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ABSTRACT

The long-term redistribution of Zn in a naturally Zn-enriched soil during pedogenesis was quantified based on mass
balance calculations. According to their fate, parent limestones comprised three Zn pools: bound to calcite and pyrite-
sphalerite grains, bound to phyllosilicates and bound to goethite in the inherited phosphate nodules. Four pedological
processes, i.e., carbonate dissolution, two stages of redox processes and eluviation, redistributed Zn during pedogenesis. The
carbonate dissolution of limestones released Zn bound to calcite into soil solution. Due to residual enrichment, Zn
concentrations in the soil are higher than those in parent limestones. Birnessite, ferrihydrite and goethite dispersed in
soil horizon trapped high quantities of Zn during their formation. Afterwards, primary redox conditions induced the
release of Zn and Fe into soil solution, and the subsequent individualization of Fe and Mn into Zn-rich concretions. Both
processes and subsequent aging of the concretions formed induced significant exportation of Zn through the bottom water
table. Secondary redox conditions promoted the weathering of Fe and Mn oxides in cements and concretions. This process
caused other losses of Zn through lateral exportation in an upper water table. Concomitantly, eluviation occurred at
the top of the solum. The lateral exportation of eluviated minerals through the upper water table limited illuviation.
Eluviation was also responsible for Zn loss, but this Zn bound to phyllosilicates was not bioavailable.
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Although Zn is an essential nutrient for living organisms, this element exhibits a well-established
toxic nature for fauna and flora at high concentrations in soils. Studies dealing with the geochemical
behaviour of Zn focused particularly on polluted soils, because numerous human activities lead to
accumulations of Zn in soils, which can represent an environmental hazard (Salomons et al., 1995).
However, some soils developed on natural geochemical anomalies display concentrations of Zn as high
as those of polluted soils (Kabata-Pendias and Pendias, 2001), but to our knowledge, no Zn toxicity
for plants was recorded on these large cropping areas (Nicolini, 1990). The fate of Zn in soils depends
not only on its total concentration, since its potential mobility and bioavailability are governed by its
speciation and location in relationship to roots, and by its rate of release into the soil solution.

As a general rule, geogenic trace elements including Zn are believed to be less mobile than those of
anthropogenic origin, but few empirical datasets published support this hypothesis. In this study we
tested the hypothesis that the lower mobility of geogenic Zn in soils relative to anthropogenic Zn was due
to differences in speciation. The present work aimed at quantifying the long-term redistribution of Zn
due to different pedological processes during the pedogenesis of a soil developed on natural geochemical
anomalies. The approach consisted in determining the speciation sensu largo of Zn, i.e., its repartition
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Zinc Fate Through Pedogenesis
within the different solid components; both in the parent material and in the solum. Information on the

speciation of Zn was cross-linked with mass balance calculations according to the Brimhall approach in
order to estimate the fluxes of Zn due to each pedological process identified (Brimhall et al., 1991).

MATERIALS AND METHODS
Studied site and samples

The studied site, located 2.5 km southward of Pouilly-en-Auxois (Burgundy, France), consists in
a thick and old forested solum, which developed from limestones dated from the Sinemurian and
Lotharingian (upper Sinemurian). The Sinemurian-aged limestone is 5- to 10-m thick and consists
of hard and compact crystalline grey-blue limestone layers irregularly intercalated with thin soft marled
beds. The overlying Lotharingian-aged limestone is 1- to 3-m thick and consists of a grey-blue matrix
with brown-rust coloured inclusions and of a bed of pluricentimetric phosphate nodules corresponding
to marine fossils at its bottom. Mineralization events due to hydrothermal fluids rising along fault lines
during the Lias epoch (Baize and Chrétien, 1994) are responsible for their high contents of Zn.

The studied solum is composed of the succession of horizons described in Table I. The limit with the
unweathered and impermeable Sinemurian-aged limestone undulates between 170- and 180-cm depth.
The abundant phosphate nodules in the BP-horizon were inherited from the bed of phosphate nodules at
the bottom of the Lotharingian-aged limestone. Consequently, the overlying horizons derived from the
autochthonous weathering of the Lotharingian-aged limestone, whereas the underlying ones derived from
the autochthonous weathering of the Sinemurian-aged limestone. Indeed, Baize and Chrétien (1994)
assessed the autochthony of these soils by petrography coupled with geochemical and mineralogical
analyses, avoiding significant contribution of loess deposits in the studied area. The soil horizons
identified were sampled on the whole width of a pit, once when homogenous or all 10 cm when an
evolution with depth was evidenced.

TABLE 1

Characteristics of the soil horizons (from top to bottom) in the studied solum

Horizon Soil depth Characteristic
cm

A 0-(10-15) Yellowish brown (10YR5/4), with few small black Fe-Mn concretions

E (10-15)—45 Yellowish brown (10YR5/6 to 4/4), depleted in clay particle-size fractions, with few small
black Fe-Mn concretions at the top (E1), more numerous ones at the bottom (E2)

Bd 45-(75-80) Ochre (10YR4/4), irregularly bleached and degraded, with small black numerous Fe-Mn con-
cretions and few small phosphate nodules

Bce (75-80)-95 Compact, with numerous Fe-Mn concretions and abundant big white soft phosphate nodules
(1 to 2 cm)

BP 95-145 Ochre (10YR4/4 to 5/4), with few phosphate nodules and abundant black Fe-Mn concretions

that are ovoid-shaped, hard, from various sizes (less than 0.5 to more than 5 mm) and disco-
rdant with the matrix of the horizon
C 145—(170-180) Ochre (10YR5/6), clay-rich, developed in a water table, with rare Fe-Mn concretions

The Lotharingian-aged limestone (abbreviated L, excluding the bed of phosphate nodules at its
bottom) was sampled in a road trench, 800 meters southward of the studied pit where it is completely
weathered. One sample of the Sinemurian-aged limestone (abbreviated S) was taken at the bottom of
the pit (S1) and three additional ones from different strata on the same road trench (S2, S3 and S4).

Analyses on soil samples

Bulk density of each soil horizon was determined in triplicate by the cylinder method after drying
at 105 °C. Pedological analyses were performed at the Laboratoire d’Analyse des Sols (LAS, Arras,
France): pH was determined according to the standard protocol NF ISO 10390; CaCO3 according to
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NF ISO 10693 (calcimetry); organic matter (OM) obtained by multiplying by 1.73 the organic carbon
measured according to NF ISO 10694. Total major elements were analyzed at the Service d’Analyse des
Roches et des Minéraux (SARM, Vandoeuvre-les-Nancy, France) by ICP-AES and Zn by ICP-MS after
LiBO; fusion. Results being in the range of those reported by Baize and Chrétien (1994) (Table II), the
studied solum is thus representative of those encountered in the studied area.

TABLE II

Main pedological characteristics, total Fe, Mn, P and Zn concentrations and volumetric strain (¢) of the different soil
horizons

Horizon Depth pPHwater Base saturation CaCO3 Organic matter Fe Mn P Zn €

cm % - o gkg? __ mgkg! %
A 0-10 5.7 36 1.2 53 408 2.3°  1.7#  129% —85.1
E1l 20-30 5.8 42 0 25 478 2.3° 1.3# 14671 —86.0
E2 35-45 5.5 42 0 11 608  3.5° 1.7# 189t —83.2
Bd1 50-60 5.8 67 0 9 78%  8.3%  4.92# 315T —79.9
Bd2 60-70 - - - - 898  9.2%  38# 337t —80.0
BP 80-90 6.3 7 2.7 6 948 148 61+ 772+ -
Bel 105-115 - - - - 865 168 15t 5081 —82.9
Bc2 115-125 7.0 86 1.2 8 838 128 8.0t 475+ —80.7
Bce3 125-135 - - - - 868 128 9.0t 481F —80.3
Be4 135-145 - - - - 908 158 9.0t 515* —80.2
C 145-170 7.9 100 22 11 908  8.08 4.4t 919t —82.4

§:+.#:° Analytical error of 2%, 5%, 10%, and 15%, respectively.

The A-, E1-, Bd1-, BP-, Bc2- and C-soil samples were wet-sieved at 500, 200 and 50 wm in deionized
water, without preliminary treatments. The remaining fractions (< 50 wm) were further fractionated
by sedimentation in deionized water according to Stokes law. The particle-size fractions obtained were:
0-2, 2-20, 20-50, 50-200, 200-500 and > 500 um. Organic fragments were removed from the fractions
> 500 um by water flotation before total chemical analysis of the remaining mineral fractions. For
the BP- and all Be-horizons, all phosphate nodules and Fe-Mn concretions larger than 1 mm were
manually sorted. All fractions (particle-size fractions, soil-phosphate nodules and Fe-Mn concretions)
were analyzed for Fe, Mn, Al, Si and Zn at the SARM as described above.

X-ray diffraction (XRD) analyses on powder were performed on bulk samples, 2-20 um fractions,
soil-phosphate nodules and Fe-Mn concretions, with 26 ranging from 0° to 75° and a counting time
of 1s/0.02°. XRD analyses on natural, glycoled and heated oriented slides were performed on 0-2 pm
particle-size fractions, with 20 ranging from 0° to 47° and a counting time of 20 s/0.02°. All diffraction
data were obtained using CuKoa radiation (45 kV, 30 mA).

Since the solum is rich in Fe and Mn (Table II), the chosen 8-step procedure of sequential extractions,
adapted from Hall et al. (1996) and Cornu et al. (2006), focused particularly on the extraction of Fe
and Mn oxides. Extractions were performed in triplicate on 1 g of the bulk sample ground to 50 um
for the A-, E1-, Bd1l- and C-horizons and on 1 g of the fraction < 50 um for the BP- and Bc2-horizons,
under permanent shaking and at ambient temperature, if not specified.

Step 1 was a single extraction with 10 mL of a solution of NaNO3 0.1 mol L™ (analytical reagent,
AR, Chem-Lab) for 120 min; step 2 a single extraction with 20 mL of a solution of CH3COONa 1
mol L =1 (ultra pure, UP, Chem-Lab) adjusted to pH 5.5 with CH3COOH 99%-100% (UP, Chem-Lab)
for 360 min; step 3 twofold extraction with 20 mL of a solution of NH,OH-HCI 0.1 mol L=! (AR,
Chem-Lab)/HCI 0.1 mol L=! (UP, Prolabo Normatom) at pH 2.0 for 30 min; step 4 a single extraction
with 10 mL of a solution of NayP>O7 0.1 mol L=! (AR, Prolabo Merck) at pH 10 for 90 min; step 5
twofold extraction with 20 mL of a solution of NH,OH-HCI 0.25 mol L~! (AR, Chem-Lab)/HCI 0.25
mol L= (UP, Prolabo Normatom) at pH 1.5 and 60 °C for 120 min; step 6 twofold extraction with
30 mL of a solution of NHoOH-HCI 1 mol L=! (AR, Chem-Lab)/CH3COOH 99%-100% at 25% (UP,
Chem-Lab) at pH 1.0 and 90 °C for 180 min, then 90 min; step 7 a single extraction with 750 mg of
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KClO3 (AR, Chem-Lab) and 15 mL of a solution of HCI 12 mol L=! (AR, ChemLab) for 30 min, then
another extraction with 10 mL of a solution of HNO3 4 mol L™! (UP, Chem-Lab) at 90 °C for 20 min.

The residual fraction of step 7 was analyzed for Fe, Mn and Zn at the SARM. After each step, a
rinse with 20 mL of MilliQ® water was performed for 1 h. The extraction and rinse solutions were
centrifuged at 10800 x g and filtered through a 0.2-um pore-size membrane in cellulose acetate. Blanks
were realized following the same procedures. Filtrates were acidified to 1% with HNO3 65% (UP, Chem-
Lab) if necessary and individually stored at 4 °C before analyses for Fe, Mn and Zn by spectroscopic
flame atomic absorption. All values of Fe, Mn and Zn for extraction results discussed hereafter were
corrected from those measured in the blanks that were near or below the limits of detection. Differential
XRD was performed following Schulze (1981), in order to determine the minerals dissolved during
sequential extractions: bulk samples and residues from extractions were analyzed on powder with 26
ranging from 36° to 48° and a counting time of 50 s/0.02°.

A decimetric soil monolith was sampled in the BP-horizon with a Kubiena box. Two thin sections
(45 x 60 mm?2, 25 um thick) containing typical phosphate nodules were realized. They were observed
with a scanning electron microscope (SEM, Cambridge Stereoscan 90B), and analyzed for Fe and Zn
with a microprobe (Cameca SX50; with a beam voltage of 15 keV, a beam current of 12 nA and a
counting time of 10 s for Fe and 30 s for Zn) and by proton induced X-ray emission (PIXE; vertical Van
de Graaff accelerator HV-KN-3000; with a proton beam energy of 3 MeV and a beam current ranging
from 1 to 200 pA on a 30 x 60 um? area).

Analyses on limestone samples

Limestone-phosphate nodules (S2P) were separated from carbonated matrix (S2M) in sample S2.
Unweathered parts of all limestone samples were selected and analyzed for Fe, Mn, Al, Si, Ca, P and
Zn at the SARM and for CaCOj at the LAS. Bulk density of each limestone sample was determined in
triplicate on three different pieces (sizes of about 5 x 5 x 5 cm?®) by volume displacement in kerosene
after drying at 40 °C. Unweathered limestone samples (L, S1, S2M) and limestone-phosphate nodules
(S2P) were roughly ground. About 10 g of each sample were put in closed batches with 30 mL of
MilliQ® water and placed onto a magnetic agitator at room temperature. pH was monitored along
the experiment. A solution of HCI 1 mol L=! was introduced, regulating the flow in order to maintain
pH > 5 and to avoid the alteration of Fe oxides and of phyllosilicates. The limestone residues from
carbonate dissolution were analyzed for Fe, Mn, Al, Si, Ca, P and Zn at the SARM and for CaCOj3
at the LAS. X-ray diffraction (XRD) analyses on powder were performed on the limestone residues,
with 26 ranging from 0° to 75° and a counting time of 8 s/0.02°. Surface-indurated sections (25 mm in
diameter, 5 mm thick) of samples S2M, S3, S4 and L were prepared and analyzed with a microprobe
for Ca, P, F, Si, Al, Fe, Mn, and of 30 s for S and Zn as described above.

Mass balance calculations

Current stocks of Zn, Al, Si, Fe and Mn were calculated for each soil horizon. Element fluxes,
M hor, Were computed for each soil horizon with the procedure and detailed equations of Brimhall et al.
(1991) modified by Egli and Fitze (2000), on the basis of the volumetric strain e, i.e., the soil volume
change through time (Table II), and of the mass-transport function T, nor, i.e., the mass fraction of
element j gained or lost from the weathered product compared to its initial mass in the parent material.
Zirconium, relatively immobile in soils (Brimhall et al., 1991), was used as immobile element.

The choice of the parent material used as a reference is of prime importance in these calculations.
The studied solum formed from two different limestones. The A-, E1-, E2-, Bd1- and Bd2-horizons were
issued from the weathering of the Lotharingian-aged strata. Their reference was thus the L limestone.
The four Be-horizons were issued from the weathering of Sinemurian-aged strata, since located just
beneath the BP-horizon, and contain small phosphate nodules. The S2M limestone was sampled just
beneath the bed of phosphate nodules at the bottom of the L limestone and contains also small phosphate
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nodules. The S2M limestone was thus the reference for the Bc-horizons. The C-horizon overlies the S1
limestone. This limestone was thus the reference for the C-horizon. Initial stocks of Zn, Al, Si, Fe and
Mn in these parent materials were finally calculated.

Mass balance calculations were not performed on the BP-horizon, because the occurrence of pluricen-
timetric phosphate nodules seriously impeded precise volumetric strain calculations. Errors on calcula-
tions were estimated by the classical mathematical methodology of the total differential equations, using
the analytical errors given by the SARM for chemical concentrations and the experimental standard
deviations for bulk densities.

RESULTS AND DISCUSSION
Zinc location in the parent materials

Limestones L, S1 and S2M mainly consisted of calcite and displayed low concentrations of Zn (Ta~
ble IIT). The stock percentages released into solution during dissolution from the Sinemurian- and
Lotharingian-aged limestones were about 15% and 40% for Zn, 10% and 15% for Fe, and 85% and 95%
for Mn, respectively, indicating that these elements were bound to calcite (Table III).

TABLE III

Chemical composition of the bulk samples of the Lotharingian and Sinemurian-aged limestones, their residues from car-
bonate dissolution and their estimated calcite contents derived from the previous data

Sample Abbreviation®  Fraction considered CaCOsz Ca Fe Mn P Zn
_  gkg! ____ mgkg!
Lotharingian-aged limestone L Bulk 872P) 3398 23.78 1.9  4.0% 38#
Residue - 14.4% 1648 0.9° 144t 169t
Calcite® - 387 3.1 2.1 2.4 19
Sinemurian-aged limestone S1 Bulk 8809 3508 10.38 2.3° 5.6t 11%#
Residue - 202* 818 0.44° 45T 62t
Calcite®) - 387 0.9 2.6 0.5 4.4
S2M Bulk 683P) 3228 958  1.9° 1.8# 77t
Residue - 3028 2298 1.9° 3.3# 189t
Calcite® - 377 3.3 1.9 1.1 25.0
S2P Bulk 278P) 3528 538 1.3° 92+ 1179t
Residue - 91.8% 628 120 123t 1327t
Calcite®) - 375 312 15 11.1 795

§:+.#.° Analytical error of 2%, 5%, 10%, and 15%, respectively.

a)S2M stands for carbonated matrix and S2P for phosphate nodules in sample S2; b) Determined by the loss of mass
after experimental carbonate dissolution in batch experiment; ¢) Calculation of the concentration in the calcite determined
thanks to carbonate dissolution experiment; 9 Measured by calcimetry.

XRD analyses revealed that, apart from some remaining calcite, limestone residues consisted of
quartz, phyllosilicates (predominantly kaolinite, illite and interstratified for all samples, plus chlorite for
S3), apatite (for S1, S4 and L), pyrite and sphalerite (for S3 and S4). Microprobe analyses provided
evidences for the association of low concentrations of Zn and Fe together with Si and Al, of low concen-
trations of Zn with Ca, P and F, and of high concentrations of Fe and Zn with S. This was interpreted
as the occurrence of Zn and Fe in phyllosilicates, of Zn in apatite and of small grains of mixed pyrite
(FeSs) and sphalerite (ZnS).

Calcite was the main Mn-bearing phase. It suggests the occurrence of a solid solution with some
rhodocrosite (MnCOgs; Lee et al., 2002). Calcite was a non-negligible Zn- and Fe-bearing phase, even if
these elements were mainly bound to phyllosilicates and, to a lesser extend, to pyrite/sphalerite grains.

Soil-phosphate nodules were significant Zn-bearing phases as they represented 10% (in average) and
84% of the > 500 um fractions of the Be- and BP-horizons, respectively (Figs. 1 and 2). Although soil-
phosphate nodules exhibited a slightly higher porosity than the limestone-phosphate nodules (S2P),
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both showed a very similar chemical and mineralogical composition (Table III, Fig.3). Pedogenesis
thus poorly influence phosphate nodules, which are mainly inherited. At the micrometer scale, the
structure of phosphate nodules was highly heterogeneous. Zones with different grey levels were observed
by SEM (Fig. 3). Microprobe and PIXE analyses gave low concentrations of Zn (several hundreds mg
kg~!) in the zones of fluorapatite matrix (Fig.3). On the opposite, much higher concentrations of Zn
(several thousands mg kg~!), as well as Fe, were detected in the zones with very bright grey levels
(Fig. 3). Goethite being the only Fe-bearing mineral identified on XRD spectra, these bright grey zones
probably consist of goethite with high concentrations of Zn and are responsible for the high quantities
of Zn in the phosphate nodules.
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Fig. 1 Zinc particle-size distribution in the different soil horizons.
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Fig. 2 Particle-size distribution in the solum.
Zinc redistribution along the solum during soil evolution

Zinc in the bulk soil samples increased with depth (Fig. 1), notably in the C-horizon, with a peak
in the BP-horizon due to the abundance of Zn-rich phosphate nodules (Figs.2 and 3). In order to
estimate the impact of pedological processes on Zn redistribution at the solum scale, the fluxes of Zn
were quantified with mass balance calculations. Because redox processes mobilize Fe and Mn, whereas
eluviation/illuviation processes mobilize Si and Al, the fluxes of Fe, Mn, Si and Al were also quantified.

The volumetric strain ranged from 80% to 86% according to the horizon considered (Table II). These
values were consistent with the amounts of CaCOj3 in the limestones compared to those remaining in
the soil horizons (Tables IT and IIT), which indicates realistic results of mass balance calculations.

Since similar trends were observed for Si and Al on the one hand, and for Fe and Mn on the other
hand, only results concerning Al, Fe and Zn are shown in Fig.4. These results indicate that impor-
tant fluxes of Al (Si), Fe (Mn) and Zn occurred during pedogenesis, compared to their initial stocks in
the respective parent limestones (Fig.4). About one third of the initial Al (Si) stock was lost during
the formation of the A- and E-horizons. These fluxes were roughly equal to those entering the underlying
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Fluorapatite matrix of the soil-phosphate nodules
Zn=498+7 mg kg” (PIXE)
Fe =51+21 gkg" (PIXE)

Homogeneous zones displaying very bright grey levels
Zn=5114+3076 mg kg™ (microprobe)
Fe = 486+ 64 g kg™ (microprobe)

Grains displaying very bright grey levels, distributed
around the porosity

Zn = 4045+ 3342 mg kg” (microprobe)

Fe = 493+ 42 g kg™ (microprobe)

Grains with very bright grey levels, dispersed inthe
fluorapatite matrix of the soil-phosphate nodules
Zn = 4664 +3783 mg kg™ (microprobe)

Fe = 492+ 38 g kg" (microprobe)

Fig. 3 Scanning electron microscope pictures (in the backscattered electron mode) of the phosphate nodules of the
BP-horizon and associated average concentrations of zinc and iron, analyzed by microprobe and proton induced X-ray
emission (PIXE), of the fluorapatite matrix and the zones with very bright grey level. Average concentration of zinc in
the phosphate nodules of the BP-horizon is 928.6 mg kg~ !.
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Fig. 4 Al, Fe and Zn stocks and fluxes in and from the different soil horizons, estimated by mass balance calculations
following the method of Brimhall et al. (1991) modified by Egli and Fitze (2000) using Zr as invariant.

horizons (Fig.4). About three quarters of the initial Fe (Mn) stock were lost during the formation of
the A- to Bd-horizons. The formation of both the Be- and C-horizons did not induce any net fluxes.
It thus seems that the losses of Fe (Mn) recorded in the A- to Bd-horizons correspond to exportations
out of the solum, while a redistribution occurred in the Be- and C-horizons since the positive flux in
the Be-horizon balances the negative one in the C-horizon (Fig. 4). Except for the Bd-horizon, all fluxes
of Zn were significant according to uncertainties calculated. About the half of the initial stock of Zn
was lost during the formation of the A- to Bd-horizons. Zinc fluxes leaving the A- to Be-horizons were
roughly equal to the high one entering the C-horizon (Fig.4).

Finally, the A- and E-horizons were systematically depleted in all elements. At the solum scale,
Fe (Mn) was lost, while Zn and Al (Si) were not (Fig.4). Mass balance calculations do not explain
the high concentration and input of Zn in the C-horizon. It may for instance be due to an important
heterogeneity in the composition of the parent limestone or to lateral gains through the water table.

Impact of different pedological processes on the redistribution of zinc

Validation of solid phases extracted by each extraction step and location of Zn. Quantities of Fe,
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Mn and Zn extracted at each extraction step of the procedure are shown in Fig.5. Recovery rates
ranged from 87% to 94% for Fe, 79% to 98% for Mn and 93% to 112% for Zn, which were acceptable
for sequential extractions (Quevauviller, 1998).

Quantity (mg g™
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Fig. 5 Quantities of Fe, Mn and Zn extracted by sequential extractions along the solum. Sequential extractions were
carried out on the < 50 um fractions for the BP- and Bc2-horizons and on the bulk samples for the other soil horizons.

Although extractions are not fully selective of a specific mineral phase, results remain informative
when discussed with respect to the main solid phase(s) extracted during each step of the chosen pro-
cedure. Step 1 enables the extraction of the exchangeable Zn (Gupta and Aten, 1993), whereas step
2 enables the extraction of Zn sorbed and/or bound to carbonates (Han and Banin, 1995). These two
first steps released almost negligible quantities of Zn, except in the C-horizon where about 10 mg kg ™"
of Zn were extracted during step 2 (Fig.5).

Step 3 enables the extraction of Mn oxides (Hall et al., 1996), but also apatite (Land et al., 1999).
The major part of Mn (68% to 94%), and only a few percentage of total Fe, were extracted during this
step along the studied solum (Fig.5). This step also released less than 10% of total Zn from the A- to
Be2-horizons and up to 30% Zn to the C-horizon (Fig.5). In addition, microprobe and PIXE analyses of
the phosphate nodules of the BP-horizon detected only small quantities of Zn in the fluorapatite matrix
(Fig. 3). The contribution of apatite to the quantities of Zn extracted during step 3 is therefore limited,
although not totally excluded, and Zn extracted during step 3 was thus mainly released by Mn oxides.
According to Manceau et al. (1997) who studied the Fe-Mn concretions of these soils, Mn oxides occur
as birnessite that sorbs Zn, as also shown in polluted soils (Isaure et al., 2005).

Step 4 enables the extraction of Zn bound to OM (Benitez and Dubois, 1999), although sodium py-
rophosphate also acts as a dispersive agent on small hydrated Fe oxide colloids (Jeanroy et al., 1984). Iron
quantities extracted during step 4 were small, but non-negligible (Fig.5). Considering the OM contents
of the studied solum (Table II) and a mean concentration of Fe in plants of 300 mg kg~! (Angelone
and Bini, 1992), the maximum quantity of Fe bound to OM should be 20 mg kg~! soil. Since at least 2
g Fe kg1
to extraction of OM. This assumption is heightened by the increase with depth of Fe extracted during
step 4 (Fig.5), while the OM contents decreased (Table II). This evolution with depth is not consistent
with a complexation of Fe with OM, all the more that Fe has a weak affinity for soil OM (Burt et al.,
2003). Therefore, the small Zn extracted during step 4 (Fig. 5) were also probably related to dispersion
of Zn-bearing Fe colloids rather than to oxidative destruction of OM.

soil were extracted during step 4 (Fig.5), it mainly corresponded to colloidal losses and not
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Steps 5 and 6 enable the extraction of amorphous and crystalline Fe oxides, respectively (Hall et al.,
1996). The high quantities of Fe (61% to 71%) extracted during these steps suggest that this element
mainly occurred as Fe oxides in the studied solum (Fig.5). This was confirmed by the differential XRD
spectra, which showed peaks of small intensities attributed to goethite and a very broad peak stretching
from 0.21 to 0.38 nm attributed to ferrihydrite (Schulze, 1981). The quantities of Zn extracted during
steps 5 and 6 ranged from 45% to 70% of total Zn depending on the depth, which suggests a significant
association of Zn with amorphous and crystalline Fe oxides (Fig.5). Such a strong affinity of Zn for Fe
oxides was already observed in polluted soils (Manceau et al., 2000; Isaure et al., 2005).

Step 7 enables the extraction of Zn bound to resistant OM and sulphides (Hall et al., 1996). Quan-
tities of Fe, Mn and Zn extracted during step 7 were low (Fig.5). It confirms the lower affinity of Zn
for OM than for Fe oxides, already shown in polluted soils (Burt et al., 2003).

Finally, the residual fraction consisted of quartz and of phyllosilicates according to XRD spectra.
The significant residual quantities of Fe (19% to 28% of total Fe) and Zn (12% to 43% of total Zn) were
thus bound to phyllosilicates (Fig.5). These latter minerals are important Fe- and Zn-bearing minerals
in this solum, either through inclusion within their lattice or sorption at their surface and/or in their
interlayer region (Manceau et al., 2000).

Sequential extractions finally showed that Zn is located in two main phases in the studied old solum:
Fe and Mn oxides for the largest part and phyllosilicates. This Zn location results from successive
pedological processes: carbonate dissolution, two stages of alternation of redox conditions, evolution of
phyllosilicates, and eluviation/illuviation, as evidenced by Baize and Chrétien (1994). These pedological
processes are responsible for the differentiation of the solum into horizons that are representative of a
given pedological process: C-horizon for carbonate dissolution, Be-horizon for primary redox processes,
Bd-horizon for secondary redox conditions, and E- and A-horizons for eluviation, the BP-horizon being
mainly inherited. In the following paragraphs, the fate of Zn during pedogenesis or how the different
pedological processes act on the redistribution of Zn in the involved horizons is discussed.

Redistribution of Zn by carbonate dissolution. The first process involved in the soil formation is
the carbonate dissolution of the calcite matrix of the parent limestones. Despite its low concentrations
in Zn, Fe and Mn, the large volume of calcite dissolved during the process implies high releases of Zn, Fe
and Mn into soil solution (Tables II and IIT). Carbonate dissolution still occurs in the C-horizon, as it
is incomplete (Table II). Results suggest that, once released into soil solution, Fe and Mn subsequently
precipitated as birnessite, ferrihydrite and goethite in the C-horizon (Fig.5). The high amounts of Zn
in Mn oxides and amorphous Fe oxides of the C-horizon indicate that, once precipitated, these newly
formed phases bound a significant fraction of the dissolved Zn (Fig.5). This assumption is supported
by the strong enrichment of Zn into birnessite and ferrihydrite in the C-horizon (Table IV), which is
favoured by its high pH value due to the persistence of carbonates (Table IT) (Uygur and Rimmer, 2000).
Once released into soil solution, geogenic Zn is thus trapped in the same solid phases like anthropogenic
Zn in some polluted calcareous or pseudogley soils (Isaure et al., 2005).

TABLE IV

Extraction ratios of Fe in step 6 versus step 5 and of Zn/Mn for step 3 and Zn/Fe for steps 5 and 6

Horizon Step 6/step 5 (Fe) Zn/Mn (step 3) Zn/Fe (step 5) Zn/Fe (step 6)
%
A 1.47 3.9 2.6 2.8
E1l 1.44 2.6 2.2 2.7
E2 1.39 2.2 2.3 3.1
Bd1 0.90 3.0 2.0 5.5
BP 1.39 7.7 3.8 7.5
Bc2 1.64 9.7 6.3 5.3
C 1.44 34.2 11.0 4.3

Redistribution of Zn by primary redoxr processes. The second process involved in soil formation
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is a past succession of redox cycles supposed to have formed the Fe-Mn concretions in the Be- and
BP-horizons (Baize and Chrétien, 1994). Indeed, the > 500 pm fractions of the Bc2- and BP-horizons
contain 70% and 13% of Fe-Mn concretions, respectively (Fig.2). The Fe-Mn concretions consist of
goethite, birnessite (Manceau et al., 1997) and traces of ferrihydrite. They hold significant quantities
of Zn (Figs.1 and 5). Since the parent limestones are free of ferruginous oolites, Fe-Mn concretions are
not inherited and have thus a pedological origin. The C-horizon, because of more permanent reductive
conditions, displays only rare Fe-Mn concretions (Fig.2). Once the pedological process established, its
impact on Zn and Zn-bearing solid phases is examined. Thus the origin of Fe, Mn and Zn inside the
concretions, the incorporation of Zn during their formation, and their evolution through time and related
consequences on Zn fate are successively discussed.

Reductive cycles that occurred in the BP- and Be-horizons induced the releases of Fe and Mn, due
to the dissolution either of Fe oxides dispersed within the soil matrix or of pyrite-sphalerite (FeS,-ZnS)
grains observed in the Sinemurian-aged limestone. The C-horizon also underwent redox conditions and
is thus probably another source of Fe and Mn into soil solution.

Once in soil solution, Mn, Fe and Zn are transferred from centimetric to decimetric scale and
concentrate as concretions (Zhang and Karathanasis, 1997). This transfer occurred from the C- to the
Bc-horizons during temporary elevations of the water table, as suggested by the Fe and Mn fluxes
exiting the C-horizon equal to those entering the Be-Horizon (Fig. 4). This assumption is supported by
the concentric organization of Fe-Mn concretions in alternating rings of Mn or Fe oxides (Latrille et al.,
2001). The formation of Fe-Mn concretions was also favored by the saturation of the adsorbing complex
by Ca?* in the Be-horizon (Table IT), which prevented the sorption of Fe ions and thus facilitated the
individualization of Fe compounds (Bottner, 1972). From the C- to the Be-horizons, the quantities of
Mn extracted by step 3 decreased (Fig. 5). This result is consistent with a concentration of birnessite in
the Fe-Mn concretions at the expense of the birnessite dispersed in the matrix. The Fe-Mn concretions
display an association of Zn-enriched areas with Mn-enriched ones (Manceau et al., 1997; Latrille et
al., 2001), surely due to the strong affinity of Zn for the surface of birnessite (Lanson et al., 2002). In
addition, the significant decrease from the C- to the BP-horizons of the Zn/Mn ratio in step 3 (Table
IV) and the flux of Zn exiting the Be-horizon (Fig. 4), possibly reflect a loss of Zn during the dissolution
of the dispersed birnessite and the subsequent reconcentration of Mn in the Fe-Mn concretions.

Once formed, the Fe-Mn concretions undergo aging process. Indeed, the goethite/ferrihydrite ratio
(indicated by the Fe ratio of step 6/step 5) increased from the C- to the Be2-horizons (Table IV). The
decrease of the Zn/Fe ratio in step 5 from the C- to the BP-horizons, concomitant with the increase of the
same ratio in step 6 (Table IV), is consistent with a release of Zn during the process of transformation of
the ferrihydrite into goethite (Kaur et al., 2006). Despite the oldness of this solum, this transformation
is still incomplete, probably because high concentrations of elements such as Zn or Mn slow down the
kinetics of this reaction (Cornell and Giovanoli, 1987).

We thus show that if Fe and Mn oxides are the main phases scavenging Zn from soil solution, as
already found in some polluted soils (Manceau et al., 2000; Isaure et al., 2005), the subsequent aging of
these oxides induces Zn losses in the environment.

Redistribution of Zn by secondary redox processes. ~ The third process involved in soil formation is
a second stage of redox conditions. They result from the occurrence of the very compact BP-horizon,
which hinders water percolation (by field observations), hence the formation of a temporary perched
water table in the Bd-horizon and preferential lateral water flow. This temporary water table leads
to the reductive dissolution of oxide cements, macroscopically proven by the bleached zones in the
Bd-horizon, and to the weathering of Fe-Mn concretions. Moreover, the desaturation of the adsorbing
complex induces a decrease in pH (Table II) that favors the destruction of oxide cements. From the BP-
to the E-horizons, Fe losses occurred (Fig. 4), due to a net decrease in Fe-Mn concretions resulting from
their weathering. From the Bd- to the E-horizons, the quantities of Fe and Mn bound to ferrihydrite,
goethite and birnessite decreased (Fig.5). The quantities of Mn occurring as birnessite was divided
by three from the Bdl- to the E2-horizons, those of Fe as ferrihydrite by two, while those of Fe as
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goethite decreased only from the E2- to El-horizons (Fig.5). Thus, Mn was lost in a greater proportion
and before Fe, in agreement with the relative sensibility of the different oxides to redox conditions. In
addition, the quantities of Zn bound to these oxides decreased similarly from the Bd- to the E-horizons
(Fig.5), while exported fluxes of Zn increased (Fig.4). Since the BP-horizon induced a preferential
lateral water flow and according to mass balance calculations (Fig.4), Fe, Mn and Zn released into soil
solution by the current dissolution of Fe and Mn oxides were mainly exported laterally.

Redistribution of Zn due to the evolution of phyllosilicates and eluviation/illuviation. Zinc was
largely bound to the 0-2 and 2-20 um fractions (Fig. 1) and to the residues from sequential extractions
(Fig.5). Phyllosilicates are thus important Zn-bearing phases. The quantities of Zn bound to the 0-2
um fraction decreased toward soil surface (Fig. 1), together with the 0-2 um fraction (Fig.2), which can
be due to an evolution of the composition of the phyllosilicates and/or eluviation of the 0-2 um fraction.

Illite, vermiculite, smectite, chlorite, interstratified phyllosilicates, and mainly kaolinite occurred in
the 0-2 um fractions of the solum (Fig.6). Chlorite occurred only in the 0-2 um fraction of the A-
and E-horizons as shown by the peak at 1.41 nm (Fig.6), which probably results from the physical
breakdown of chlorite in the 2-20 um fractions of the A- and E-horizons (Hardy et al., 1999). The
relative proportion of phyllosilicates of the 0-2 um fraction evolved with depth (Fig.6), whatever the
parent limestones of the soil horizon considered. However, the mineralogical evolution of phyllosilicates
is apparently restricted to a small proportion, thus can not significantly affect the redistribution of Zn.

E1

Bd1
BP
Be1
Bc4
C

0 5 10 15 20 25 30
26 (")
Fig. 6 X-ray diffraction spectra of the natural oriented slides of the 0-2 wm fractions for the different soil horizons.

Intensities of (001) quartz peaks (®) are normalized to that of the A-horizon. Interreticular distances (in nm) are reported
for main peaks.

Oxide cements were not dissolved before particle-size analyses, but Baize and Chrétien (1994) showed
that the decrease in the quantities of the 0-2 wm fraction toward soil surface is maintained after acidic
dissolution of oxide cements. It proves that this evolution results from an eluviation of 0-2 um fractions
from the A- to E-horizons and not from its cementation into 2-20 wm fractions. Indeed, the sufficient
desaturation of the adsorbing complex in the A- and E-horizons facilitates the transfer of fine particle-
size constituents (Table II) (Bottner, 1972). Besides, significant Al (Si) losses occurred in the A- and
E-horizons (Fig. 4). Moreover, from the Bd1- to the A-horizons, the peak intensity ratio of phyllosilicates
to quartz decreased in bulk samples and 0-2 um fractions (from 2.1 to 0.5; Fig. 6), concomitant with an
increase of Si/Al ratio in the residual fraction from extractions (from 3.6 to 6.5). Losses of Al and Si
actually arise from the eluviation of phyllosilicates from the A- and E-horizons, while quartz is relatively
enriched. Consequently, the decrease in the quantities of Zn bound to 0-2 um fractions surely results
from the eluviation of 0-2 pm fractions from the A- and E-horizons. This also explains the decreases
in Zn quantities and concentrations bound to phyllosilicates from the Bd- to the A-horizon (Fig.5).
Except quartz, all mineral phases of the 0-2 wm (Fig.6) and 2-20 um fractions, i.e., phyllosilicates,
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Fe oxides (goethite and ferrihydrite) and apatite, likely contain significant amounts of Zn. Therefore,
eluviation, together with secondary redox processes that dissolve oxide cements as previously mentioned,
is responsible for the losses of Fe, Mn and Zn observed in the A- and E-horizons (Fig. 4).

At last, the eluviated phyllosilicates can either be accumulated within the solum or lost. Mass
balance calculations showed only small enrichments of Al and Si in the Bd-horizon relative to losses
recorded from the overlying A- and E-horizons (Fig.4). Besides, the thin argilans in the Bd-horizons
observed by petrography exhibit a restricted illuviation. Since the compact underlying BP-horizon
induces a preferential lateral water flow, the eluviated phyllosilicates are mainly transferred laterally
outside of the solum. Since phyllosilicates are important Zn-bearing minerals (Fig.5), the illuviation
in the Bd-horizon, even if restricted, may nevertheless balance losses of Zn induced by the ongoing
secondary redox process leading to significant losses of Fe and Mn (Fig.4). This could explain the lack
of Zn flux from or into the Bd-horizon.

CONCLUSIONS

Four pedological processes (i.e., carbonate dissolution, two stages of redox processes and eluviation)
contributed to the redistribution of Zn, which occur in three main pools in the parent limestones
according to their fate: the easily and highly mobilized pool of Zn released into soil solution, i.e.,
dispersed in calcite, mobilized as soon as carbonate dissolution begins, and bound to pyrite-sphalerite
grains, mobilized when redox conditions become enough oxidative; the pool of Zn with a lower and
rather physical mobility, i.e., bound to potentially eluviated phyllosilicates; and the non-mobilized pool
of Zn, i.e., bound to goethite phases in the inherited phosphate nodules. Due to residual enrichment,
Zn concentrations in the soil were higher than those in parent limestones. Birnessite, ferrihydrite and
goethite dispersed in soil horizon trapped high quantities of Zn during their formation, but non-negligible
quantities exited the solum through a bottom water table. Afterwards, primary redox conditions induced
the release of Zn and Fe into soil solution, then individualization of Fe and Mn into Zn-rich concretions.
Both processes and subsequent aging of the concretions formed induced significant exportation of Zn
through the bottom water table. Thus even if oxides are the main phases scavenging Zn from the
soil solution, the subsequent evolution and aging of these oxides induce Zn losses in the environment.
Secondary redox conditions, as well as ongoing desaturation, promoted the weathering of Fe and Mn
oxides in cements and concretions. This process caused other losses of Zn through lateral exportation
in an upper water table. Concomitantly, lateral eluviation occurred at the top of the solum. Eluviation
was also responsible for Zn loss, but this Zn bound to phyllosilicates is not bioavailable.

Combined approaches including mass balance allow better quantification of the impact of different
pedological processes on the long-term fate of Zn in soils. However, further work is required to assess
the role of each pedological process on Zn redistribution. A mass balance calculation of Zn related to
each process may eventually fill in this gap. Moreover, the kinetic of the release of Zn over a long time
is crucial, since environmental hazards depend on how slow or fast the release is.
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