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The aim of this work was to determine the importance of nodule formation on
the dynamics of major and trace elements (TEs) along a Planosol
toposequence developed in metamorphic parent material at La Chatre
(Massif Central, France). The different horizons were sampled within three pits
and analysed for major and tfrace element contents. The nodule-rich horizon
was studied more closely. A simplified sequential extraction scheme, X-ray
diffraction (XRD) and microscopic approaches were used in order to
determine the individual phases containing TE in nodules.

Along the slope, the nodule-rich horizon varies in thickness, is composed of
different oxide fractions and has different scavenging efficiencies according
to the TE considered. Iron was found to accumulate in the middle of the
slope, while Mn accumulated at the base. The scavenging effect is only
evident for Ni in profile 1. For Fe and Cu, it is maximal in profile 2 where the
nodule-rich horizon is the thickest. For Pb and Mn, maximal scavenging effect
is recorded for both profiles 2 and 3, in the lowest part of the slope. Cr is not
accumulated at all. This was related to the water dynamic and the
hydromorphic conditions prevailing along the slope.

Results obtained by sequential extractions and associated X-ray diffraction on
the different nodule size fractions and those obtained by electron microprobe
allow inference of the TE distribution in nodules. Nodules were mainly
composed of three to four types of cements surrounding grains of quartz,
feldspars, micas and accessory minerals: iron-rich cements, Si- and Al-rich
cements, Mn-rich cements and Ti-rich cements in places.

The iron-rich cements consist of poorly crystalline goethite and possibly some
ferrinydrite. Ferrinydrite is associated with Cr as demonstrated by extractions.
Goethite contained Mn and most of the TE extracted except for Ni and Pb.

Fine-grained Si- and Al-rich cements were also observed. They contain
variable amounts of Ti and Mn.



Mn-rich cements were not present in all the nodules and were mainly linked
to the dark zones of the nodules. The nature of these Mn oxides could not be
determined. They were found to contain Co, Ni, Cu and probably Pb.

1. Introduction

Trace elements (TEs) are well known for their high affinity for iron and
manganese oxides (Alloway, 1990 and McBride, 1994). Fe and Mn oxides are
abundant in soils. The Fe oxides include hematite, goethite, lepidocrocite,
maghemite, magnetite, ferrinydrite and amorphous hydroxide (Oades, 1963).
Mn oxide mineralogical phases classically encountered in soils are birnesite
and vernadite (McKenzie, 1989). In all cases, Mn and Fe oxides are active TE
sinks (Chao and Theobald, 1976, McKenzie, 1989, Singh and Gilkes, 1992 and
Trolard et al., 1995). For example, Mn oxides are known to contain Co, Ni and
Zn (Childs and Leslie, 1977), and goethite and hematite may contain Mn, Ni,
Cr, Co, Cu and Zn (Singh and Gilkes, 1992). This is a result of either their ability
to sorb TEs at their surface or of coprecipitation during formation (Jenne, 1968
and McKenzie, 1989). These mechanisms have been extensively studied in
laboratory experiments (Loganathan et al., 1977, Schwertmann et al., 1989
and Dario and Ledin, 1997). Mn oxides are less abundant in soils than Fe
oxides and have been proven to have a higher adsorption capacity in soil.
This is because their point of zero charge (PZC) is low, varying from 2 to 5
(McKenzie, 1989), compared to that of Fe oxides ranging from 6.8 to 8 (Childs
and Leslie, 1977). Thus, Mn oxides have a negative surface charge at pH
values usually encountered in soil. This favours adsorption of TE cations at their
surface (McKenzie, 1989).

Fe and Mn oxides result from the weathering of primary minerals. They
precipitate as coatings on other minerals and in nodules of different shapes.
Coatings result in the development of large surface areas favouring
adsorption processes. Nodules of Mn and Fe oxides have been studied in
different soil types (Childs and Leslie, 1977, Dawson et al., 1985, Latrille et al.,
2001, Palumbo et al., 2001 and Liu et al., 2002). They generally comprise both
Mn and Fe oxides, both elements having a different spatial distribution within
nodules (Dawson et al., 1985, Palumbo et al., 2001 and Liu et al., 2002). Si, Al,
K, Ca and Ti are also encountered in large quantities in nodules (Latrille et al.,
2001, Palumbo et al., 2001 and Liu et al., 2002). Co, Ni and Zn were frequently
associated with the Mn-rich parts of nodules (Childs and Leslie, 1977, Dawson
et al., 1985, Latrille et al., 2001 and Liu et al., 2002), while Cr (Liu_et al., 2002)
and Pb (Latrille et al., 2001 and Palumbo et al., 2001) were associated with Fe-
rich parts. McKenzie (1975), Childs and Leslie (1977), Dawson et al. (1985),
Latrille et al. (2001), Palumbo et al. (2001) and Liu et al. (2002) showed that Cu
and Mn partitioning between Fe and Mn oxides in nodules was variable.




Oxides are sensitive to variations in pH and Eh. They dissolve under reducing or
acidic conditions (Jenne, 1968). Mn oxides are dissolved at higher Eh and/or
pH values than Fe oxides and are often precipitated as thermodynamically
nonstable phases (Jenne, 1968). Oxides release TEs on dissolution (Cambier
and Charlatchaka, 1999). They are thus both source and sink of TEs in the
environment, and they conftrol their concentrations in most soils and waters
(Jenne, 1968). It is therefore crucial to understand their dynamics at the profile
and landscape scale and their TE scavenging ability in order to predict the
fate of TE in the environment. However, to our knowledge, only a few studies
have attempted to demonstrate the impact of oxides on TE scavenging at
the landscape scale (Childs and Leslie, 1977).

The aim of this work was to determine the importance of nodule formation to
the fate of major and trace elements in Planosols along a toposequence.
Planosols are characterised by the vertical succession of clay-poor horizons
overlying a clay-rich horizon that drastically limits the vertical flow of water
(Baize, 1989). Such a vertical differentiation induces lateral water transfer at
the top of the clay-rich horizon. The overlying horizon is therefore generally
leached and clay-poor. According to the water regime throughout the year,
oxide nodules may develop at the base of this last horizon, forming a hard
crust in places. This horizon accumulates or releases TE depending on the
oxide formation/dissolution dynamic.

We studied element distribution in Planosols developed in metamorphic
parent material at La Chatre, Massif Central, France. These soils are naturally
rich in TE due to the regional geology and are subject to seasonal water
saturation during winter and spring (Salvador-Blanes, 2002). Nodules of
different sizes were analysed for their TE contents.

2. Material and methods

2.1. Soils

The study site, located on the Aigurande plateau in the Massif Central, is
underlain by amphibolite and gneiss. On the crest and shoulder, soils have
developed in amphibolite, while on the backslope, the soils were developed
in gneiss. On the footslope, Planosols developed on gneiss (Salvador-Blanes,
2002).

The upper horizons of the Planosols are allochthonous and derived from
colluvial materials of amphibolitic and gneissic origin, while the deeper B
horizon (below 50 cm depth) and the alterite are developed in gneiss.
Colluvial materials differentiate into three horizons: a sandy-loam to clay-loam
organic-rich A horizon (25- to 30-cm thick) and two E horizons.

Three pits were dug along a toposequence (Fig. 1), differing mainly by their
colluvial horizons, especially by the depth, thickness and pedological



characteristics of the E horizons. According to their location within the
toposequence, three E horizons, noted E;, E; and Es, were defined. E; contains
no concretions, while E; is characterised by its richness in concretions and Ez in
both concretions and gravel. They may also be differentiated by their colour
and water content. In pit 1, Es is 10-cm thick and appears at a depth of about
30 cm, while in pits 2 and 3, E2 and E3 appear, respectively, about 30 and 20
cm depth, and E; and Ez are respectively 35- to 45-cm thick and 10- to 20-cm
thick. In addition, Ez was indurated in places in pit 2 (Fig. 1). The E horizons are
waterlogged during winter and spring, the intensity of which increase along
the slope.
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Fig. 1. Schematic diagram of the studied toposequence.

All horizons were sampled and air-dried. Nongravely horizons were analysed
by ICP-OES, after triacidic digestion (HF, HCIO4 and HCI) for major and trace
element contents. Si was analysed after alkaline fusion. Apparent densities
were measured for stock calculation within the allochthonous horizons.

Nodule-rich horizons were fractionated by sieving into particle-size classes of
<1, 1-2, 2-5, 5-20 and >20 mm. The different fractions were analysed for major
and trace element contents as described above.



2.2. Fractionation and characterisation of the nodules

Nodules were sorted manually from the previously obtained particle size
fractions for those classes larger than 1 mm and for the deepest nodule-rich
horizon of pits 2 and 3 only. They were washed in milliQ water and separated
into 1-2, 2-5 and 5-20 mm fractions. These fractions were analysed for major
and frace element contents by ICP-OES after HF-triacidic dissolution. The
poorly crystalline fraction was extracted after Hall et al. (1996) by 0.25 M
hydroxylamine, HCI+0.25 M HCI at a solid/liquid ratio of 1:20 for 2 h at 60 °C,
and subsequently, the crystaline fraction was extracted with 1 M
hydroxylamine, HCI+25% acetic acid at a solid/liquid ratio of 1:30 for 3 h at 20
°C. Both extraction steps were performed three times. After each extraction
step, a milli-Q water rinse was performed at a solid/liquid ratio of 1:20 for 1 h.
The rinse solutions were added to the corresponding extracted solution. All
reagents used were either Merck suprapure or Prolabo Normatom ultrapure
grade. All extracts were analysed for Si, Al, Fe and Mn using ICP-OES. The limits
of determination for these analyses were 20 ug I-! for Mn and 0.1 mg |1 for the
remaining elements. Mg, K and Ca were determined using flame AAS, with
0.1, 0.1 and 0.5 mg I71, the respective limits of determination. ICP-MS was used
to analyse extracts for Cu, Ni, Co, Cr, Zn and Pb. The limits of determination for
these elements were 1, 1, 1, 2, 2 and 0.2 ug I, respectively. Extraction results
were expressed in mg/kg-! for trace elements and for Mn and in percent (%)
for major elements.

Solid residues were chemically analysed after the last extraction step. X-ray
diffraction (XRD) analyses were performed on nodules before and after
extractions. We used a X Philips PW 1710 diffractometer equipped with a Co
cathode. Diffractograms were obtained for 6 ranging from 36° to 48°, with
steps of 0.02° measured over 50 s. The diffractograms obtained before and
after extraction were subtracted in order to determine the suite of minerals
that were dissolved through extractions (Schulze, 1981).

2.3. Microscopic analysis of the nodules

The indurated parts of the Ez horizon were sampled in pit 2, air-dried and
impregnated with polyester resin. Micropolished thin sections (45x60 mm)
were made. In order to examine the interior structure of the nodules, a sample
of 1- to 2-mm nodules from pit 2 were set in resin, cut to show a cross section
and micropolished.

The thin sections were observed with a polarizing light microscope and
scanning electron microscopy (SEM) using the backscattered electron mode.
Both the optical and electron microscopes enabled characterisation of the
nodule structure.

Spatial distribution of major chemical elements (Si-A-Fe-Mg—K) within nodules
was determined using a CAMECA SX 50 electron microprobe equipped with



wavelength-dispersive spectrometers (WDS). We used an acceleration
voltage of 15 kV, a probe current of 4 nA and a count time equal to 13 s. The
beam was 1 um in diameter that led to an elemental analysis volume of
about 3 to 5 ums3. Both spot analysis and mapping were carried out. Some
minor and trace elements were also analysed on 51 points within the cement
zone of six 1- to 2-mm nodules. The electron microprobe detection limits were
too high to allow a continuous mapping of TE in the nodules. The surfaces
mapped were either 4x4 mm (map A, Fig. 2) or 2x2 mm (map B to E, Fig. 2).

SO0 pm

Fig. 2. TE spatial distribution in nodules (electron microprobe mapping). Five nodules are
represented (A-E).



3. Resulis

3.1. Element distribution at the profile scale

Fig. 3 gives the chemical profiles of pits 1 to 3. The main variations in chemical
contents along the slope were recorded for the nodule-rich horizons, where
both the depths and chemical contents vary. These horizons are richer in Mn
and Co (Fig. 3) than the upper allochthonous horizon. Enrichment factors
were calculated and reported in Table 1 in order to compare the chemical
composition of the nodule-rich horizons with that of the overlying
allochthonous horizons, which were considered to have had the same original
composition as the nodule-rich horizons. As well as high enrichment factors in
Co and Mn, slight enrichments in Fe, Ni and in places, Cu, were also observed
(Table 1). Nodule-rich horizons were depleted in all the other measured
elements as shown by enrichment factors of less than 1 (Table 1). This was due
to the mineral composition of these horizons comprising mainly quartz, with
feldspars and micas to a lesser extent. Nodules were also abundant.
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Fig. 3. Chemical profille of the three pits.



Along the slope, the Fe enrichment is highest in the deepest nodule-rich
horizons of profile 2. It is associated with a strong Cu enrichment, which is
absent from the other pits. Enrichment in Fe is also important in profile 3.
Maximum enrichment of Mn and Co occurs in profile 3 and enrichment of Ni s
observed for profile 1 only (Table 1). In addition, for profiles 2 and 3, the
nodule-rich horizon is subdivided into two horizons (E2 and Ez). In profile 2, the
E> horizon is depleted in all the elements, while in profile 3, this horizon
contains the richest concentration of Fe, Mn and Co (Table 1).

Stocks were calculated within the allochthonous horizons. They are reported
in Table 2. For comparative purposes, stocks were divided by the thickness of
the allochthonous horizons. Regardless of the position in the toposequence,
stocks by centimeter were of the same order of magnitude for most elements,
excluding K, Cu and Ni.

Table 1. : Enrichment factors in the nodule-rich horizons compared to the other
allochthonous horizons for pits 1 to 3 (P1, P2, P3)

Pit | Horizon | Si Al Fe |Ca |[Mg |Mn (K Cr |Co |Pb [Cu |Ni In

1 |Es 1.0 [090(13 |050|063]1.2 (1.1 [0.791.6 |0.56]0.90]|3.5 [0.97
2 |E2 12 [085(0.600.73]0.63]0.11 (1.1 [0.72]0.58]0.77 |1 0.73 | 0.44 | 0.60

Es 0.82]1050 (1.3 |1036(027]6.0 |0.65(0.49]141 [1.3 |33 |0.12(0.22
3 | E2 1.3 1060 (1.7 |0.43]10.40(6.9 |0.66(0.55]|4.4 098 1.1 |0.57(0.75

Es 1.0 [051 |13 |028]033]32 [0.65(0.57|2.6 |0.83]0.43|0.65(0.49




Table 2. : Element stocks in within the allochthonous horizons

Pi | Horizon Depth | Si Al |Fe |C (M [K Mn Cr [Co|Pb |Cu |[Ni [Zn
t ,€m a |9
gm? mg m?3
T | A 0-25 108 |18 |95 (37 (18 |39 | 2822 |15 |59 |10 |54 |68 |24
0 3 6 0 3
Ei 25-38 [ 665 |11 |63 [22 |11 [25 |3202 |94 |56 |61 |31 |39 (13
3 7
Es 38-50 [ 653 |99 |74 (11 |7 26 2794 |73 (72 |33 |28 |13 |13
6 6
Total 239 139 |23 [69 [36 |90 |8818 (32 [18 |12 |11 [24 |51
9 5 2 3 7 4 3 3 6
Stock/c 48 8 5 1 1 2 176 6 4 4 2 5 10
m
2 | A 0-30 108 |25 |12 [35 (25 |54 | 1871 |25 |63 |13 |81 [96 |34
1 12 0 2 2 1
E2 30-50 [ 526 |90 |30 |10 |6 25 | 94 75 |16 |43 |24 (17 |87
Es 50-70 [ 924 |13 |23 |13 |7 37 11292 |13 |28 (18 |27 |13 |79
4 1 6 0 1 5 8
Total 253 |48 [38 |58 |38 |11 | 1489 |45 |35 |36 (38 |12 |50
1 3 1 6 1 8 9 0 3 5 7
Stock/c 36 7 5 1 1 2 213 7 5 5 5 2 7
m
3 1A 022 481 |12 |55 (17 (11 |27 1073 |12 |27 |90 |36 |44 (17
2 8 2
E2 22-27 (237 129 |36 (3 |2 7 2797 |27 |47 [34 |15 |10 | 5]
Es 27-40 | 568 |76 |89 |6 |4 21 [ 4177 |89 (89 [21 |19 |36 |10
6
Total 128 122 |18 [26 |17 |55 |8047 |24 |16 |21 |70 [90 |33
6 6 0 4 3 5 7
Stock/c 32 6 4 1 0 1 201 6 4 5 2 2 8

m




3.2. Characterisation of the nodules: bulk approaches

The Ez horizons from profiles 2 and 3 contain about one-third of particles >2
cm (mainly quartz) and two-fifths of nodules ranging from 1 mm to 2 cm
(Table 3). The particle-size distribution of these nodules is about the same for
profiles 2 and 3 (profile 1 was not studied in detail). In terms of mass, the
largest nodules (5 to 20 mm) represent about two-thirds of the nodules, while
the smallest sorted (1 to 2 mm) represent only a few percent (Table 3).

Elements enriched in nodules compared to the <1 mm fractions of profiles 2
and 3 (Table 4) are Fe, Mn and Co and to a lesser extent, Ni, Zn and Pb.
Nodules are depleted in Si, Al, Mg, Ca and K. Enrichments vary according to
the nodule size and to the position along the slope. In profile 2, enrichment
factors increase with the nodule size for Mn, Co, Ni and Zn. Conversely, they
decrease for Fe and Pb. In profile 3, the largest enrichment factors are
recorded for the 2- to 5>-mm nodules for most elements with the exception of
Co, while the lowest ones are observed for the coarsest nodules. Co
enrichment factors follow the same trend as seen in profile 2. Lastly,
enrichment factors in profile 3 are lower for all of the measured elements than
those in profile 2. Cu is the only element enriched in profile 3 nodules but not
in those of profile 2.

Table 5 summarizes the correlation coefficients between TE and Mn and Fe in
extracts 1 and 2 solutions; Co, Ni and Cu in extract 1 are correlated with Mn,
while Fe is correlated with Cr. Zn and Pb are not correlated with either Mn or
Fe. In extract 2, there is a strong relationship between Fe and Mn, Co, Cu and
Zn, but less with Cr. No correlation was found with Ni and Pb.



Table 3. : Proportion and chemical composition of the different size fractions and nodule
fractions of the Es horizons of pits 1 and 2
Pit Particl | Weig |Si | Ca | Mg | K Fe | Al | Mn C |In |Cr |Ni[C |Pb
e size, | ht, % u o
mm
% mg kg1
<] 32 3[04 10319 1.9 ]6.5]322 54|64 |58 | 14|12 |33
4 (4 6
2| Nodul | 12 3 4 10.1 100 [03]0.6|1.41]38 2. 19516712 [1.2]19.6
e-free 2 (8 3 9 4 8
materi
al
2-5 5 4 (021000220 ]|1.7 |184 4, 113 18812 (33|18
1 (1 4 2 2 5
5-20 6 4 100 0.0 (00 ]03 |02 |127 73182175]3. |1.0]6.3
512 2 7 7 6 3
Nodul | 1-2 1 2 (03101109 |18 |43 3595 3511 |91 2211 |13
es 5|9 7 6 3 8
2-5 9 2 (03102 1.018 |4.1 |4826 [29 |11 |54 13213 |11
6|3 0 1 8
5-20 |21 2 (07 102 1.1 |17 |40 | 13,41 |23 12 |43 |42 (27 |11
2 |4 0 0 8 1 6
<] 24 3104105 (22|25 ]|7.7 |505 1795172 | 22|11 |45
2 |5 0
3| Nodul | 12 4 4 (0.1 100 |03 |04 ]1.4]32 2. 110 1582 [(0.7]11
e-free 4 5 3 7 2 2 0
materi
al
2-5 8 4 (0310002 |08 |1.2]241 2. |14 16412 [40] 11
4 (4 5 7 2 8 3
5-20 10 4 100 10.0 [03]0.6 0.9 |351 13182198]3. [22]9.6
5|6 4 4 1 5 9
Nodul | 1-2 1 2 104101 |10 |15 [42 |4258 (30|13 |10 |37 |68 |15
es 712 9 9 3 5
2-5 8 2 103101 |09 |18 |4.1 |5860 [27 22 |85 |55(11 |14
5|6 7 1 7 O |4
5-20 |20 3 (03102148448 3357 [22]12 |31 |53[13 |76
019 9 5 7




Table 4. : Correlation coefficients for the between TE and Fe and Mn in exiracts 1 and 2 and
for six nodule fractions (two horizons, three nodule sizes)

Il
o~

n Extract 1 Extract 2

Fe Mn | Fe Mn

Mn | 0.47 0.95

Cr 1089 [0.27(0.85 [0.69

Co |0.55 [0.90(0.98 |0.98

Ni [0.35 [0.96(0.62 |0.48

Cu |0.63 [0.95(0.95 |0.85

In | -0.2810.69 |0.88 |0.79

Pb 10.50 |[0.64|-0.41|-0.39

Correlation coefficients in bold are significant at the 5% confidence level.

Table 5. : Enrichment factors in differently sized nodules (1-2 and 2-5 mm and 5 mm-2 cm)
compared o the <1 mm fraction for pits 2 and 3 (P2, P3)

Pit | Nodule size, mm [ Si |Fe [ Al |Ca[Mg|K |[Mn|Cr |Co|Ni |Cu|Zn |Pb
2 (12 0719510709 [05 0511 |1.6[96[1.6]06|1.8]42
2-5 0.7]195]106[08[06 0515|0911 [23]05|1.8]3.6
5-20 068806 [1.7[06 06|42 |0.7|23 [3.0]04[20]3.5
3 |12 0916010509 ([04]04(84|1.4(59([1.7]1.7[1.5]|34
2-5 08]72]05]08|03 04112 |1.2]9.6]25]1.6|2.4]3.2
5-20 09133]06]090.6]0.6]6.6]04]112 124]|13|1.3]1.7

Mass balance calculations were performed using individual extracted
quantities, residue and total concentrations (Table 6). These calculations show
evidence of substantial losses of Ca, Zn, Cu, Ni, Co, Mn, Pb and Fe. These
losses varied according to the size fraction analysed and were interpreted as
colloidal losses. Filtrations were difficult after extraction 1 and filters were
frequently red in colour from colloidal material. Mass balance calculations
also show problems in the determination of Mn and Pb contents in extract 1
of the 5- to 20-mm nodules from pit 3.



Table 6. : Fe, Mn and TE contents in nodules and in extracts 1 and 2 and extracted residue

Pit | Nodule size | Extract | Fe % | Mn Cr [Co |Nimg/kg'|Cu|Zn |Pb
2 | 1-2mm Nodules | 18 3595 [91 [ 11322 35 11161138
1 4.4 1951 20 (46 | 5.5 63115 |92
2 7.6 |278 49 6.8 |43 13 (32 |11
residue | 2.6 121 41 14.0 |14 10 137 |15
2-5mm Nodules | 18 4826 |54 | 13132 29 (1161118
1 5.6 | 5571 19 |136]8.4 74119 1103
2 8.1 468 35 187 133 12 133 |13
residue | 2.5 113 43 143 | 11 10 138 |14
5mm-2 cm | Nodules | 17 13,410 | 43 | 271 | 42 23 1128116
1 4.1 11,031 [ 13 [ 268 | 22 13 |51 |79
2 4.5 |229 23 159 139 8.6(25 |59
residue | 1.3 |82 37 130 |1 73157 |14
3 | 1-2mm Nodules | 15 4258 [ 103 |68 |37 30 | 1391155
1 3.6 3260 |21 [44 |11 60122 | 117
2 6.3 |250 63 6.0 |82 13 [41 |15
residue | 3.7 157 45 [ 6.6 | 21 17 [ 65 |25
2-5mm Nodules | 18 5860 |85 | 110|555 27 | 227 | 144
1 3.8 | 5447 |19 [76 |12 63122 |134
2 5.4 |237 39 152155 97134 |10
residue | 1.4 |89 29 129 |10 68135 |15
5mm-2cm | Nodules | 8.4 | 3357 |31 | 13753 22 [ 125159
1 2.7 10,751 |12 [138]27 11 155 | 188
2 2.6 100 19 130 | 4.5 76125 |50
residue | 0.59 |46 23 (1.7 |82 45122 |13




Three groups of elements can be defined according to their distribution in
sequentially extracted fractions. Si (>95%), Al (>70%) and K (>95%) are mainly
contained in the residual phase (Table 6). This residual phase mainly consists
of quartz, feldspars, micas and traces of clay minerals (Fig. 4) and is
interpreted as being

(i) individual grains of quartz and feldspars contained in nodules (see below)
and

(i) cement of clay minerals.

Fifty percent of the total Ca and Mg and less than one-third of total Zn, Ni, Cu,
Cr, Co, Pb, Mn and Fe were contained in the residues. In general, more than
50% of the Mn (Table 7) extracted in step 1 is associated with major
proportions of Co, Pb, Ni and to a lesser extent, Mg (Table 6), while Fe is
predominantly extracted in extract 2 (30% to 40%, Table 7) and is associated
with Cr and Cu (Table 6). Zn is extracted in roughly equal proportions in both
extracts, while Ca is essentially lost as colloids or extracted in step 1 but not in
step 2.

Extracts of nodules were enriched in Mn, Fe, Co and Pb compared to the <1
mm fractions (Table 8). Fe enrichments were higher for pit 2 than for pit 3, with
higher enrichments in extract 2 than in extract 1, and for small and medium
size nodules than for coarse ones. Mn and Co were solely enriched in extract
1 compared to the <1 mm fractions; enrichment increasing with the nodule
size. These enrichments were higher in pit 2 than in pit 3. Lead was also
enriched in extract 1T only.
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Fig. 4. XRD of the extraction residue of the 1 to 2 mm nodules from pit 2.



Table 7. : Quantities of iron and manganese present in non-crystalline (extract 1) and
crystalline (extract 2) oxides and silicates (residue)

Pit | Nodule size | Fe1/Fetot | Fe2/Fetot | Feres/Fetot | Mn1/Mniot | MN2/Mniot | Mnres/Mntot

2 | 1-2mm 0.2 0.4 0.1 0.5 0.08 0.03
2-5mm 0.3 04 0.1 1.1 0.10 0.02
Smm-2cm | 0.2 0.3 0.1 0.8 0.02 0.01

3 | 1-2mm 0.2 04 0.2 0.7 0.06 0.04
2-5mm 0.2 0.4 0.1 0.9 0.04 0.02
S5mm-2cm | 0.3 0.3 0.1 0.03 0.01

Table 8. : Enrichment factors in extracts 1 and 2 of the different nodule size fractions (1-2 and
2-5mm and 5 mm-2 cm) compared to the <1 mm fraction of the corresponding horizon

Pit | Nodule size | Extract | Fe | Al Mn |Cr [Co |Ni Cu |In (Pb

2 [1-2mm 1 2300660 |035(3.9 [0.39]|0.12]0.24 (2.8
1-2 mm 2 4.0(0.0910.86]0.85[0.58|0.30|0.23 | 0.50 | 0.34
2-5mm 1 29100717 1032|117 [0.59]0.14]0.30 | 3.1
2-5mm 2 43(10.09|1.4 |0.61[0.73(0.23]|0.21]0.51(0.38
Smm-2cm | 1 2200834 |023[23 [1.6 |0.24]|0.79 (2.4
Smm-2cm | 2 2.410.060.7110.40 [ 0.50 [ 0.27 | 0.16 | 0.39 [ 0.18

3 |1-2mm 1 1400564 |030([3.8 [0.49]0.35]|0.23(2.6
1-2 mm 2 2.5(0.0710.4910.87 [0.52]0.37 | 0.74 | 0.43 [ 0.32
2-5mm 1 1.5]005|11 [0.26|6.6 |0.56]0.37[0.24]3.0
2-5mm 2 2.1[0.0610.4710.54[0.46 | 0.25]|0.56 | 0.36 | 0.23
Smm-2cm | 1 1.11005121 [0.16|12 |12 |0.64[0.58]|4.2
Smm-2cm | 2 1.0 0.0410.20 | 0.26 [ 0.26 | 0.20 | 0.44 [ 0.26 | 0.11

Differential XRD patterns of nodules before and after extraction are reported
in Fig. 5 and Fig. 6 for 1- to 2-mm and 5- to 20-mm nodules from pit 2,
respectively. Fig. 5 shows broad peaks that were attributed to ferrihydrite and
goethite. These peaks are of smaller intensity for the 5- fo 20-mm nodules. No
differences were observed between nodules of the two pits. Mn oxides could
not be identified.



&
3000 - E
1200 — Raw sample b ]
76 2008  Raw sample After dissolution b
T 2000 After dissolution = o
£ | - & 800 3
= 1500 | s 8 2 AR |
= { @ - ] (] L \
1000 | - = 0 3 |
! o LA
500 it / —
0 04—
22 23 24 25 26 36 38 40 42 44 46 48
26 20
71
900 - o | Goothile
700 |'|| .GUH"”LG pi J Farribydrite
> | 150 @ ([ &
£ 500 i z 2 B, NE N &
- w ] G- M "
8 300 [l = S o e s A\S g i)
Il - ' ' Al
= 100 Ty III . m"“m i E g M i _‘:;f ,‘;"" rteay
10032 23 24 25 I| [ 2 T 38 40 42 da ] 48 a8
- L] I
-300 | .Jll oo
500
208 -150 28

Fig. 5. Difference of the X-ray diffractograms before and after sequential extractions. Example
of 1 to 2 mm nodules from pit 2.
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of 5 fo 20 mm nodules from pit 2.

3.3. Characterisation of the nodules: microscopic approaches

Most of the nodules observed are irregular in shape, either black or pale
reddish in colour and consist of soil grains cemented by oxides. The grains are
mainly quartz but also include feldspars, micas and accessory minerals. The



oxide matrix is mainly composed of Fe, Al and Si, with minor amounts of Ti and
Mn. This composition varies according to the nodule type and also within a
given nodule. Some nodules show concentric bands of different composition
as shown in Fig. 2A and B and partially in Fig. 2E. However, most of them do
not exhibit a clear inner structure (Fig. 2C and D). The maps presented in Fig. 2
clearly show that Fe, Si, Al, Mn and Ti are unevenly distributed within the
nodules. Iron-rich parts are generally depleted in other elements, while Ti- or
Mn-rich parts are often richer in Si and Al than the remainder of the nodule.
Uneven spatial distribution of the elements is also encountered in unbanded
nodules (Fig. 2C, D and E).

A PCA was performed on the 51 punctual chemical analyses obtained on the
nodule matrix. As the correlation circle of the PCA (Fig. 7) shows, the first two
factors explain 48% of the variability, 35% being explained by the first factor.
This factor defines two main poles comprising Fe and Al, Si, Mg, K respectively.
The second factor explains about 13% of the variability and is mainly defined
by a pole comprising Mn, Pb . Cement that is rich in both Si and Al has a Si/Al
ratio generally equal to 1. XRD shows that the nodules contain a small amount
of kaolinite. PCA differentiates three types of cements: cements rich in Fe,
cements rich in Mn and Pb and cements composed at least in part of
kaolinite. These results were not in complete agreement with those obtained
by chemical analysis as Co was not associated to the Mn pole. However, the
measured content of Co was often close to or less than the detection limit of
the electron microprobe.
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Fig. 7. Principal component analysis of chemical composition obtained by microanalysis
associated with back-scattered electron microscope.



4. Discussion

4.1. Location of TE in the nodules

Results obtained by sequential extractions and associated XRD on the
different nodule size fractions and those obtained by electron microprobe
allow inference of the TE distribution in nodules. Nodules were mainly
composed of three to four types of cements (iron-rich, Si- and Al-rich, Mn-rich
and Ti-rich) surrounding grains of quartz, feldspars, micas and accessory
minerals.

The iron-rich cements consist of poorly crystalline goethite and possibly some
ferrinydrite, as also observed by Liu et al. (2002) in other nodules. According to
Hall et al. (1996), ferrinydrite dissolves in extract 1. It is associated with Cr as
demonstrated by the correlation coefficients (Table 4). Goethite was
dissolved in extract 2 (Hall et al., 1996) and contained Mn and most of the TE
extracted, except for Ni and Pb (Table 4).

Fine-grained Si- and Al-rich cements were also observed (Fig. 2 and Fig. 7).
They are probably kaolinite (XRD, not shown) but could also partially exist as
amorphous phases as shown by the small percentage of these elements
extracted. Such amorphous Si- and Al-rich products were also observed by
Bulmer and Lavkulich (1994). These cements contain variable amounts of Ti
and Mn as seen by electron microprobe analyses (Fig. 2).

Mn-rich cements were not present in all the nodules as seen in Fig. 2 and were
mainly linked to the dark zones of the nodules. Mn oxides could not be
identified by XRD. According to Taylor (1968), birnesite and lithiophorite are
the most frequent forms in nodules. The correlation statistics suggest that the
Mn oxides contain Co, Ni, Cu (Table 4) and probably Pb (Table 8 and Fig. 7).
Co is classically found to be associated with Mn oxides (Taylor, 1968, Yaalon
et al., 1974, Childs and Leslie, 1977, Means et al., 1978, McKenzie, 1989, Latrille
et al., 2001, Liv et al., 2002 and Palumbo et al., 2001) as are Ni and Cu (Latrille
et al., 2001, Liu et al., 2002 and Palumbo et al., 2001). Contradictory results are
reported for Pb. It was shown by Latrille et al. (2001) to be associated with Fe,
while McKenzie (1989) and Liu et al. (2002) mentioned an association
between Pb and Mn oxides.

Compositions of nodules were compared to the <1 mm fractions in order to
estimate the role of these nodules as a sink for the different elements. Co was
preferentially associated with the Mn oxides, with a slight Pb enrichment also
observed (Table 8). Iron was also accumulated in nodules although to a lesser
extent than Mn (Table 7). The principal form of iron in the nodules was
goethite (demonstrated by the larger amount of Fe extract by step 2; Table 7)
and some ferrinydrite was also present. However, Fe enrichment factors for
these phases (Table 8) are half those recorded for this element in the whole
nodule (Table 5). The extraction procedure may have been incomplete for



this element and resistant crystalline iron may remain in the residue, as shown
by the 10% to 20% of Fe present in this component (Table 7). This was,
however, not evident from X-ray diffraction.

Nodules from both profiles were slightly enriched in Ni and Zn, and also in Cu
in profile 3 only (Table 5). This is in agreement with results recorded by Childs
and Leslie (1977). Neither the Fe nor the Mn oxides were enriched in these TE.
These oxides may not have been completely extracted as already discussed
for Fe. Cr and other major elements analysed were depleted compared to
the <1 mm fractions. Such a depletion was also recorded by Childs and Leslie
(1977) for Si, Al, K and Ca. Bulmer and Lavkulich (1994) showed that Cr
released from primary minerals by weathering was mainly incorporated in
clays and less so in iron oxides.

The nodule composition varied according to their size and location on the
slope. The content of Mn oxides in nodules increased with their size and was
higher in profile 2 than 3. Nodules in profile 2 were also richer in iron oxides,
with small and medium size nodules containing the largest proportion. Almost
all the nodules analysed by electron microprobe were small nodules,
explaining the small amount of Mn cements encountered.

The spatial segregation observed between Mn and Fe within the nodules is
also encountered among the different nodule sizes. In addition, nodules
appeared to be a sink for Fe, Mn, Co, Pb, Ni, Zn and sometimes, Cu.

4.2. TE distribution along the slope in relation to the water regime

Surface allochthonous horizons are quite similar in depth and along the
toposequence. They were mainly differentiated by their thickness due to
erosion (Salvador-Blanes, 2002). They could be roughly considered as the
initial composition of the allochthonous horizons before the Planosol
differentiation. For that reason, they were used as a reference in the
enrichment factor calculation. The nodule-rich horizons were enriched in Mn,
Co, Fe and in some cases, Pb, Ni, and Cu also. All of them were depleted in
Cr and Zn and in most major elements. This might be interpreted as
precipitation of Fe and Mn oxides in this coarse horizon, inducing soil grain
cementing and nodule formation. These nodules are predominantly enriched
in Fe, Mn and Co and are slightly enriched in Pb, Ni and Zn compared to the
<1 mm fractions of the same horizons. These Pb, Ni and Zn enrichments are
not sufficient to enrich this horizon in these elements.

In addition, the enrichment in Fe, Mn and Co varies along the toposequence
and with depth. Maximum enrichments were recorded in pit 2 for Fe and in pit
3 for Mn. This result is in apparent contradiction with previous data, which
indicated a maximal enrichment in Mn and Co in pit 2 (Tables 5 and 8).
Nodules were analysed from the Ez horizon only. This horizon was richer in Mn,
Fe and Co than the overlying E2 in pit 2, but was poorer in those elements in



pit 3 (Table 1). The E2 in pit 2 was depleted in Fe, Mn and Co. This distribution
of Fe, Co and Mn along the slope was related to the water regime and
waterlogging of this soil. These soils are waterlogged during winter and spring,
the duration of which increases along the slope. In pit 1, the waterlogging
period is short and only a small amount of Fe and Mn are mobilised and
precipitated as nodules. In pit 2, this period is somewhat longer inducing
release of Fe and Mn from the E; horizon, which precipitate in the underlying
Ez horizon or migrate downslope. Downslope migration is probably limited, as
shown by the almost constant stocks recorded for Mn and Fe along the
toposequence. In pit 3, the waterlogging period is at a maximum. The
majority of Fe and Mn are accumulated in the Ex horizon. The Ez horizon
undergoes a long reducing period that prevents large Mn accumulation.

5. Conclusion

In this work, TE distribution in Planosols along a toposequence was analysed.
Three pits were opened and described. Main horizons were sampled and
chemically analysed. A nodule-rich horizon was present in all three pits. It
differentiates, from the middle part of the slope downwards, into 2 horizons,
named E; and Es, respectively. The latter were studied in greater detail in
order to locate the TE and to characterise the nature of the oxides forming
the nodule cements.

The nodule-rich horizon is a sink for Fe, Mn, Co and Pb and also for Ni and Cu
in places. The scavenging efficiency of this horizon varies along the slope and
according to the element considered. The scavenging effect is only evident
for Niin pit 1. For Fe and Cu, it is maximal in pit 2 where the nodule-rich horizon
is the thickest. For Pb and Mn, maximal scavenging effect is recorded for both
pits 2 and 3, i.e., in the lowest part of the slope. Cris not accumulated at all.

This element behaviour is partially explained by the TE speciation in the
nodule-rich horizon. Cr is not preferentially contained in nodules; its fate along
the slope is governed by erosion/deposition processes of clay minerals. Half of
the Cu and Zn are contained within nodules. The Cu is in association with
crystalline iron oxide, probably goethite, which has accumulated in pit 2. Zn
accumulates in both goethite and non-crystalline iron oxides, probably
ferrinydrite. Lastly, Mn oxides preferentially scavenge Co, Pb and Ni. The
mineralogical nature of these oxides could not be determined.

Working at different scales allows
(i) determination of the different phases containing TE,
(i) determination of their distribution within the toposequence, and

(i) for understanding of the soil formation and its subsequent probable
evolution.
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