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ABSTRACT

The distribution of the metallic trace elements (MTE) Zn, Pb and Cd in a sludge-amended soil and their partitioning in
specific soil microystems are studied by comparing their contents in amended and control soils. This comparison is
achieved at the metric scale of the bulk soil horizons and at the micrometric scale of the weathering microsites (weath-
ering rock-forming minerals and their specific weathered products). The chemical analyses of the MTE in the bulk
samples do not show any anthropic contamination of the amended soil with repeated sewage sludge spreading. The
chemical analyses of the bulk < 2 pm clay fractions indicate the occurrence of local MTE concentrations and vertical
migration in deeper soil horizons. Precise chemical analyses in the weathering microsites indicate that, as a general rule
and whatever microsite is considered, Zn, Pb, and Cd accumulate in clay minerals from surface horizons where the
sludge was spread. On the contrary, the vertical MTE migration is restricted to the connected macroporosity of the fis-
sural system filled with clay minerals and does not affect the weathering clays of rock-forming minerals. Such MTE
mobility through the fissural system gives rise to two main environmental problems: 1) Zn, Pb, and Cd have the poten-
tial to move several meters deep along fissures in the soil profiles and may represent potential contaminants for uncon-
fined aquifer and 2) because plant root system grows preferentially along soil fissural pattern, it may adsorb migrating
MTE.
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1. Introduction N) and organic matter, sewage sludge is a beneficial soil
amendment. Nevertheless, these sludges originate from
industrial and urban by-products treatments and may
contain MTE that can be toxic at very low concentration:
for instance, Cd concentration cannot exceed 2 mg-kg '

in non polluted soils [2-4].

As a result of the substantial increase in waste water
treatment plants in Europe over the past thirty years,
problems have emerged in disposing of sewage sludges
in an environmentally sound manner. Sludges landfilling,
incinerating or landspreading are the most currently used

practices. Properly constructed and monitored landfill-
ings are very expensive and will be forbidden in Europe
in 2015 because they may generate point-source con-
taminations due to waste concentrations. Sludge inciner-
ating is also expensive due to the need for sludge dehy-
dration prior to burning and the cost of incinerators pre-
venting air pollution. These practices have thus de-
creased in the last decade in favor of sludge spreading on
cropland, especially in France [1]. This spreading method
is considered both a low cost disposal method as well as
a source of nutrient-rich fertilizer. However, the use of
sewage sludge as a fertilizer in soil remains a debated
subject. As a source of plant nutrients (especially P and
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The MTE in soils result in 1) the natural geochemical
stock produced by the weathering of the parent rock [5-7],
and 2) the anthropogenic contamination by repeated
sludge spreading [8,9] and/or atmospheric deposition
[10,11]. In such a pedological context, the chemical reac-
tions of weathering will control the solubility, mobility
and, as a consequence, the concentration of MTE in soils.
The weathering reactions result in 1) the release of the
MTE from the dissolving primary minerals and 2) their
sorption onto clay minerals, hydrous oxides, and organic
matter. The pH, together with the redox potential is also
active parameter on the mobility of MTE in soils: a de-
crease in soil pH and in redox potential increases MTE

0OJSS



348 Distribution and Mobility of Zn, Pb and Cd in a Sewage Sludge-Amended Soil

release from soil [12-14].

Several mineralogical studies showed that the chemi-
cal reactions of weathering and their associated metal
release were operating in specific soil microsystems with
their own solid and solution chemical properties [15-17].
Such microsystems are typically composite aggregates of
weathering rock-forming minerals, newly-formed clay
minerals, oxi-hydroxides, and organic matter moistened
with soil solutions. Even though MTE bulk concentra-
tions could be indicators of global soil contamination,
they result from the partial MTE concentrations in each
of these microsystems. In that meaning, the detailed
analysis of contaminated soils with MTE requires to
know the bulk metals content in the soil but also their
partial contents in the soil microsystems in which they
are retained.

The present study was undertaken to estimate the im-
pact of long-term sludge application upon Zn, Pb, and Cd
distribution and migration in soil. In the bulk soil study,
MTE concentrations are compared in control and amend-
ed soils to characterize the extent to which spreaded met-
als may have moved throughout the soil profile. In the
micrometric study, MTE are analysed in the weathering
microsystems to detect possible zones of metals accu-
mulation within soil and weathered parent rock.

2. Materials and Methods
2.1. Soils and Sampling Process

The soils were sampled in a dioritic massif 25 km in
the South of Limoges, Haute-Vienne (Figure 1(a)). They
are inceptisols covering a hill 305 meters high at
Labrousse locality. The two soils were sampled on the
same dioritic parent-rock (Figures 1(b) and (c)): 1) the
Amended Soil profile (AS) that received for ten years
wet sewage sludges heavily loaded with Zn, Pb, and Cd,
and 2) the Control Soil (CS) that is free of sludge
spreading.

The two soils are moderately drained, deep (1.00 to
1.50 m to C horizon) inceptisols with the typical A, Bw,
and C horizons sequence. The R horizon, i.e. unweath-
ered parent rock (Figure 1(d)), is a diorite which appears
as a “salt and pepper” coarse-grained rock made up of
major amphiboles, felspars, and minor quartz.

Each soil sample was carefully collected as undis-
turbed block using plastic core samplers (20 cm length)
with cutting edges, smoothly and continuously pushed
into the soil to preserve the original fabric of the soil and
to prevent the sample metal contamination. Each sample
was further divided into two subsamples. The first was
devoted to the bulk chemical analysis and the X-ray dif-
fraction (XRD) study whereas the second part was used
for thin sections preparation.
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Figure 1. Location and sketch of the soil profiles. (a) Geo-
logical setting; (b) Amended soil (AS); (¢) Control soil (CS);
(d) R horizon (parent-rock).

2.2. Bulk Chemical and X-Ray
Diffraction Analyses

An aliquot quantity of the first subsample (5 g) was
crushed into agate mortar down to less than 50 pm size
and 300 mg of total powder (fused with LiBO, and dis-
solved in IN HNO;) was used for the bulk chemical
analysis of major and trace elements with ICP-AES and
ICP-MS (PERKIN ELMER 5000 spectrometer) by the
Service d’Analyse des Roches et des Minéraux, (SARM),
CRPG-CNRS (Vendoeuvre-les-Nancy, France). The ma-
jor and trace element concentrations were expressed in
wt.% and mgkg ', respectively. In order to calculate
geochemical mass balances from the bulk chemical
analyses, the apparent density of each sample was ob-
tained using the hydrostatic balance.

The rock-forming minerals and their weathering prod-
ucts were identified using XRD on random powders with
a PHILIPS PW 1730 diffractometer (40 kV, 40 mA), Fe-
filtered Coka radiation and a stepping motor-driven with
a DACO-MP recorder and the Diffrac-AT software (So-
cabim). The clay minerals were exracted from the soil
samples by ultrasonic treatment and centrifugation of the
supernatant in order to separate the less than 2 pm frac-
tion. These clay minerals were then identified by XRD
on random powders, Ca-oriented and Ca-glycolated ori-
ented preparations.

2.3. Electron Probe Micro Analyses

The second subsample was devoted to the Electron Probe
Micro Analyses (EPMA). Thin sections were prepared
following the method of Camuti and McGuire [18]: after
hardening using vacuum impregnation unit (BROT
1.04.05, 100 mbars) with ARALDITE 2020 epoxy resin
and 20% acetone thinner, samples were cut and thin
sections obtained through polishing with silicon carbide
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(17 and 9 pum particle sizes) and diamond calibrated
powders (6, 3, 1 and 0.25 pm particle sizes).

Representative pedofeatures as well as weathering mi-
crosites were first located on the thin sections, marked
with black circle under an optical microscope and then
“in situ” analysed for major and trace elements. EPMA
were obtained using a CAMECA SX 50 electron micro-
probe (Service CAMPARIS, Université Paris VI) equipped
with wavelength-dispersive spectrometers (WDS). The
microprobe was calibrated using synthetic and natural
oxides. Corrections were made with a ZAF program. A
specific trace program with the electron microprobe was
developed [19] to analyse MTE in small volumes with
detection limits closed to 6 - 8 mg-kg™'. Major elements
analyzes were performed at 15 kV and 4 nA prior to trace
element analyzis performed at higher voltage (30 kV)
and higher beam current (100 nA and 500 nA for small
and large minerals, respectively) in order to improve de-
tection limits. The spot sizes varied from 1 to 5 - 10 pm
to limit beam damage. The counting time was 10 s per
major element and 1000 s per trace element. Major and
trace clements are expressed respectively in wt% and
mgkg .

3. Results
3.1. Parent Rock Mineralogy

The parent rock mineralogy was studied from the CS8
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sample of the “R” horizon (Figure 1(d)). This sample is
the unaltered fresh rock with the highest apparent density
and low loss on ignition (L.O.I.,, Table 1). The modal
composition obtained from 3000 points counting gives a
typical dioritic mineralogical composition with amphi-
boles (38%), plagioclases (32%), orthoclase (12%) with
minor quartz (8%), albite (7%), and titanomagnetite (3%).
The EPMA of the major elements in the rock-forming
minerals (Table 2) shows that the amphiboles are calcic
hornblende whereas plagioclases are andesine with 48 %
anorthite content. The EPMA of the MTE (Table 2)
shows that amphiboles are the major MTE-bearing min-
erals with high Zn and Pb concentrations (180 mg-kg ™'
for Zn and 73 mg-kg ' for Pb) and very low Cd concen-
trations (6 mgkg '). The feldspars show significantly
lower MTE contents with almost similar concentrations
in orthoclase, albite and plagioclase (14 - 20 mg-kg™" for
Zn, 19 - 27 mgkg ™' for Pb, and 2 - 4 mg-kg ' for Cd).

3.2. Weathering Mass Balances

Many mass balance models have been published in the
literature to investigate and quantify the chemical change
in rock during its interaction with altering fluids [20-23].
Most of these models are based upon the general equa-
tion of Gresens [20] where bulk densities and chemical
data of altered rocks are compared to a reference rock in
order to quantify the losses or gains of elements resulting

Table 1 Bulk chemical analyses of major elements (wt.%) and heavy metals (Zn, Pb, Cd, mg-kg_l), and apparent density (d,
g-cm"3) of control soil (CS) and amended soil (AS) samples.

Depth  CS8 CS7 CS6 CSs CS4 CS3 CS2 CS1 AS7  AS6  ASS AS4 AS3  AS2  ASI
(m) 4.85 4.50 1.80 1.60 1.30 0.65 0.40 0.20 1.90 1.70 1.40 1.10 070 040 020
Si0, 4879  47.24 4799  46.69  46.03 46.76 50.12  46.07 5090 5021 5127 5234 5083 5123 50.95
TiO, 1.08 1.27 1.14 1.29 1.27 1.23 1.29 1.37 1.28 1.24 1.27 1.31 1.42 1.48 1.1

ALO; 18.78 18.25 19.10 18.95 18.32 18.78 21.60 1898 1856 1847 1841 1793 18.67 17.53 18.74

Fe,05  9.58 11.04 10.03 10.88 11.68 10.97 7.42 9.75 8.07 8.53 7.99 7.97 8.06 8.55  8.00
MnO  0.17 0.20 0.18 0.19 0.20 0.19 0.11 0.16 0.14 0.15 0.15 0.12 0.11 0.12  0.11
MgO  4.47 4.86 4.20 4.60 4.96 4.76 2.47 4.09 3.25 3.44 3.19 3.29 3.36 336 3.08
CaO 7.52 8.06 6.97 7.50 791 8.01 438 6.26 5.70 5.83 5.24 2.11 3.55 241 426
Na,0O 3.54 3.17 3.36 3.06 2.80 3.08 4.10 2.82 3.19 3.08 3.19 3.50 2.96 3.18 325
K,O 1.44 1.35 1.50 1.16 1.31 1.20 1.59 1.67 254 235 2.69 3.70 2.86 3.14 263
P,0s 0.59 0.67 0.60 0.65 0.67 0.63 0.50 0.57 0.00 0.00  0.00 0.00 0.00 0.00 0.00
Lor 3.77 3.46 4.68 5.10 4.80 4.37 6.86 8.53 591 6.48 6.19 7.77 7.74 8.49  6.72
Total  99.73 99.57 99.75  100.06  99.95 99.96 100.43 100.26 99.53 99.79 99.59 100.04 99.56 99.49 99.24
Zn  111.18 12446 113.06 11932 126.08 12042 88.24 11556 90.11 93.04 90.64 82.00 94.64 9527 99.29
Pb 1646  22.46 15.56 18.68 14.84 20.18 18.28 3824 20.08 17.00 19.09 16.24 21.00 29.00 39.08
Cd <d. L <d. L <d. L <d. L <d. L <d. L <d. L <d. L 0.13 0.20 0.26 0.25 0.32 030 033

d 2.92 2.55 2.65 2.49 2.39 243 2.13 2.07 2.56 2.37 2.34 2.25 2,14  2.09 2.05
Total iron expressed as Fe,Os; ®Loss on ignition, < d. 1.: lower than detection limit.
Open Access 0OJSS
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Table 2. EPMA of major elements (wt.%), MTE (mg-kg ") and structural formulae of rock-forming minerals from control

soil CS8 sample.

Amphibole Orthoclase Albite Plagioclase

Mean Mean Mean Mean
Sio," 42.54 (0.88) 61.91(2.19) 67.87 (0.92) 58.24 (1.25)
TiO, 1.31(0.36) 0.04 (0.05) 0.05 (0.06) 0.06 (0.19)
ALO;, 11.00 (0.61) 18.71 (0.45) 19.59 (0.75) 26.19 (2.68)
FeO® 17.98 (0.73) 0.25 (0.40) 0.10 (0.08) 0.09 (0.09)
MnO 0.40 (0.12) 0.04 (0.07) 0.04 (0.07) 0.05 (0.08)
MgO 9.79 (0.55) 0.08 (0.20) 0.02 (0.02) 0.27 (1.55)
CaO 11.34 (0.32) 0.04 (0.07) 0.37 (0.25) 7.21 (0.61)
Na,0 1.31 (0.14) 0.39 (0.45) 11.22(1.02) 7.76 (0.71)
K,0 1.05 (0.13) 15.14 (1.20) 0.26 (0.46) 0.16 (0.09)

Total 96.72 96.59 99.51 100.03

Mean Mean Mean Mean

Zn 180 (16) 20 (5) 14 (7) 17 (6)

Pb 73 (26) 23 (4) 19 (4) 27 (17)

cd 6 (1) 4(3) 3Q2) 2(2)

Structural formulae (atoms)®

Si 6.75 (0.07) 3.09 (0.03) 3.17 (0.03) 2.78 (0.04)
VAl 1.25 (0.07) 0.91 (0.03) 0.91 (0.03) 1.22 (0.04)
VIAL 0.50 (0.10) 0.03 (0.03) 0.08 (0.04) 0.03 (0.04)
Ti 0.21 (0.06) 0.00 (0.00) 0.00 (0.00) 0.00 (0.01)
Fe** 2.86(0.13) 0.01 (0.02) 0.00 (0.00) 0.00 (0.00)
Mn 0.06 (0.02) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
Mg 1.55 (0.08) 0.00 (0.01) 0.00 (0.00) 0.01 (0.08)
Ca 1.80 (0.05) 0.00 (0.01) 0.02 (0.01) 0.40 (0.03)
Na 0.21 (0.02) 0.02 (0.02) 0.88 (0.04) 0.37 (0.04)
K 0.17 (0.02) 0.94 (0.02) 0.01 (0.02) 0.15 (0.02)

*Values in brackets are the standard errors; "Total iron expressed as FeO; “Formulae calculated on 8 oxygens basis, except amphiboles calculated on 23 oxy-

gens.

from rock-fluid interactions:

X =[Fv—(dax/day)CXJ—Cv €))

n

where X, is the amount (g) of the oxide n gained (X, > 0)
or lost (X, < 0) per 100 grams of rock, F, is the volume
factor, day and da,, Cy, and Cy are the apparent densities
and the concentrations of the oxide n (wt.%) in the ref-
erence and altered rocks respectively. Geochemical mass
balances are calculated using either rock volume or con-
centration of a given element as invariant. Rock altera-
tion usually operates with increasing volume and mass
balances are thus currently calculated using ALO; or
TiO, as invariant. In this case, a volume factor (F,.) re-
quired for a given oxide n to be constant during alteration
can be calculated setting X, = 0 in Equation (1). The F,.
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values calculated with TiO, as invariant remain very
close to unity throughout the two soils (Figure 2(a)) and
indicate that TiO, could be used as the invariant refer-
ence for the mass transfer calculation. The CS8 sample,
with low loss on ignition and high apparent density (Ta-
ble 1) has suffered very low weathering and was selected
as the reference rock. The first chemical change observed
in the weathering chemical balances (Figures 2(b) and
(c)) is the general increase in LOI from bottom to top of
the two soil profiles (3.77 to 8.53 wt.%). After organic
matter destruction and in the absence of carbon dioxide
(no carbonate was detected), increasing LOI reflects a
general increase in hydrate content with increasing wea-
thering and, more precisely, with increasing hydrated clay
minerals and oxyhydroxides formation. Alternatively,
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Figure 2. Bulk weathering mass balances calculated in amended and control soils using TiO, as invariant: (a) Variations of
volume factor; (b) and (c) Mass balances for major elements (LOI: Loss on Ignition); (d) Mass balance for Zn, Pb, and Cd.

all major primary mineral components, except potassium,
are continuously leached from rock to soil in variable
amounts. The highest leaching rate is given by the SiO,
compound, up to 12%, Al,O3, Fe,03, and CaO have me-
dium leaching rates about 5% whereas MgO and Na,O
display the lowest rates, about 1%. The leaching of SiO,,
Al O;, CaO and Na,O results for a large part from the
dissolution of plagioclases whereas moderate MgO
leaching points to low amphibole alteration. The constant
to low increasing K,O concentration in saprolite and soil
can be attributed to unweathered orthoclase remnants.
Although spread sludges were heavily loaded with Zn,
Pb and Cd (498, 330 and 20 mg-kg ' as mean concentra-
tions respectively), the MTE vertical profiles obtained
from the mass balances (Figure 2(d)) do not show Zn
and Cd anthropic contamination of the amended soil
when compared to the control soil. The bulk Zn concen-
trations show large variations in the two soils (Table 1),
from 82 to 126 mg'kg '. The calculated mass balance
indicates low Zn depletion in the upper surface horizons
of the two soils that may suggest migration of this metal
in depth, as already observed [24]. The bulk Cd concen-
trations given in Table 2 are under the detection limit in
the control soil and range from 0.13 to 0.33 mg-kg ' in
the amended soil, well below the contamination thresh-
old of 2 mg-kg™' [2]. The mass balance calculated for Cd
in the amended soil does not show any apparent deple-
tion or accumulation which could induce local contami-
nations at the scale of the soil or saprolite horizons. The
behavior of Pb strongly differs from Zinc and Cd: the
bulk Pb concentrations are similar in the two soils (Table
1), more than ten times lower than in spread sludges, but
increase in both upper horizons CS1 and AS1 samples at
38 and 39 mg'kg . This behavior is better evidenced in
the vertical mass balance profiles where Pb accumulates
in the first surface horizons at similar concentrations in
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the two soils (Figure 2(d)). These similar surface accu-
mulation rates in the two soils suggest that Pb concentra-
tions are not modified by sludge spreading and that sur-
face accumulation could result from atmospheric fallout,
as already described [25].

3.3. Soil Clay Mineralogy and Chemistry

The <2 pm clay fractions extracted from the bulk soil
samples have similar mineralogy in the control and
amended soils. The smectite is the dominant clay min-
eral (about 80% of the clayey fraction) with XRD (001)
reflections at 15.10 A in air-dried state shifting to 17.05
A in ethylene-glycol solvated state. Kaolinite is observed
in smaller quantity (about 20% of the clayey fraction)
with (001) and (002) reflections at 7.15 A and 3.55 A in
airdried state that disappear after 450°C heating.

The EPMA of the MTE in the clay fractions from the
two soils (Table 3) are plotted versus depth in Figure 3.
The first observation is that the clay minerals from the
amended soil are contaminated with Zn and Cd when
compared to the control soil. The Zn contents in the
amended soil range from 144 to 203 mgkg ' and are
always higher than in control soil (10 to 24 mg-kg™"). The
Zn distribution with depth is typically that of a down-
ward migrating element. The highest Zn contents are
measured in the upper horizons of the amended soil (AS2
and AS1 samples with 203 and 195 mg'kg™' at 0.40 m
and 0.20 m depths, respectively). These concentrations
decrease progressively to 150 mg-kg ' at 1.90 m depth
(AS7 sample) whereas Zn contents at this depth in the
control soil is almost ten times lower with 14 mgkg ™' at
1.80 m depth. The Cd distribution is similar to that of Zn
but with much lower values, 17 to 25 mgkg ' in
amended soil samples versus 5 to 9 mg-kg™' in control
soil samples. Alternatively, Pb concentrations measured
in the amended and control soils do not show any sig-
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Table 3. EPMA of MTE (Zn, Pb, Cd, mg.kg_l) in the bulk clay fractions of control soil (CS) and amended soil (AS) samples.

Depth  CS8 CS7 CS6 CS5s CS4 CS3 CS2

CS1 AS7 AS6 ASS AS4  AS3 AS2 AS1

(m) 4.85 4.50 1.80 1.60 1.30 0.65 0.40

Zn' 15(16) 14(13) 14(18) 17(24) 18(29) 19(3.2) 24(45) 1062) 173

0.20 1.90 1.70 1.40 1.10  0.70 0.40 0.20

150 158 144 153 177 203 195

(11.9) (10.5 (9.8) (8.6) (12.6) (11.8)
Pb 6(25) 725 524 8(23) 944 53B4 6(28) 4(1.8) 524 9(2.1) 11(1.8) 5(1.5) 7(1.6) 10(1.8) 8(2.1)
Cd 7(0.3) 4(0.2) 5(09) 8(0.6) 9(0.5) 7(0.5) 6(04) 5(0.8) 17(1.9) 19(1.8) 20(2.1) (12‘;{) (2162) 22 (2.1) 25(1.8)
“Each analysis is the result of 10 measurements on the same crystal, values in brackets are the standard errors.
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Figure 3. Vertical distribution profiles of (a) Zn, (b) Pb and (c)Cd concentrations in the clay fractions from the amended soil
(AS) and the control soil (CS); error bars are showing the standard errors.

nificant evolution in the profiles when standard errors are
considered.

3.4. MTE in Amphiboles

Representative MTE contents in the amphiboles and their
weathering clay minerals are given in Tables 2 and 4. All
data are distributed according to the depth in Figures
4(a)-(c). Early amphibole weathering produces magne-
sian smectite of saponite-type (sample CS7 in Table 4)
and leads to the leaching of Zn from 180 mgkg ' in un-
altered amphibole to 85 mg-kg ' in the magnesian smec-
tite. Such a leaching does not operate for Pb whose con-
centrations are very closed in amphiboles and clay (73
and 71 mgkg "), nor for Cd whose contents are close to
the detection limits (6 mg-kg ' and 3 mg-kg ™).

More intense amphibole weathering stages in C, Bw
and A soil horizons produce aluminium smectite of
montmorillonite-type and result in very different MTE
distribution as the control soil or the amended soil is
considered (Figures 4(a)-(c)). Zn, Pb and Cd contents in
the control soil do not exhibit important variations from
the bottom to the top of the profile.

More complicated is the MTE distribution in the
amended soil. First of all, the concentrations do not
change in the levels where amphibole weathers into

Open Access

saponite, from 4.50 m to 1.70 m depths and, in the sec-
ond place, concentrations increase in the horizons where
amphibole weathers into montmorillonite, from 1.40 m
depth to the top of the amended soil. Zn increases from
81 mgkg ™' to 220 mgkg ', Pb from 70 mgkg ' to 125
mg-kg ™" and Cd from 9 mg-kg ™' to 42 mgkg .

3.5. MTE in Plagioclases

Some typical MTE contents in the plagioclases and in
their weathering products are listed in Tables 2 and 4 and
the whole set of data is correlated with depth in Figures
4(d)-(f). The first weathering stage of plagioclases at the
bottom the control soil produces aluminium smectite of
montmorillonite-type (sample CS7 in Table 4). This
weathering process operates through an increase in Zn and
Pb contents from plagioclases to montmorillonites (Fig-
ures 4(d)-(e)). Zn concentrations increase from 17
mg~kgf1 in the plagioclase crystal to 66 - 78 mgkgf1 in its
specific montmorillonite clay mineral, whereas Pb in-
creases from 27 mg~kgfl in the plagioclase to 48 - 43
mg-kg_1 in the montmorillonite. The Cd contents in plagio
clases and montmorillonites remain very close without
any significant variations (from 2 mg-kg_1 to3 -4
mg-kg_l). The weathering of plagioclases in the soil ho-
rizons leads to the crystallization of three clay mineral
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Table 4. Representative EPMA of heavy metals (Zn, Pb, Cd, mg-kg ") in clays as weathering products of rock-forming min-

eral from control soil (CS) and amended soil (AS) samples.

Clay minerals in amphiboles

Clay minerals in plagioclases

Depth  CS7 Cs4 csl1 AS7 AS4 AS1 Cs7 CS4 cs1 AS7 AS4 AS1
(m) 4.50 1.30 0.20 1.90 1.10 0.20 4.50 1.30 0.20 1.90 1.10 0.20
- 85 77 75 72 105 220 66 37 27 67 36 30

(7.25)  (420)  (440)  (7.60)  (4.05)  (620)  (1020)  (420)  (240)  (7.60) (405  (2.10)
- 71 75 76 62 94 125 43 41 40 45 39 38

(4.75)  (650)  (5.15)  (4.60)  (3.50)  (8.70) (4.75) (3.85)  (2.10)  (4.60)  (3.50)  (2.00)
cd 3 3 3 3 (0.40) 14 42 4 3 2 24 15 12

0.55)  (0.60)  (0.50) : (120)  (2.05) 0.60)  (0.90)  (0.50) (135  (120)  (2.00)

“each analysis is the result of 10 measurements on the same crystal, values in brackets are the standard errors.
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Figure 4. Distribution of the MTE Zn, Pb, and Cd in the
control (open symbols) and amended soil (black symbols) as
a function of the amphibole and plagioclase weathering se-
quences; (a), (b), (¢): Zn, Pb, and Cd distributions during the
weathering of amphibole (Amp.); (d), (e), (f): Zn, Pb, and Cd
distributions during the weathering of plagioclase (Pl.);
error bars are showing the standard errors.

species with well-defined formation horizons. Mont-
morillonite, already observed at the bottom of the control
soil, is present in the C horizon, (1.90 m to 1.40 m depth).
The Bw horizon is typified by two random kaolin-
ite/smectite mixed layers (KS) with different kaolinite and
smectite components contents. The first K/S with 65%
smectite component is found at the bottom of the Bw
horizon (1.40 m depth) and the second with only 5%
smectite component is found at the top of the Bw horizon
(0.70 m depth). The A horizon (from 0.40 m depth to
surface) is characterized by the crystallization of kaolinite.

Open Access

The behaviour of the MTE analysed in the plagioclase
weathering products from C, Bw and A horizons depends
on 1) the chemical species considered, 2) the type of soil
studied (control or amended soil) and 3) the clay mineral
species formed in the studied horizon. The Zn contents in
the control soil horizons decrease regularly from 42
mg'kg71 in the C horizon (1.80 m depth) to 27 mgkgfl in
the A horizon at the soil surface (Figure 4(d)). Same Zn
evolution appears in the amended soil, but with higher
contents in the C horizon (67 mg'kgfl) when compared to
the control soil. This general Zn decrease from bottom to
top follows the decrease in smectite contents in the pla-
gioclase weathering products from C, Bw and A horizons
(smectite-K/S—Xkaolinite weathering sequence). The Pb
concentrations in the plagioclase weathering products
from control soil and amended soil (Figure 4(e)) remain
very close (42 to 37 mg~kgf1 in the control soil and 38 to
45 mg-kgf1 in the amended soil). The small differences in
concentrations fall in the range of the standard error (2.00 -
5.30 mg'kgfl) and no significant Pb evolution from
bottom to top of the soil is observed. The Cd con-
centrations in the plagioclase weathering products are very
different in the two soils (Figure 4(f)). The Cd concen-
trations in the control soil are very low (2.00 to 5.00
mg-kgfl) and close to the limits of quantification. No
significant variation is observed from bottom to top.

The amended soil shows higher Cd concentrations in
the clay minerals derived from the plagioclases (11 to 24
mg-kg ') with a regular decrease from bottom (24 mg-kg ")
to top (12 mg'kgfl). This Cd decrease is similar to Zn
behaviour and follows the same mineralogical trend, i.e.
the decrease in smectite contents from the C horizon to the
A horizon.

4. Discussion

The MTE concentrations in the bulk soil samples (Table
1) are always below the baseline values taken as the
higher limits for non-contaminated soils in the new
French regulations (NF French Standard U 44-041 modi-
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fied by Ordinance 97-1133): Zinc concentrations are
from 82.00 to 126.08 mg-kg™' with 300 mgkg ™' baseline,
Pb values are from 14.84 to 39.08 mgkg ' with 100
mg-kg' baseline, and Cd ranges from values below ana-
lytical detection limit to 0.33 mg-kg™' with 2.00 mg-kg '
baseline. These results and the calculated mass balances
demonstrate that sludge spreadings on the area did not
induce Zn, Pb or Cd contamination. These data, however,
were collected at the scale of the soil sample and a thor-
ough study of soil components indicates that local Zn, Pb,
and Cd concentrations may occur in specific soil parti-
cle-size fractions, such as <2 pm clay fraction and weath-
ering microsites at rock-forming mineral scale.

The comparison of the MTE contents in the <2 um
clay fractions in the two soils (Table 3 and Figure 3)
reveals clearly anthropic Zn and Cd contaminations of
the clay minerals in the amended soil surface horizons
(0.20 to 0.40 m depth). This surface contamination is
associated with downward migration of Zn and Cd down
to 1.90 m depth within the amended soil. Lead concen-
trations are slighty higher in amended soil without clear
evidence for downward migration. Since bulk clay frac-
tions are the collection of the clay minerals formed dur-
ing the weathering of primary rock-forming minerals, the
study of these MTE concentrations is greatly improved
by considering clay minerals in their formation sites, i.e.
the weathering microsites.

The MTE concentration profiles collected from the
amphiboles weathering microsites (Figure 4) point out a
general anthropic contamination of the clay minerals with
Zn, Pb, and Cd within the amended soil surface horizons.
This surface contamination can be attributed to the clay
mineral montmorillonite which appears in large amount
from the amphiboles weathering and has a high sorption
capacity of 90 to 127 cmolkg ' [26,27]. This surface
accumulation is followed in the deeper horizons by a
regular decrease in MTE contents, in relation with the
decrease in amphibole weathering intensity which pro-
duces a decrease in the smectite content, and, as a conse-
quence, a decrease in sorption capacity with depth. Con-
versely, the MTE concentration profiles obtained from
the plagioclases weathering microsites (Figure 4) show a
Zn and Cd depletion of the clay minerals within the
amended soil surface horizons, whereas Pb concentra-
tions do not show any significant evolution from the top
to the bottom of the soils. This Zn and Cd surface deple-
tion appears to be controlled by the clay mineral weath-
ering sequence of plagioclases: montmorillonite with
high sorption capacity (see above) at the bottom and kao-
linite with low sorption capacity of 16 - 34 cmol-kg '
[28,29] at the top of the soil profiles. As a consequence,
Zn and Cd are not sorbed in the surface horizon and can
migrate slowly downwards to more smectitic assem-
blages (K/S) and finally to montmorillonite where they

Open Access

are retained (1.90 m depth).

5. Conclusions

The results presented in this paper demonstrate that clay
minerals are, together with oxides and organic matter,
important soil components which play a major role in the
mobility of MTE in contaminated soils.

Clays study is essential to understand the sorption re-
actions occurring at the solid/solution interface in soils.
Soils are complex assemblages of clay minerals which
formed in weathering microsystems and have a wide
range of specific sorption properties. Therefore, there is a
need for accurate studies at the scale of these weathering
microsystems to identify each clay mineral species and
thus to estimate the sorption capacity of the weathering
microsite.

This work demonstrates that the micrometric minera-
logical approach is relevant to describe the importance of
the clay minerals species in the MTE fixation in soil. This
mineralogical approach could be of a great interest to
improve the modeling of the MTE surface complexation
in soils [30].
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