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A B S T R A C T

Stable zinc (Zn) isotope fractionation between soil and plant has been used to suggest the

mechanisms affecting Zn uptake under toxic conditions. Here, changes in Zn isotope

composition in soil, soil solution, root and shoot were studied for ryegrass (Lolium

multiflorum L.) and rape (Brassica napus L.) grown on three distinct metal-contaminated

soils collected near Zn smelters (total Zn 0.7–7.5%, pH 4.8–7.3). The Zn concentrations in

plants reflected a toxic Zn supply. The Zn isotopic fingerprint of total soil Zn varied from

�0.05% to +0.26 � 0.02% (d66Zn values relative to the JMC 3-0749L standard) among soils,

but the soil solution Zn was depleted in 66Zn, with a constant Zn isotope fractionation of about

�0.1% d66Zn unit compared to the bulk soil. Roots were enriched with 66Zn relative to soil

solution (d66Znroot� d66Znsoil solution = D66Znroot–soil solution = +0.05 to +0.2 %) and shoots were

strongly depleted in 66Zn relative to roots (D66Znshoot–root = �0.40 to �0.04 %). The overall

d66Zn values in shoots reflected that of the bulk soil, but were lowered by 0.1–0.3 % units as

compared to the latter. The isotope fractionation between root and shoot exhibited a markedly

strong negative correlation (R2 = 0.83) with transpiration per unit of plant weight. Thus, the

enrichment with light Zn isotopes in shoot progressed with increasing water flux per unit

plant biomass dry weight, showing a passive mode of Zn transport by transpiration. Besides,

the light isotope enrichment in shoots compared to roots was larger for rape than for rye grass,

which may be related to the higher Zn retention in rape roots. This in turn may be related to

the higher cation exchange capacity of rape roots. Our finding can be of use to trace the

biogeochemical cycles of Zn and evidence the tolerance strategies developed by plants in Zn-

excess conditions.
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. Introduction

Industrial production of non-ferrous metal is the third
ajor source of atmospheric trace metals worldwide, and
e largest source of atmospheric As, Cd, Cu, and Zn
loquet et al., 2015; Pacyna and Pacyna, 2001). The

nthropogenic activities might play a key role in modifying
e zinc (Zn) biogeochemical cycling. The understanding of
e Zn transfer processes between soils and plants should

elp us to fully assess the effects of anthropogenic
ctivities on the metal cycling in the Earth’s critical zone.
ecent improvements in MC-ICP-MS (multiple collector
ductively coupled plasma mass spectrometry) allow

btaining highly precise and accurate data for non-
aditional stable zinc isotope compositions in plants

nd soils (e.g., Arnold et al., 2010a,b, 2015; Houben et al.,
014; Jouvin et al., 2009, 2012; Moynier et al., 2009;
molders et al., 2013; Tang et al., 2012; Viers et al., 2007;
on Blanckenburg et al., 2009; Weiss et al., 2005). Zinc
otopes can be used as powerful tools for a better
nderstanding of the mechanisms of Zn uptake, transport,
torage, and tolerance by plants. In addition, Zn isotopes
ontribute for tracing Zn sources and Zn transfer processes
at control Zn biogeochemistry in the Earth’s critical zone.
Over the past decade, Zn isotope fractionation has been

easured during Zn uptake and translocation by higher
lants to model fractionation mechanisms in Zn-deficient
r Zn-sufficient conditions. Weiss et al. (2005) performed a
ioneering study on rice, tomato and lettuce in hydroponic
xperiments. They demonstrated enrichment with heavy
n isotopes in roots with respect to the nutrient solution
nd a plant species-dependent enrichment with light Zn
otopes in the shoots. Arnold et al. (2010a) complemented
at study by demonstrating for rice the Zn complexation

y phytosiderophores, favouring heavy Zn isotope enrich-
ents, before uptake through the root membrane. This
as subsequently modelled by Jouvin et al. (2012) as a zinc

pecific uptake process. The contribution of Zn-exudate
omplexes to Zn uptake in tomato seedlings under Zn-
eficient conditions was recently suggested based on Zn
otope enrichments in a hydroponic study of Smolders
t al. (2013). Viers et al. (2007) compared Zn fractionation
tensity in tree and herb species, and identified a

orrelation between the extent of light Zn enrichment in
e leaves, relative whole plant, and length of the plants.

his hypothesis was confirmed by Moynier et al. (2009),
ho highlighted the increase in light isotope enrichment

long the leaf length of bamboos. Fujii and Albarède (2012)
omplemented those studies by exploring the isotopic
actionation of Zn phosphates, which can be the species

esponsible for the enrichment with heavy Zn isotopes in
e root system, and may also account for the high d66Zn of

erbaceous plants with respect to nutrient solutions.
Isotope fractionation in plants changes with Zn supply.

t excess Zn supply, large Zn isotope fractionations
bserved in the plants were associated with a main Zn
ccumulation in roots, which suggested specific Zn
lerance strategies such as Zn2+ binding with high-affinity

gand at the root cell walls (Aucour et al., 2011), chelation
y phytochelatines and vacuolar compartmentation (Cal-
elas et al., 2011), Zn transport across the plasma

membrane by a combinations of ZIP transporters and
efflux pumping (Tang et al., 2012).

Finally, Jouvin et al. (2012) and Deng et al. (2014) have
investigated isotope fractionation during the potential
competitive transport of Zn in the presence of other metals
(like Cu, Ni and Cd). They have suggested distinct uptake
strategies for Zn and Cu (predominant reduction mecha-
nism for Cu acquisition), and potential competition
between Zn and Ni during the uptake process.

Various studies have measured the change in Zn
fractionation between nutrient solutions, roots and shoots
under deficient to adequate Zn supply (Arnold et al., 2010a;
Jouvin et al., 2009, 2012; Smolders et al., 2013; Viers et al.,
2007; Weiss et al., 2005) but, as far as we know, much less
studies have yet been made under toxic conditions (Aucour
et al., 2011; Caldelas et al., 2011), especially on contami-
nated soils (Houben et al., 2014; Tang et al., 2012), where
uptake and translocation mechanisms can be different
compared to adequate Zn supply. As a result, the
biogeochemical cycles of Zn are yet unclear for Zn-polluted
sites. The main aim of this study is to investigate the Zn
isotope fractionation between soil and plant parts under
toxic Zn conditions to provide a better insight into the soil–
plant interactions and plant tolerance strategies in Zn-
excess conditions. Two plants were grown on three soil
samples collected from two different Zn contaminated
sites. One plant species was ryegrass (Lolium multiflorum

L.) belonging to the grasses, which are often considered to
be pioneers and suitable plants for covering contaminated
substrate (Arienzo et al., 2004). Moreover, because of its
high capacity for the accumulation of toxic substances and
its tolerance against heavy metals, ryegrass is frequently
selected as a bioindicator plant used for Zn biomonitoring
(Houben and Sonnet, 2012). The second plant species was
rape (Brassica napus L.) and was selected for its fast growth,
elevated fully-harvestable biomass production and high
energy potential. Rape is increasingly suggested for
covering metal-contaminated soils while providing a
valuable source of income (Houben et al., 2013). Three
main questions will be addressed. (1) Does the plant cover
preserve the isotopic fingerprints of the soils/soil solution
across different soils? (2) To what extent does the plant
species affect Zn isotope fractionation within plants? (3)
Does Zn isotope fractionation in plant parts evidence
specific tolerance strategy (in passive or active mode)
developed by the plants in Zn-excess conditions?

2. Materials and methods

2.1. Soil sampling sites

The Liège Province, in southeastern Belgium, was the
main centre of metallurgical activities in the country. In
this area, soils were largely affected by heavy-metal (Zn,
Pb, Cd) contamination due to atmospheric fallouts and
industrial tailings originating from adjacent lead or zinc
smelters. Three contrasting soils from two sampling sites
were collected for the culture experiments.

Site 1 is called Prayon and belongs to the city of Trooz in
the Liège Province. The two soils from this site were
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llected from a hill, which was intensively subjected to
rial dust and fumes emitted by the smoke stack from a
rmer smelting plant dedicated to Zn production until
74. The two soils were chosen according to their

stinct substratum: a Givetian calcareous bedrock for the
 soil (for Prayon Calcareous soil) and an acid Famennian
ale bedrock for the PS soil (for Prayon Shale-derived
il). Due to the slight slope (208), the chimney position
d the main wind direction, the PC soil has been a
eferential host of metal-bearing aerial fallouts. The
ayon site is intensively studied for its rich, diversified
d specific flora associated with a spontaneous re-
getation (Agrostis capillaris, Viola calaminaria, Noccaea

erulescens, Armeria maritima subsp. halleri). Site 2 is an
dustrial tailing located at Angleur, near the city of Liège,
d between the Ourthe River and the Canal of the
rthe. The slag heap built from waste deposits from a

rmer Zn smelter that was operated from 1837 until
05 by the ‘‘Société des mines et fonderies de zinc de la
eille-Montagne’’ (for more details, see Ganne et al.,
06). This specific substrate favoured the establishment

 adapted metallophyte flora (A. maritima subsp. halleri

d A. capillaris). However, several parts of the slag-
rived soil are still bare and one such bare soil was AB

mpling soil site (for Angleur’s Bare slag heap soil). In the
esent study, only soil samples from the surface layers
0–7 cm, Table 1) are considered. After collection on
ch site, several kilograms of soils were homogenized
d air-dried in the laboratory, ready for the culture
periments.

2.2. Plant species and culture experiment

For the culture experiment, two plant species were
chosen on the basis of their high and fast biomass
productivity, their suitability to the experiment conditions
(previously tested by Chaignon and Hinsinger, 2003;
Lambrechts et al., 2011), and their distinct physiological
mechanisms: Brassica napus L. cv Adelie (rape) and Lolium

multiflorum L. cv Meribel (ryegrass). L. multiflorum is a
metal-tolerant monocotyledonous plant species, while
B. napus belongs to the dicotyledonous species and is well
known to be tolerant for some abiotic stresses, like high
metal contents in soils (Houben et al., 2013; Marchiol et al.,
2004). For L. multiflorum, no stem is observed, whereas a
short stem is present for B. napus but was not isolated; only
roots and shoots (including stems of B. napus) account for
the chemical analyses in the present study.

The culture experiment was performed with a home-
made cropping device whose design was adapted from
Kruyts (2002) and Niebes et al. (1993) (Fig. 1), which
allows us to sample roots with almost no soil contamina-
tion. Two PVC cylinders composed the cropping device: the
plant compartment (internal diameter of 80 mm) and the
soil compartment (internal diameter of 90 mm). The plants
were germinated and grown on a polyamide mesh (mesh
size: 20 mm) situated at the bottom of the plant compart-
ment cylinder. The soil compartment lied on a cap covered
by a second polyamide mesh (20 mm). All the apparatus
parts were acid-washed (pH 3, HCl) and thoroughly rinsed
with deionized water before assembly.

. 1. (Colour online.) Picture (A) and cartoon (B) of the culture experiment device with (a) the plant compartment composed of (a1) a polyamide mesh

esh size = 20 mm) fixed to (a2) the cylinder (i.d. 80 mm) by (a3) an elastic; (b) the soil compartment composed of (b1) a cylinder (i.d. 90 mm) containing

) two supports whose one covered by (b3) a polyamide mesh (20 mm) and filled by the soil; (c) the reservoir filled by the nutrient solution; and (d) the

ble 1

emical characteristics of the three soils used in the culture experiment. The soils originate from the Prayon site (PC and PS soils, for Prayon Calcareous soil

d Prayon Shale-derived soil, respectively) and from the Angleur site (AB for Angleur’s Bare slag heap soil).

oil Sampling depth Znbulk soil
a ZnCaCl2

Corg
b pHc Exchangeable cationsd CEC (pH 7)d

Ca2+ K+ Mg2+ Na+

cm g�kg�1 % cmolc�kg�1

C 0–7 74.8 1.18 11.05 6.40 4.65 0.32 0.25 0.18 22.65

S 0–6 7.4 0.33 21.65 4.78 16.77 0.45 1.38 0.12 37.96

B 0–7 54.8 0.05 4.05 7.34 5.72 0.22 0.17 0.01 11.43

Total concentration was determined by ICP–AES after an acid dissolution method (concentrated HNO3 and HCl), detection limit = 0.03 mg�kg�1.

Organic carbon content was determined according to the Walkley and Black method (Page et al., 1982).

pH in solid:water suspension (1:5).

Exchangeable cation (Ca, K, Mg, Na and Zn) concentrations and cationic exchange capacity (CEC) determined using a percolation column (Metson

thod), NH4–Ac at pH 7 (Page et al., 1982).
ver to limit evaporation of the nutrient solution with central opening for the plant.
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The experiment was conducted on 36 plant devices
cluding three different substrates (three soil samples),
o plant species, one nutrient solution and three replicates

y treatment (control experiments have been performed in
arallel, using clean sand as soil and deionized water as
utritive solution; due to the small amounts of dry plant
arts in these control tests, elemental compositions have
een measured—not reported here, but no isotopic ratio).

The plant devices were placed in a growth chamber
here the following parameters were controlled: temper-

ture (20 8C), humidity (around 90%) and light intensity
6-h photoperiod and mean light varying from 120 to

80 mmol m�2�s�1, except during the seven first days of the
ydroponic period where darkness was maintained). Two
ain growth periods were distinguished: the germination

eriod (7 days) followed by the plant–soil contact period
4 days).

.2.1. First step: germination phase

In each plant compartment (on a surface area of
6.6 cm2, Fig. 1), 0.8 g of B. napus seeds or 1.5 g of
. multiflorum seeds were sown, i.e. about 350 seeds and
00 seeds per pot, respectively. Those high proportions of
eeds per pot have ensured root mat development, which
onsequently will exacerbate the interactions at the root–
oil interface. The germination rate was around 90%. The
rst three days, the seeds were watered by soaking the
olyamide mesh with deionised water. During the next
ur days, seedlings were fed with a Zn-free nutrient

olution: KCl (0.05 mM), K2SO4 (0.25 mM), MgCl2

.05 mM), MgSO4 (0.05 mM), NaH2PO4 (0.05 mM),
eNaEDTA (0.08 mM), H3BO3 (0.08 mM), MnCl2.4H2O
.008 mM), CuSO4.5H2O (0.0008 mM), NH4MoO24.4H2O
.0056 mM), CaCl2.2H2O (0.5 mM), CaSO4.2H2O (0.5 mM),
H4Cl (1 mM) and (NH4)2SO4 (0.5 mM).

.2.2. Second step: plant–soil contact

After drying and sieving (<2 mm) the soil substrates
ccording to the common practice described in Baize, 2006),

achsoilcompartmentwasfilledwith�5 gofsoil fromoneof
e three origins. The soil compartment was then covered
ith a cap opened in the middle to allow the growth of the

lant but preventing the evaporation of the plant nutrient
olution (Fig. 1). The liquid reservoirs were filled with a Zn-
ee nutrient solution, to water the plants by soaking the
eshes. The volume of added nutrient solution was
easured strictly for a precise estimation of the transpira-

on volume by plants during the plant–soil contact period
aking into account the residual water volume and the
vaporated volume based on the experimental devices
ithout plants). Three replicates of each treatment
ere conducted, defining six different combinations of

lant species and soil samples (2 species � 1 nutrient
olution � 3 substrates � 3 replicates). After two weeks,

e plants were isolated from the soil; the separation was
cilitated by the use of meshes preventing the adhesion of

oil particles to the roots. Plant shoots were also separated
om the root parts. Roots (and shoots) were repeatedly

insed for 5 min with deionised water in an ultrasonic bath.
hen, shoots and roots were dried (60 8C for 72 h), weighed
nd crushed in an agate mortar prior to analysis.

2.3. Soil and plant sample preparations–elemental analyses

After sampling, soil samples were air-dried and sieved
(2 mm). Following the methodology of Degryse et al.
(2003), the soil Zn was extracted with CaCl2 to estimate the
isotope composition of the mobile fraction, i.e. the soil
solution. This extract mimics the soil solution because the
inorganic composition of the extract is similar to that of
most soil solutions (Degryse et al., 2003). This method
implies shaking of soil aliquots (2.5 g) in centrifuge tubes
with 0.01 M CaCl2 (25 ml) for 24 h in a lateral shaker. The
samples were subsequently centrifuged (13,400 rpm for
5 min) and supernatants were filtered through 0.45-mm
polycarbonate filters. The final solutions of CaCl2 extracts
were acidified before the ICP-AES analyses (Thermo Jarrell
Ash Iris Advantage), which were performed at UCL
(Belgium): Zn (and other metal) concentrations (ZnCaCl2

)
were measured (Table 1). Zinc concentrations in shoots,
roots—as well as in the initial seeds—were also determined
by ICP-AES after acid digestion of plant part powders in
concentrated HNO3 at 95 8C; the solution was subsequent-
ly evaporated to dryness and re-dissolved in a mixture of
concentrated HNO3 and HCl (1:3 ratio) at room tempera-
ture. Careful attention was paid to potential risks of Zn
contamination by the reagents used for chemical prepara-
tions; procedural blanks were always used.

2.4. Zn chemical purification and isotopic analysis

Whereas elemental analyses were performed on all the
soil and plant parts, three replicates of each treatment
(from the different combinations of plant species and soil
samples) were carefully mixed and homogenized into a
single composite sample for the isotopic analyses (after
precise determination of Zn concentration and dry
biomass, aliquots of equivalent Zn amounts of the three
replicates were considered).

Chemical treatments of soil and plant samples and of
CaCl2 extracts were carried out under a class-100 laminar
flow hood in a class-1000 cleaned room (at ULB). All
the reagents used for sample treatments were distilled
pro-analysis acids that were subsequently sub-boiled.
The dilutions were performed with MilliQ water
(18.2 MV�cm). Crushed soil and plant samples (about
2 mg) were previously dry ashed for 24 h at 450 8C in order
to eliminate the organic matter. The samples for dry-
ashing were dissolved by applying the tri-acid digestion
technique (with concentrated 14 M HNO3, 24 M HF and re-
dissolution in 6 M HCl) using a Teflon Savillex1 beaker
placed on a hot plate (120 8C) for evaporation until dryness.
CaCl2 extracts were simply evaporated. Zn was then
purified by a novel chromatographic separation technique
on micro-columns loaded with 0.2 ml of AG1-X8 resin and
filled with successive additions of acids (HCl, HNO3, HBr)
(Mattielli et al., 2013). This method is especially adapted
for the sample matrices characterized by high Zn
concentrations compared to other cation abundances,
allowing extremely low amounts of acids for elution and
consequently low procedural blanks (�2 ng of Zn). Upon
separation, the eluate was dried down and digested
with 100 ml of concentrated HNO3 to dissolve the potential
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-eluted organics. A full recovery of Zn was quantitatively
onitored to circumvent problems associated with
tential isotopic fractionation on columns. The yield
lues were higher than 98 � 5% (values obtained from Zn
rification of 10 plant and five soil samples). The total
ocedural blanks average �7 ng.
The Zn isotopic ratios were measured on an Nu plasma I

C-ICP-MS in wet plasma mode (ULB, Belgium). Zn (and
, used for the doping technique) isotopic compositions

ere measured by static multi-collection. A single analysis
nsisted of a measurement of 60 ratios, i.e. three blocks of

 cycles with an integration interval of 10 s. On-peak
seline measurement with 30-s integration time prior to
ch analysis was done on a 0.05 M HNO3 acid blank,
hich is then subtracted online during the analytical run of

 the samples/standards. Nickel contributions were
stematically corrected by monitoring mass 62 (62Ni).
ass discrimination effects were corrected by using

ultaneous external normalization (Cu-doping method)
d standard-sample bracketing with in-house JMC Zn–Cu
ndard solutions (previously calibrated against the JMC

0749L Zn and NIST SRM 976 Cu reference standard
lutions—for complementary information, see Mattielli

 al. (2009) and Petit et al. (2008)). Every sample was run
tween two standards and was analysed at least in
plicate; the Zn isotopic composition was expressed in
6Zn relative to our in-house standard solution (Eq. (1))2.
During the period of data acquisition, repeated mea-

rements of in-house Zn and Cu standards show a mean
6Zn value of 0.00 � 0.02% (2SD) (n = 117). In addition,
peated measurements of the Lyon JMC 3-0749L Zn
ndard solution batch used at ULB were performed and

ve a mean d66Zn value of +0.11 � 0.03% (2SD) (n = 17)
lative to our in-house solution (0.00 � 0.02%). Conse-
ently, the d66Zn results for the samples can then be
nverted relative to the JMC 3-0749L Zn by using the
nventional conversion equation (Hoefs, 2008).
In order to assess the reproducibility, one sub-sample of

il horizons (AB) was digested in duplicate; the d66Zn
lues were +0.20 � 0.04% and +0.26 � 0.02% (the latter is
ported in Table 3). In addition, to validate the chemical
ethod of Zn separation, Zn from two soils (independent
dy) was isolated by another chromatographic technique

ing AG-MP1 resin and 0.5 M HNO3 as an eluent (method-
ogy described in Maréchal et al., 1999). The isotopic results
tained by the latter method (AG-MP1 resin) were
.09 � 0.01% and +0.23 � 0.04%, respectively for the first
d second soil samples. The present method based on AG1-

 resin gave the following d66Zn values: �0.05 � 0.02% and
.23 � 0.04%, for the first and second soil samples,
spectively. Finally, to control the reproducibility of the
tire analytical method and check the accuracy of the

isotopic measurements on the MC-ICP-MS, the BCR281
(ryegrass) reference material was analysed and gave a
d66Zn value of +0.38 � 0.04% (n = 9), which is in good
agreement with the previously published values (e.g.,
+0.40 � 0.09% in Arnold et al., 2010b).

2.5. Statistical analysis

Zn concentration, dry biomass and transpiration
volume data were systematically analysed using two-
way ANOVAs, with the main factors being soils and plant
species, followed by a multiple mean comparison test
(Tukey’s HSD test). The Spearman correlation coefficients
(rs) were calculated to determine the relationships
between the isotopic and the elemental compositions.
All statistical analyses were carried out using SAS 9.1 (SAS
Institute, Cary, NC, USA).

3. Results

3.1. Plant growth and Zn concentrations

Zinc is a major constituent in the soil samples, with
abundances ranging from 7.4 g�kg�1 in the shale-derived
soil (PS) to 75 g�kg�1 in the calcareous soil (PC). The soil
sample significantly affected (P < 0.001) the dry plant
biomass. Plants growing on the least Zn contaminated soils
(PS) contained also the lowest Zn concentrations and had
the highest biomass productions, suggesting that toxic Zn
supply is a growth-limiting factor (Tables 1 and 2). The
L. multiflorum species has produced significantly more root
biomass than B. napus. The transpiration volume/device
was statistically unaffected by soil sample or plant species.
Total plant Zn concentrations (i.e. weighted average of
shoot and roots) are 4 to 14 times less concentrated than in
the corresponding soils. The Zn concentrations in B. napus

roots (5.0 to 18.9 g�kg�1) are significantly higher (P < 0.05)
than in L. multiflorum roots (2.1 to 7.9 g�kg�1). The Zn
concentrations in seeds of B. napus and L. multiflorum were
measured and represent a Zn input of only 0.05 mg and
0.09 mg per device, respectively. These values are well
below the total Zn in biomass after culture, i.e. �1.95 mg
for B. napus and 1.65 mg in plant per device for
L. multiflorum. Soil sample and plant species have a
significant effect (P < 0.05) on Zn concentrations in the
whole plant as well as in roots (Table 2). In contrast, the
shoot to root Zn concentration ratios vary between
0.12 and 0.42 and are only affected by the plant species,
but not by the soil sample.

3.2. Zn isotopic compositions

Prayon soils (PC and PS) are characterized by similar
d66Zn values: �0.05 � 0.02% (2SD) and �0.03 � 0.01%,
respectively (d66Zn results relative to the JMC 3-0749L Zn
standard solution; knowing that the average d66Zn value of
the JMC 3-0749L standard gives +0.11 � 0.03% (2SD) (n = 17)
relative to our in-house solution (0.00 � 0.02%), meaning
that d66Znin-house for PC and PS soils are +0.06 � 0.02% and
+0.08 � 0.01%, respectively). In contrast, Angleur soil (AB)

Isotopic measurements are expressed in %, relative to the standard

ution, where RZn is the 66Zn/64Zn isotopic ratio of the sample (sample)

d the bracketing standards (std1 and std2):

6Znsample ¼ 1000 �
RZnð Þsample

0:5 RZnð Þstd1 þ 0:5 RZnð Þstd2

� �
� 1

� �
ð1Þ
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hows a higher d66Zn of +0.26 � 0.02% (Table 3). The CaCl2

xtracts systematically display lower d66Zn values compared
 the bulk soils, indicating that the (surrogated) soil

olutions are enriched in light Zn isotopes; factor
66ZnCaCl2�bulk soil

3 reaches an almost constant value of
0.13% for the three soils (Table 3). As generally observed

 plants (e.g., Houben et al., 2014; Tang et al., 2012; Weiss
t al., 2005), d66Zn values in the shoots (d66Znshoot from
0.34 � 0.06% to +0.06 � 0.01%, Table 3) are systematically
wer relative to the roots (d66Znroot from �0.10 � 0.04% to

0.32 � 0.04%). But the isotopic fractionations during Zn

translocation from roots to shoots are not constant; they are
larger in B. napus (D66Znshoot–root from �0.23 to �0.39%)
relative to L. multiflorum (D66Znshoot–root between �0.04 and
�0.20%). The d66Zn values for the whole plant (Table 3) have
been calculated by applying the mass balance equation:

d66
Znwhole plant ¼ d66

Znshoot �
Mshoot

Mshoot þ Mroot

� �

þ d66
Znroot �

Mroot

Mshoot þ Mroot

� �
(2)

where M is the Zn content (mg) in plant parts. The
d66Znwhole plant values of B. napus and L. multiflorum reflect
the Zn isotopic signature of their related bulk soil (Table 3).
This trend is even stronger between roots and soils
(D66Znroot–bulk soil: �0.07 to +0.08%; Table 3). Whatever

able 2

ry biomass (g), Zn concentration in shoots and roots (mg�g�1 dry matter � SD, detection limit = 0.03 mg�kg�1), and transpiration volume (cm3) in rape and

egrass cultivated on the three soils (PC and PS, Prayon Calcareous soil and Prayon Shale-derived soil, respectively; and AB, the Angleur’s Bare slag heap soil).

ifferent letters in superscript indicate the statistically significant differences between means (n = 3, P < 0.05).

Soil Dry biomass Zn Transpiration

g mg�g�1 cm3

Roots Shoots Roots Shoots Whole plants

Brassica napus L. (Rape) PC 0.30 � 0.02c,d 0.82 � 0.12c 18900 � 1100a 2300 � 400b 6700 � 400a 322 � 23a

PS 0.33 � 0.02c 1.19 � 0.07a 5000 � 300d 1200 � 40c,d 2000 � 60d 568 � 223a

AB 0.28 � 0.01d 1.00 � 0.05b 11400 � 100b 1900 � 200b,c 3900 � 300c 430 � 144a

Lolium multiflorum L.

(Ryegrass)

PC 0.85 � 0.02b 0.74 � 0.03c 7900 � 400c 3300 � 500a 5800 � 70b 467 � 170a

PS 1.06 � 0.01a 1.15 � 0.02a 2100 � 100e 700 � 100d 1400 � 30d 482 � 143a

AB 0.88 � 0.02b 0.85 � 0.02b,c 5600 � 100d 2400 � 300b 4000 � 20c 361 � 73a

Significance of factors

(DDL = 12)

Soils <0.001 <0.001 <0.001 0.028 <0.001 0.239

Species <0.001 0.009 <0.001 <0.001 <0.001 0.968

Soil X Species <0.001 0.408 <0.001 0.004 0.013 0.338

able 3

n isotopic compositions (%) (� 2SD) of bulk soils from Prayon (PC & PS) and Angleur (AB) sites, CaCl2 extracts, plant parts (shoot and root) and the whole plant

alculated using the mass balance Eq. (2)) from the rape (B. napus) and ryegrass (L. multiflorum). The d66Zn results relative to our in-house standards were

nverted into the JMC 3-0749L Zn standard using the conventional conversion equation (Hoefs, 2008).

PC PS AB

%

d66ZnJMC 3-0749L� d66Znin-house JMC = +0.11 � 0.03% (2SD) (n = 17) d66Zn reported relative to the JMC 3-0749L standard

Soil
d66Znbulk soil �0.05 � 0.02 �0.03 � 0.01 +0.26 � 0.02

d66ZnCaCl2
�0.18 � 0.02 �0.15 � 0.05 +0.14 � 0.01

D66ZnCaCl2-bulk soil –0.13 � 0.04 –0.12 � 0.06 –0.13 � 0.03

Brassica napus L. (Rape)

d66Znroot +0.05 � 0.01 +0.05 � 0.01 +0.31 � 0.05

d66Znshoot �0.28 � 0.05 �0.34 � 0.06 +0.06 � 0.04

d66Znwhole plant �0.11 � 0.07 �0.13 � 0.09 +0.22 � 0.11

D66Znshoot–root –0.23 � 0.06 –0.39 � 0.07 –0.25 � 0.09

D66Znroot–bulk soil +0.00 � 0.03 +0.08 � 0.02 +0.05 � 0.07

D66Znroot-CaCl2
+0.13 � 0.03 +0.20 � 0.06 +0.17 � 0.06

Lolium multiflorum L. (Ryegrass)

d66Znroot �0.05 � 0.03 �0.10 � 0.04 +0.32 � 0.04

d66Znshoot �0.25 � 0.04 �0.14 � 0.03 +0.17 � 0.01

d66Znwhole plant �0.10 � 0.06 �0.11 � 0.04 +0.28 � 0.11

D66Znshoot–root –0.20 � 0.07 –0.04 � 0.07 –0.15 � 0.05

D66Znroot–bulk soil +0.00 � 0.05 –0.07 � 0.05 +0.06 � 0.06

D66Znroot-CaCl2
+0.13 � 0.05 +0.05 � 0.09 +0.18 � 0.05

3 Zn fractionation factor (D66Zn, illustrated in Fig. 2) between two

ompartments 1 and 2 (D66Zn1–2), is calculated by difference in d66Zn

alues: D66Zn1–2 = d66Zn1� d66Zn2.
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e plant species, d66Znroot values are positively correlated
 d66Znbulk soil and d66

ZnCaCl2
data (for both rs

2 = 0.93, n = 6,
 0.002) as well as d66Znshoot values are positively
rrelated with d66Znbulk soil and d66

ZnCaCl2
(for both

= 0.88, n = 6, P = 0.006).

 Discussion

. Zn isotopic signatures in soils, solutions and plants

Zinc isotopic signatures of the soils from the two
stinct sites are typical values for contaminated soils
0.05 � 0.02% and �0.03 � 0.01% for Prayon;
.26 � 0.02% for Angleur). In the literature, the published
6Zn data range from �0.2 to +1.5% (Bigalke et al., 2010;
lgopolova et al., 2006; Fekiacova et al., 2015; Sivry et al.,
08; Sonke et al., 2008; Tang et al., 2012). Sonke et al. (2008)
ve demonstrated a remarkably homogeneous d66Zn value
0.16 � 0.20%, n = 61 analyses for 10 mines) for ore-grade
S collected from various mining locations. Cloquet et al.
008), Gioia et al. (2008) and Mattielli et al. (2009) have
ported systematic light Zn isotope enrichments (relative to
e initial ores) in aerial fallouts emitted by smoke stacks,
ich produce contaminated soils adjacent to smelters. Sivry

 al. (2008) and Sonke et al. (2008) have demonstrated
richments with heavy Zn isotopes in slag heaps, corre-
onding to solid residues of metallurgical process (smelting

 blast furnace), complementary of aerial emissions. In
reement with those studies, the low positive d66Zn values

 contaminated Prayon soils (PS and PC) mainly reflect the
rial fallouts from the former Zn smelter, while the
nificantly higher positive d66Zn values of the Angleur soil

B) evidence the metallurgical scoria as the main Zn supply
ntributors in the soil.
The CaCl2 extracts, i.e. the soil solution surrogates, are

stematically enriched in light Zn isotopes relative to the
rresponding bulk soil. A constant fractionation between
il and related soil solution (D66ZnCaCl2�bulk soil = �0.13%)
found here irrespective of the soil sample. This confirms
e initial observation of Arnold et al. (2010a,b) that Zn
lease from the soil solid phases to the liquid phase
vours light Zn isotopes, which could reflect, according to
uvin et al. (2009, 2012), a higher concentration of free
2+ ions in the soil solution.
The shoot Zn concentration ranges from 700 to 3300 mg

/kg. These values are at least one order above adequate
 concentrations and reflect phytotoxicity due to Zn
amels et al., 2014). The Zn isotopic signature of the
ants reflects that of the bulk soil. Within and among the
ants, the isotope signatures differ. The Zn isotope
nature in roots is isotopically heavier than in the
rresponding soil solution (i.e. CaCl2 extracts). Relatively
mparable magnitudes of Zn isotopic fractionation
tween roots and soil solutions are observed for the
o sites and the two plants, which suggests a common Zn
nsfer mechanism from the various soils to plants,
espective of the Zn availability. In agreement with Weiss

 al. (2005) and Jouvin et al. (2012), the enrichment with
avy isotopes in the roots relative to solution reflects an
sorption of heavy Zn isotopes from the soil solution onto

(2011), the positive isotope fractionation associated with
the roots might indicate that Zn is bound to a high-affinity
ligand, with cellular sequestration.

4.2. Species differences in Zn uptake, translocation and

isotope fractionation

It is generally accepted that the uptake of Zn from soil
has at least four main mechanisms (see also Aucour et al.,
2011; Caldelas et al., 2011; Houben et al., 2014; Jouvin
et al., 2012; Tang et al., 2012 and references herein): (1)
root-induced soil acidification and mobilization of soil Zn
(Houben et al., 2014; Loosemore et al., 2004); (2) Zn
adsorption on root cell wall (Hall, 2002); (3) non-specific
Zn transfer through the plasma membrane into the root
symplast via low-affinity transporters (Hacisalihoglu et al.,
2001), or (4) Zn specific uptake by either ZIP proteins or
phytosiderophores released by the plant roots to transfer
the Fe/Zn complexes through the membrane (Claus et al.,
2013). The present growth media are far from the Fe- or
Zn-deficiency conditions, hence the release of sidero-
phores by L. multiflorum roots was probably negligible
(Römheld and Marschner, 1990). The B. napus (dicotyle-
donous) has a larger total plant Zn concentration compared
to L. multiflorum (monocotyledonous), mainly because of
drastically higher Zn concentrations in its roots. According
to Dufey and Braun (1986), Dufey et al. (2001) and Meychik
and Yermakov (2001), the Cationic Exchange Capacity of
Roots (CECR, directly related to the negative charge density
on roots) in dicotyledonous species is higher than in
monocotyledonous species, enhancing Zn adsorption on
root cell walls.

The isotopic signatures of Zn in the whole plant were
almost identical for both plant species in each of the soils;
however, differences among species emerged when
considering either root or shoot (Fig. 2). In agreement
with previous studies (Arnold et al., 2010a; Jouvin et al.,
2009; Viers et al., 2007; Weiss et al., 2005), shoots
systematically display lower d66Zn values compared to
roots. As noticed by Caldelas et al. (2011), in Zn-excess
conditions, roots systematically show positive d66Zn
values relative to the solution reflecting enrichment in
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Fig. 2. Shoot–root Zn isotope fractionation (D66Znshoot–root % � 2SD)

vs. shoot–root Zn dry weight concentration ratio (Zn shoot–root) of B. napus

(rape) (black dots) and L. multiflorum (ryegrass) (white dots) cultivated on

the three different soils (a calcareous soil PC, a shale-derived soil PS, and a
g heap soil AB).
ot cell walls. Alternatively, as proposed by Aucour et al. sla
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eavy Zn isotopes, whilst shoots are isotopically lighter
nd display negative or similar d66Zn values compared to
e solution. There is more intense Zn isotope fractionation

etween roots and shoots in B. napus (D66Znshoot–root from
0.23 to �0.39%) than in L. multiflorum (D66Znshoot–root

om �0.04 to �0.20%). Differences in Zn isotope
actionation between roots and shoots are correlated
ith the shoot–root Zn concentration ratios (Fig. 2), i.e.
ere is more enrichment in light Zn isotopes in shoots

elative to roots as roots become more concentrated in Zn
an shoots.

.3. Zn translocation by plant transpiration flow

Isotope fractionation between roots and shoots might
e the analogue of elemental fractionation, such as
elective fractionation between strontium (Sr) and calcium

a) in plant parts, i.e. Sr accumulates in roots and Ca is
ore translocated to shoots, leading to a decreasing Sr:Ca

atio in plants with increasing distance from the roots
rouet and Herbauts, 2008; Smolders and Merckx, 1993).

ike Sr, in our experiment, heavy Zn isotopes accumulate in
e root system and light Zn isotopes are preferentially
ansported further through the plant.

It is generally assumed that three main mechanisms are
volved in the Zn transport from roots to shoots of plants:
) exchange on the sorption sites of the plant tissues
dsorption on cell walls from the roots but also in the

ylem vessel) and Zn loading into the xylem driven by
eavy-metal ATPase transporting (Hanikenne et al., 2008);
) diffusion (Zn transport on relatively short distance

nder concentration gradient) (Barberon and Geldner,
014; Caldelas et al., 2011; Moynier et al., 2009; Weiss
t al., 2005 and references herein); and (3) convection

ass flow transport in plant controlled by transpiration)
arberon and Geldner, 2014; Lorenz et al., 1994). So far,
e two first processes were essentially the only ones

xplored with the isotopic tool: as previously described by
uvin et al. (2012), metal transport is carried out by the
etal complexation with organic acids or amino acids or

eptides produced by the plant. Those metals cross
ubsequently the cell membranes and circulate through

e channels between cells and along the xylem and
hloem by diffusion and ion exchange reactions, which
duce Zn isotope fractionation. According to Rodushkin

t al. (2004), Zn isotope fractionation occurring during
iffusive transport would preferentially favour the trans-
ort of light Zn isotopes, and an increase of the
actionation extent with the diffusive distance. Several
revious studies corroborated the hypothesis of long-
istance diffusion process accounting for Zn isotope
actionation during transport in trees, palm trees, and
erbaceous species (Viers et al., 2007), in bamboos
ompared to lentils (Moynier et al., 2009) and in
hragmites australis (Caldelas et al., 2011) in Zn-deficient
r Zn-sufficient conditions. Those authors hypothesized a
elationship between the fractionation extent and the
ngth of the pathway or height of the plants. In the present
ork, in Zn-excess conditions all plant materials are very

mall, with a similar height of �10 cm, but the two species
iffer in shoot and root isotopic compositions and display

large D66Znshoot–root (up to �0.39 � 0.07%). This suggests
the control of Zn fractionation during translocation by
another process, potentially species-dependent.

By attempting to confirm or refute the diffusion
mechanism hypothesis, three simple diffusion models
can be tested. A first simple calculation based on a one-
dimensional diffusion model was conducted. If the plant is
considered as a solid in contact with a liquid solution
characterized by a constant Zn concentration, Zn will
diffuse from the solution to the inside of the plant. A
diffusion front will steadily advance inward the plant over
a distance that can be roughly estimated to be the square
root of D � t, where D is the diffusion coefficient with a
value of 5�10�6 cm2�s�1 (approximation of the diffusion
coefficient for Zn2+ in a free solution; Rodushkin et al.,
2004) and t is the time. In the present study, the
experiment duration t of 14 days corresponds to a distance
reached by the diffusion front of only 2.46 cm, which is
incompatible with the observed fractionation throughout
the plant standing �10 cm height. Second, assuming
D66Zn = d66Zntop� d66Znentrance, the plant isotopic fraction-
ation due to diffusion process can be also estimated by the
following equation, according to Moynier et al. (2009):

erfc
xffiffiffiffiffiffiffiffiffiffiffiffiffi

466Dt
p
  !

/erfc
xffiffiffiffiffiffiffiffiffiffiffiffiffi

464Dt
p
  !" #

top

� erfc
xffiffiffiffiffiffiffiffiffiffiffiffiffi

466Dt
p
  !

/erfc
xffiffiffiffiffiffiffiffiffiffiffiffiffi

464Dt
p
  !" #

entrance

(3)

where x is the distance (height of the plant), 66/64D the
diffusion coefficient of either the 66Zn or the 64Zn isotope,
and t the time. On the basis of the lentil and bamboo
experiments, Moynier et al. (2009) have obtained 64D

varying from 5.0001�10�6 to 5.0009�10�6 cm2�s�1and 66D

from 4.9999�10�6 to 5.0008�10�6 cm2�s�1. Applied to our
small plants (about 10 cm), the isotopic fractionation
should reach a D66Zn value up to �0.09% between the
entrance point and the top end of the plant, which is much
less than what is actually observed (Table 3). Thirdly, Zn
transfer from the root pool to the shoot pool can be
alternatively considered as an unidirectional reaction,
which implies kinetic fractionation and allows estimation
of the isotopic fractionation during diffusion-controlled
translocation by using the Rayleigh distillation model.
Tang et al. (2012) have proposed a Rayleigh-type mass
balance calculation (modified from Aucour et al., 2011)
illustrating the diffusion-driven fractionation of Zn iso-
topes between root and whole plant (D66Znroot–whole plant)
as a function of Froot (ratio of Zn mass in the root to Zn mass
in the whole plant). In a fashion similar to the data of Tang
et al. (2012) (shown in their figure 2), our data produced a
good fit between the D66Znroot–whole plant and the ln Froot

supporting a negative correlation between isotope frac-
tionation and the relative root Zn concentration (Froot). The
more the roots are concentrated in Zn, the weaker is the Zn
isotope fractionation observed. However, this observation
does not actually prove the diffusion behaviour of the
translocation process.

The shoot–root Zn isotope fractionation exhibits a
marked strong negative correlation with transpiration



vo
sa
iso
(2
str
sh
vo
(th
m
(B
(tr
sy
Br
in
de
flu
et
fro
pa
(B
20
ne
tra
po
ba

w
an
w
Bo
w
sh
m
m

is 

m
fo
ba
su
ro

Fig

vs.

cm

L. m

an

E. Couder et al. / C. R. Geoscience 347 (2015) 386–396394
lume per dry biomass unit across species and soil
mples (Fig. 3). This suggests a transpiration-controlled
tope discrimination. In disagreement with Aucour et al.

011), who postulated that advection with transpiration
eam does not fractionate the Zn isotopes, our results
ow higher D66Znshoot–root when the transpiration
lume per biomass unit increases. Active transport
rough carrier proteins) is associated with plants in

etal-deficient conditions (or low metal concentrations)
arberon and Geldner, 2014), while passive transport
anspiration flow) is generally observed in plant–soil
stems displaying high metal levels (Hopmans and
istow, 2002). Along the same lines, diffusion processes

 soil or in the rhizosphere may control Zn uptake under
ficient conditions, whereas mass flow may control the
x of Zn from soil to plants under high Zn supply (Degryse

 al., 2009). Consequently, the passive Zn translocation
m roots to leaves (or shoots) follows the transpiration
th (a convection mechanism) within the xylem
roadley et al., 2007; Page and Feller, 2005; Page et al.,
06a,b), and the effect of protein carriers would be
gligible compared to the transpiration flow. The passive
nsport hypothesis by mass flow of water was also
stulated by Henriet et al. (2006) for Si transport in
nana at high Si concentrations.
It is puzzling how the transpiration flux on a plant dry

eight affects the isotope discrimination between roots
d shoots as shown in Fig. 3. The observed trend is

eighted by the differences between both plants.
th plants have similar total plant Zn (mg Zn/plant)

hen compared pairwise per soil and have even similar
oot:root total Zn partition, albeit the B. napus plants have
uch smaller roots with higher Zn concentrations than L.
ultiflorum. As a result, the total flux of Zn from soil to plants
almost identical for each plant (per soil); however, there is
ore water flux on a total plant weight basis for rape than
r ryegrass, i.e. a higher water flow across roots (weight
sed) for B. napus compared to L. multiflorum. One might
ggest that Zn forms control fractionation along the soil–
ot–xylem path: free Zn could be transported faster

towards the shoots than Zn-organic complexes that
preferentially bind heavy Zn isotopes (Jouvin et al., 2009,
2012). As water flow increases per unit root weight, so
increases the isotope fractionation. As a result, in the
context of a highly contaminated soil–plant system, our
data suggest that the translocation of Zn is mainly driven by
the plant transpiration flow implying a convection mecha-
nism rather than a diffusive process. During the transloca-
tion from roots to shoots, heavy isotopes are preferentially
adsorbed on negatively charged sites of the cell walls from
the surrounding xylem tissues, whereas light isotopes
remain preferentially in the xylem sap; the proportion of
light isotopes in the xylem sap increasing with increasing
the transpiration volume/dry biomass ratio.

5. Conclusions

Former Zn smelters impact the isotopic fingerprint of
Zn, i.e. fallout enriched soils contain lighter Zn isotopes,
whereas slag-amended soils or slag heaps are character-
ized by heavier Zn isotopes. Soil solutions are enriched in
light Zn isotopes. The isotope composition in two plants
grown on the metal-contaminated soils reflects that of the
soils and the compositions of both plants are similar when
considering whole plant Zn. There is significant root–shoot
Zn fractionation and this is species-dependent: the shoots
of rape are more depleted in heavy Zn isotopes compared
to those of Lolium multiflorum L. (ryegrass), and this goes
along with higher Zn concentration in the roots of Brassica

napus L. (rape), which, in turn, may be related to the higher
cation exchange capacity of Zn in the roots. Root:shoot
fractionation is more pronounced as the transpiration per
unit of plant weight increases. This Zn isotope fraction-
ation indicates a passive mode of Zn transport that is
favoured in Zn-excess conditions. In a passive mode, the
uptake will be driven by water absorption at the root level,
and the Zn transport into the xylem sap will be mainly
controlled by the transpiration flux. This mechanism does
not totally rule out diffusion and adsorption mechanisms
for accounting a part of the Zn transport and the related Zn
isotope fractionation.
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