Environmental risk evaluation of grape consumption

Up to 2010, the United Nations Food and Agriculture Organization
(FAO) and the World Health Organization (WHO) recommended a
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provisional tolerable weekly arsenic intake of 15 pg/kg body weight within the same order of magnitude as the newly estimated BMDLy s,
(bw), or a daily intake of 2.1 pg/kg bw. However, in 2010 their review the former guideline is no longer seen as appropriate, Considering this
highlighted that the lowest calculated benchmark dose level for a 0.5% and an arsenic concentration of 40 to 80 pg/kg dw in grapes, a daily con-
(BMDLys) increased incidence of lung cancer above background, over sumption of between 1 and 3 kg of dry grapes (or ~15 kg of fresh grape)
an average of 11.5 years, was 3.0 pg/kg body weight per day. Though would reach the BMDLys. While such a daily grape intake is
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Fig. 8. Conceptual scheme of As and MTEs transfer and translocation in the soil-grapevine system based on ®’St/*’sr signatures of the different compartments in this system.

unreasonable, consumption of other local vegetables and fruit would
further contribute to the daily intake. Hence, a chronic arsenic exposure
is of great concern for human health at our study sites, as well as in the
former mining area where arsenic is persistent and omnipresent in the
total environment, even one decade after mine closure,

Our results reinforce a regional statistical and epidemiological study
carried out around the Salsigne mining area and funded by the French
National Public Health Network, evaluating arsenic exposure and its
health effects (Fréry et al., 2000). This study included 681 inhabitants
from four villages around the former mining area. The main outcome
was the identification at regional scale of a low-dose arsenic overexpo-
sure of the population, due to the consumption of local wine, fruits and

vegetables, and contaminated groundwater. Moreover, higher arsenic
levels were observed in flooded soil, similar to those of our studied
sites A and B (Khaska et al., 2018). In view of the new BMDLg s, this ep-
idemiological study should be revised.

5. Conclusions

The proposed approach contributes to complement previous and
multiple methods as it relies on a detailed study of the different soil
phase contribution allowing a precise description of the reservoir, We
consider seven soil fractions corresponding to the principal identified
fractions in soil, extending on initial approach which relies on five soil
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fractions (Tessier et al., 1979). This comprehensive method allows vali-
dating the quantitative approach with satisfactory overall recoveries. In
addition, the coupling of the isotopic approach with selective extraction
allows to evaluate and to confirm the contribution of each soil phase to
plant uptake. Comparison with the different methods by using one-step
procedures leads to good matches with some specific steps of our
procedure.

A good correlation was found between Sr and MTE concentrations in
grapevine tissues, confirming the use of Sr for studying the MTE transfer
process in this system. In our study, the Sr isotopes were a suitable
tracer for tracking the uptake and translocation of As and MTEs in the
soil-grapevine-leaf system. Using the Sr isotopes, we defined three soil
reservoirs in the vineyard soils with respect to root uptake:

1) The 'reserveavailable fraction’ (RAF) includes the exchangeable, car-
bonate and Fe-Mn-oxide fractions, as a “savings account™;

2) The ‘current available fraction’ (CAF) in the soil H,0-leachate is the
“current account”; and

3) The unavailable fraction includes sulphidic and residual minerals.

The amount of bioavailable MTEs associated with these fractions
varies significantly between MTEs, from 4% (for Sn) to 75% (for As), rel-
ative to the total MTE amount in bulk soil.

Strontium isotopic signatures in the vine leaves and grape berries
are influenced by an atmospheric-dust fraction through a foliar uptake
process. Up to 10% of MTEs in leaves, issued from this dust reservoir,
was identified at the treated site B.

The 87S1/25r signature of the dust fraction contrasts with that of the
phyto-available phase of the soil, meaning that the 87Sr/%6Sr signature
may bedifferentin the leaves and fruit of a plant. This has an implication
for the reliability of using Sr as a tracer of the geographic origin of agri-
cultural products.

A ‘lower uptake ability was observed for Sb and As, with a UF>0.01.
The *higher' UF was calculated for Zn, Ni, Cr, Sr and Rb. Finally, Sn, Cd, Pb,
Cu and Co show intermediate uptake factors between 0.001 and 0.01.

Similarly, the translocation rate (TR) in grapes varies significantly
between 10 and 7000 according to the MTE. The highest TRs were ob-
served for Co, Sn, Cu and the lowest were for As, Sb, Zn and Cd. The TR
for Sr, As, Zn, Sb and Cd is ten times higher in leaves than in grapes,
but for Cr, Pb, Ni, Zn, Sn and Cu, it is slightly less in leaves than in grapes.

Our study outlines the importance of geochemical tracers, such as Sr
isotopes, in the determination of pollutant transfer and translocation in
plants. It presents a high-precision evaluation of the bioavailability and
bioaccumulation of MTEs, and valuable data for a better understanding
of these process in plants, and thus for a better assessment of the envi-
ronmental risk on human health.

Acknowledgements

This research is a part of the ongoing research program “Transdisci-
plinary approach to environmental risks”, funded by the University of
Nimes, France. The authors would like to thank several vintners for
helping to collect vineyard soil samples and grapevine components.
The authors thank the editor and the anonymous reviewers for their
constructive suggestions to improve the quality of the manuscript. Dr.
H.M. Kluijver edited the final English version of the manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.09.222,

References
ADEME, 2007. Site de La Combe du Saut Diagnostic détaillé de la pollution du site et étude

du prajet de réhabilitation TOME 4: Evaluation des transferts de polluants &
I'extérieur du site.

“

Adriano, D., 1986, Trace Elements in the Terrestrial Environment.

Alagi¢, S.C., To%i¢, S.B., Dimitrijevié, M.D., Petrovi¢, | V., Medi¢, D.V, 2016, The characteriza-
tion of heavy metals in the grapevine (Vitis vinifera) cultivar rkatsiteli and wild black-
berry (Rubus fruticosus) from East Serbia by ICP-OES and BAFs. Commun. Soil Sci.
Plant Anal. 47, 2034-2045. https://doi.org/10.1080/00103624.2016.1225082.

Amords, ] A, Pérez-de-los Reyes, C,, Garcia Navarro, FJ., Bravo, S., Chacén, ].L., Martinez, |,
Jiménez Ballesta, R., 2013. Bioaccumulation of mineral elements in grapevine varie-
ties cultivated in “La Mancha”, ]. Plant Nutr. Soil Sci. 176, 843-850. https://doi.org/
10.1002/jpIn.201300015.

Angelova, VR, Ivanov, A.S., Braikov, D.M.,, 1999. Heavy metals (Pb, Cu, Zn and Cd) in the
system soil - grapevine - grape. J. Sci. Food Agric. 79, 713-721. https://doi.org/
10.1002/(SICI)1097-0010(199904)79:5<713::AID-JSFA229>3.0.CO;2-F.

Baldi, ., Lebailly, P., Bouvier, G., Rondeau, V., Kientz-Bouchart, V., Canal-Raffin, M.,
Garrigou, A., 2014. Levels and determinants of pesticide exposure in re-entry workers
in vineyards: results of the PESTEXPO study. Environ. Res. 132, 360-369. https://doi.
0rg/10.1016/j.envres.2014.04.035,

Bataille, C.P,, Bowen, G.J., 2012. Mapping 87Sr/%°Sr variations in bedrock and water for
large scale provenance studies. Chem. Geol. 304-305, 39-52. https://doi.org/
10.1016/j.chemgeo.2012.01.028.

Beard, B.L., Johnson, C.M., 2000. Strontium isotope composition of skeletal material can
determine the birth place and geographic mobility of humans and animals.
). Forensic Sci. 45, 1049-1061. https://doi.org/10.1520/]F514829].

Bertoldi, D., Larcher, R., Bertamini, M., Otto, S., Concheri, G., Nicolini, G., 2011. Accumula-
tion and distribution pattern of macro-and microelements and trace elements in Vitis
vinifera L. cv. chardonnay berries. J. Agric. Food Chem, 59, 7224-7236. https://doi.org/
10.1021/5f2006003.

Bertoldi, D., Villegas, T.R., Larcher, R, Santato, A, Nicolini, G., 2013. Arsenic present in the
soil-vine-wine chain in vineyards situated in an old mining area in Trentino, Italy. En-
viron, Toxicol. Chem, 32, 773-779. https://doi.org/10.1002/etc.2119.

Boucher, [.-F.,, Munson, A.D., Bernier, P.Y., 1995. Foliar absorption of dew influences shoot
water potential and root growth in Pinus strobus seedlings. Tree Physiol. 15, 819-823.
https://doi.org/10.1093/treephys/15.12.819.

Breshears, D.D., McDowell, N.G., Goddard, K.L., Dayem, KE.,, Martens, S.N., Meyer, CW.,
Brown, K.M., 2008. Foliar absorption of intercepted rainfall improves woody plant
water status most during drought. Ecology 89, 41-47. https://doi.org/10.1890/07-
0437.1.

Campanella, L, D'Orazio, D., Petronio, B.M., Pietrantonio, E., 1995. Proposal for a metal
speciation study in sediments. Anal. Chim. Acta 309, 387-393. https://doi.org/
10.1016/0003-2670(95)00025-U.

Capo, RC, Stewart, BW., Chadwick, 0.A., 1998. Strontium isotopes as tracers of ecosystem
pracesses: theory and methods. Geoderma 82, 197-225. https://doi.org/10.1016/
50016-7061(97)00102-X.

Carbonell-Barrachina, A, Burld-Carbonell, F., Mataix-Beneyto, ]., 1997. Effect of sodium ar-
senite on arsenic accumulation and distribution in leaves and fruit of Vitis vinifera.
] Plant Nutr. 20, 379-387. https://doi.org/10.1080/01904169709365258.

Cary, L., Surdyk, N., Psarras, G., Kasapakis, ., Chartzoulakis, K., Sandei, L., Guerrot, C.,
Pettenati, M, Kloppmann, W.,, 2015. Short-term assessment of the dynamics of ele-
ments in wastewater irrigated Mediterranean soil and tomato fruits through sequen-
tial dissolution and lead isotopic signatures. Agric. Water Manag. 155, 87-99. https://
doi.org/10.1016/j.agwat.2015.03.016.

Censi, P,, Saiano, F, Pisciotta, A, Tuzzolino, N., 2014. Geochemical behaviour of rare earths
in Vitis vinifera grafted onto different rootstocks and growing on several soils. Sci.
Total Environ. 473-474, 597-608. https://doi.org/10.1016/j.scitotenv.2013.12,073,

Degryse, P., Shortland, A, De Muynck, D, Van Heghe, L, Scott, R, Neyt, B, Vanhaecke, F, 2010,
Considerations on the provenance determination of plant ash glasses using strontium iso-
topes. ). Archaeol. Sci. 37, 3129-3135. https://doi.org/10.1016/jjas.2010.07.014.

Durante, C, Baschieri, C,, Bertacchini, L, Cocchi, M., Sighinolfi, S., Silvestri, M., Marchetti,
A., 2013, Geographical traceability based on #7Sr/*%Sr indicator: a first approach for
PDO Lambrusco wines from Modena. Food Chem. 141, 2779-2787. https://doi.org/
10.1016/j.foodchemn.2013.05.108.

Durante, C, Bertacchini, L, Bontempo, L., Camin, F., Manzini, D, Lambertini, P., Marchetti,
A., Paolini, M., 2016. From soil to grape and wine: variation of light and heavy ele-
ments isotope ratios. Food Chem. 210, 648-659. https://doi.org/10.1016/j.
foodchem.2016.04.108.

Faure, G., 1986. Principles of [sotope Geology. Second Edition.

Fréry, N,, Armengaud, A, Mestre, D., Ohayon, A., Garnier, R., Lassalle, J.L., Pena, L.,
Grasmick, C., Quénel, P., 2000, Enquéte sur I'exposition de la population de Salsigne
(Aude) aux pelluantsd'erigine industrielle. Congrés Adelf, Dijon 48, 2591-92.

Gremaud, G., Quaile, S., Piantini, U., Plammatter, E., Corvi, C,, 2004. Characterization of
Swiss vineyards using isotopic data in combination with trace elements and classical
parameters. Eur. Food Res. Technol. 219, 97-104. https://doi.org/10.1007/s00217-
004-0915-0.

Hartman, G., Richards, M., 2014, Mapping and defining sources of variability in bioavail-
able strontium isotope ratios in the Eastern Mediterranean. Geochim, Cosmochim,
Acta 126, 250-264. https://doi.org/10.1016/j.ca.2013.11.015.

Hinsinger, P., 2001. Bioavailability of soil inorganic P in the rhizosphere as affected by
root-induced chemical changes: a review. Plant Soil 237, 173-195. https://doi.org/
10.1023/A:1013351617532.

Hutchin, M.E.,, Vaughan, B.E,, 1968. Relation between simultaneous Ca and Sr transport
rates in isolated segments of vetch, barley, and pine roots. Plant Physiol. 43,
1913-1918. https://doi.org/10.1104/pp.43.12.1913.

Juang, K-W.,, Lee, Y-, Lai, H.-Y., Wang, C.-H., Chen, B.-C,, 2012. Copper accumulation,
translocation, and toxic effects in grapevine cuttings. Environ. Sci. Pollut. Res. 19,
1315-1322. https://doi.org/10.1007/s11356-011-0657-3.

Kabata-Pendias, A., 2001. Trace Elements in Soils and Plants, Fourth ed. CRC Press, Taylor
and Francis group, LLC https://doi.org/10.1201/b10158-25.



S.Khaskaetal. / €

Kabata-Pendias, A, 2004, Soil-plant transfer of trace elements - an environmental issue.
Geoderma 122, 143-149. https://doi.org/10.1016/j.geoderma.2004.01.004.

Kabata-Pendias, A, 2010. Trace Elements in Soils and Plants, Fourth Edition.

Keller, M., 2015. The science of grapevines: anatomy and physiology: second edition. The
Science of Grapevines: Anatomy and Physiology, Second Edition https://doi.org/
10.1016/C2013-0-06797-7.

Kelly, S., Heaton, K., Hoogewerft, J., 2005. Tracing the geographical origin of food: the ap-
plication of multi-element and multi-isotope analysis. Trends Food Sci. Technal. 16,
555-567. https://doi.org/10.1016/j.tifs.2005.08.008.

Khaska, M, Le Gal La Salle, C,, Lancelot, ], AsterTeam, Mohamad, A, Verdoux, P., Noret, A.,
Simler, R., 2013. Origin of groundwater salinity (current seawater vs, saline deep
water) in a coastal karst aquifer based on Sr and Cl isotopes. Case study of the La
Clape massif (southern France). Appl. Geochem. 37, 212-227. https://doi.org/
10.1016/j.apgeochem.2013.07.006.

Khaska, M, Le Gal La Salle, C,, Verdoux, P., Boutin, R., 2015a. Tracking natural and anthro-
pogenic origins of dissolved arsenic during surface and groundwater interaction in a
post-closure mining context: isotopic constraints. J. Contam. Hydrol. 177-178,
122-135. https: //doi.org/10.1016/j.jconhyd.2015.03.008.

Khaska, M, Le Gal La Salle, C, Videau, G., Flinois, J.S., Frape, S,, Verdoux, P, Arnold, M.,
Aumaitre, G., Bourlés, D.L., Keddadouche, K., 2015b. Deep water circulation at the
northern Pyrenean thrust: implication of high temperature water-rock interaction
process on the mineralization of major spring water in an overthrust area. Chem.
Geol. 419, 114-131. https://doi.org/10.1016/j.chemgeo.2015.10.028.

Khaska, M, Le Gal La Salle, C, Sassine, L, Cary, L, Bruguier, O,, Verdoux, P., 2018. Arsenic
and metallic trace elements cycling in the surface water-groundwater-soil contin-
uum down-gradient from a reclaimed mine area: isotopic imprints. J. Hydrol. 558,
341-355. https://doi.org/10.1016/j.jhydrol.2018.01.031.

Kim, R-Y. Yoon, |-K., Kim, T.-S., Yang, J.E, Owens, G., Kim, K-R., 2015. Bioavailability of
heavy metalsin soils: definitions and practical implementation—a critical review. En-
viron. Geochem. Health 37, 1041-1061. https://doi.org/10.,1007/s10653-015-9695-y.

Lange, O.L, Nobel, P.S, Osmond, C.B., Ziegler, H., 1982. Physiological Plant Ecology II.
https://doi.org/10.1007/978-3-642-68150-9.

Leita, L, Mondini, C., De Nobili, M., Simoni, A., Sequi, P., 1998. Heavy metal content in
xylem sap (Vitis vinifera) from mining and smelting areas. Environ. Monit. Assess.
50, 189-200. https://doi.org/10.1023/A:1005854213903.

Limm, E.B. Simonin, KA., Bothman, A.G., Dawson, T.E., 2009, Foliar water uptake: a com-
men water acquisition strategy for plants of the redwood forest. Oecologia 161,
449-459, https: //doi.org/10.1007/500442-009-1400-3.

Lindsay, WL, Norvell, W.A., 1978, Development of a DTPA soil test for zing, iron, manga-
nese and copper. Soil Sci. Soc. Am. J. 42, 421-428,

Marchionni, S., Braschi, E., Tommasini, S., Bollati, A., Cifelli, F., Mulinacci, N., Mattei, M.,
Conticelli, S., 2013, High-precision 37Sr/2®Sr analyses in wines and their use as a geo-
logical ingerprint for tracing geographic provenance. J. Agric. Food Chem. 61,
6822-6831. https://doi.org/10.1021/jf4012592.

Maurer, AF, Galer, SJ.G., Knipper, C,, Beierlein, L., Nunn, E.V, Peters, D., Tiitken, T., Alt,
K.W., Schdne, B.R., 2012. Bioavailable 87Sr/sr in different environmental samples -
effects of anthropogenic contamination and implications for isoscapes in past migra-
tion studies. Sci. Total Environ, 433, 216-229. https://doi.org/10.1016/j.
scitotenv.2012.06.046.

McKinney, ], Rogers, R,, 1992. ES&T metal bioavailability. Environ, Sci. Technol. 26,
1298-1299. https://doi.org/10.1021/es00031a603.

Montgomery, J., Evans, |.A., Cooper, R.E., 2007. Resolving archaeological populations with
Sr-isotope mixing models. Appl. Geochem. 22, 1502-1514. https://doi.org/10.1016/j.
apgeochem.2007.02.009,

Muller, W, 2003. Origin and migration of the alpine iceman. Science 302, 862-866.
https://doi.org/10.1126/science.1089837 (80-.).

Nardi, S., Pizzeghello, D, Muscolo, A, Vianello, A, 2002, Physiological effects of humic sub-
stances on higher plants. Soil Biol. Biochem. https://doi.org/10.1016/S0038-0717(02)
00174-8.

Olaniran, A.0., Balgobind, A, Pillay, B., 2013. Bioavailability of heavy metals in soil: impact
on microbial biodegradation of organic compounds and possible improvement strat-
egies. Int. J. Mol. Sci. 14, 10197-10228. https://doi.org/10.3390/ijms140510197.

Palumbo-Roe, B., Wragg, |., Cave, M., 2015. Linking selective chemical extraction of iron
oxyhydroxides to arsenic bioaccessibility in soil. Environ. Pollut, 207, 256-265.
https://doi.erg/10.1016/j.envpol.2015.09.026.

Pavlovkin, |, Fiala, R, Ciamporovd, M., Martinka, M., Repka, V., 2016. Impact of nickel on
grapevine (Vitis vinifera L.) root plasma membrane, ROS generation, and cell viability.
Acta Bot, Croat, 75, 25-30. https://doi.org/10.1515/botcro-2016-0017.

Pierce, M.L, Moore, C.B, 1982. Adsorption of arsenite and arsenate on amorphous iron hy-
droxide, Water Res. 16, 1247-1253. https://doi.org/10.1016/0043-1354(82)90143-9.

Pin, C,, Briot, D., Bassin, C., Poitrasson, F., 1994. Concomitant separation of strontium and
samarium-neodymium for isotopic analysis in silicate samples, based on specific ex-
traction chromatography. Anal. Chim. Acta 298, 209-217. https://doi.org/10.1016/
0003-2670(94)00274-6.

Queen, W.H,, Fleming, HW., O'kelley, ].C,, Clemneits, LW., 1962. Effects on Zea mays Seed-
lings of a Strontium Replacement for Calcium in Nutrient Media.

Rieuwerts, |.S., Thornton, 1, Farage, M.E., Ashmore, M.R., 1998. Factors influencing metal
bioavailability in soils: preliminary investigations for the development of a critical
loads approach for metals. Chem. Speciat. Bioavailab. 10, 61-75. https://doi.org/
10.3184/095422998782775835.

Sassine, L, Khaska, M, Ressouche, S., Simler, R., Lancelot, ]|, Verdoux, P., Le Gal LaSalle, C,,
2015. Coupling geochemical tracers and pesticides to determine recharge origins of a
shallow alluvial aquifer; case study of the Vistrenque hydrogeosystem (SE France).
Appl. Geochem. 56, 11-22. https://doi.org/10.1016/j.apgecchem.2015.02.001.

Song, B., Ryu, ], Shin, HS., Lee, K., 2014. Determination of the source of bioavailable Sr
using ®7Sr/%6sr tracers: a case study of hot pepper and rice. J. Agric. Food Chem. 62,
9232-9238.

Song, B.Y., Gautam, MK, Ryu, |.S, Lee, D,, Lee, K.S,, 2015, Effects of bedrock on the chem-
ical and Sr isotopic compositions of plants. Environ. Earth Sci. 74, 829-837. htips://
doi.org/10.1007/512665-015-4087-2.

Tessier, a, Campbell, P.G.C,, Bisson, M., 1979, Sequential extraction procedure for the spe-
ciation of particulate trace metals. Anal. Chem. 51, 844-851. https://doi.org/10.1021/
ac50043a017.

Thomas, Konrad, M., Ernest, A., Harald, K., Appel, K., 1984. Principles of plant nutrition.
Soil Sci. https://doi.org/10.1097/00010694-198407000-00012.

Tiecher, T.L, Tiecher, T, Ceretta, C.A, Ferreira, P.A.A,, Nicoloso, F.T., Soriani, H.H., De Conti,
L., Kulmann, M.S.S, Schneider, R.O., Brunetto, G., 2017. Tolerance and translocation of
heavy metals in young grapevine (Vitis vinifera) grown in sandy acidic soil with inter-
action of high doses of copper and zinc. Sci. Hortic, 222, 203-212. https://doi.org/
10.1016/j.scienta.2017.05.026.

US. EPA, 1990. United States Environmental Protection Agency (U.S. EPA): 1990, Record
of Decision (ROD) Abstract ROD Number: EPA/ROD/R08-90/028 ROD Date: 03/30/
90 Site: Whitewood Creek. EPA ID Number: SDD980717136. Location:Whitewood,
SD. Operable Unit: 01 Environmental.

Vaughan, D., Linehan, D.J., 1976. The growth of wheat plants in humic acid solutions
under axenic conditions. Plant Soil 44, 445-449. https://doi.org/10.1007/
BFO0015895.

Vaughan, D,, MacDonald, LR., 1976. Some effects of humic acid en cation uptake by paren-
chyma tissue, Soil Biol. Biochern. 8, 415-421. https://doi.org/10.1016/0038-0717(76)
90043-2.

Vaughan, D., Ord, B.G., 1981. Uptake and incorporation of '“C-labelled soil organic matter
by roots of Pisum sativum L. ]. Exp. Bot, 32, 679-687. https://doi.org/10.1093/jxb/
32.4.679.

Vaughan, D., Cheshire, M.V., Munde, CM.,, 1974. Uptake by beetroot tissue and biological
activity of '“C-labelled fractions of soil organic matter. Biochem. Soc. Trans. 2,
126-129. https://doi.org/10.1042/bst0020126.

Vézquez Vazquez, FA, Pérez Cid, B, Rio Segade, S, 2016. Assessment of metal bioavail-
ability in the vineyard soil-grapevine system using different extraction methods.
Food Chem. 208, 199-208. https://doi.org/10.1016/j foodchem.2016.04.005.

White, AF, 2003, Natural weathering rates of silicate minerals. Treatise on Geochemistry.
Elsevier, pp. 133-168 https://doi.org/10.1016/B0-08-043751-6/05076-3.

White, PJ., Broadley, MR, 2003. Calcium in plants. Ann. Bot. 92, 487-511. https://doi.org/
10.1093/aob/mcg164.



