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Fe-RICH CLAYS IN A WEATHERING PROFILE DEVELOPED FROM SERPENTINITE
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Abstract—Bulk mineralogical and chemical properties of a weathering profile derived from serpentinite
were studied using classical pedological methods (Munsell soil colors, particle-size distribution, density,
cation exchange capacity, exchangeable bases, among others) and inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) results. Bulk clay fractions were characterized using X-ray diffraction,
thermal analysis, electron microprobe, Mossbauer and infrared spectroscopies. Bulk geochemical mass-
balance calculated from ICP-AES results shows leaching of both Mg and Si which reflects the early
weathering of serpentine minerals. As a consequence, newly formed clay minerals are enriched with the
least mobile elements, i.e. Fe and Al, producing dioctahedral smectites. These dioctahedral smectites are
complex, heterogeneous and consist mainly of two populations. One population is an Fe-rich
montmorillonite with little or no tetrahedral charge and Fe*" as the dominant octahedral cation whereas
the second population exhibits tetrahedral charge. Both populations occur as interstratified layers in the
lower horizon of the weathering profile but show increasing segregation into well-defined end-members
towards the surface horizons. Considering total Al and Fe contents, these clays differentiate into two
chemical composition domains, Fe-rich clays in the lower profile and Al-rich clays towards the surface

horizons.

Key Words—Serpentinite, Smectite, Soil, Ultrabasic Rock, Weathering.

INTRODUCTION

Ultrabasic-rock weathering under tropical conditions
has been studied widely over the last three decades
because of the great economic interest in ore deposits
(Trescases, 1969, 1975, 1986; Besset, 1978; Golighty,
1981; Pelletier, 1983; Gaudin, 2002). It is also widely
recognized that serpentine-derived soils are quite
different from those developed on other parent materials.
Studies deal with mineralogical and chemical properties
of serpentinite-derived pedons and their relationships
with vegetation (Rabenhorts et al., 1982; Alexander et
al., 1989; Graham et al., 1990; Bulmer and Lavkulich,
1994). Alexander (1988) showed that landscapes devel-
oped from unserpentinized ultramafic rocks such as
peridotite were more stable than landscapes developed
from serpentinized rocks. Cleaves et al. (1974) com-
pared the contrasting weathering processes of two
mineralogically and chemically distinct rock types, a
serpentinite and a schist, in the same climatic (temperate
climate) and topographic conditions. The serpentinite
soils contained relatively small amounts of quartz,
chalcedony and 14 A clay minerals, whereas schist
soils contained large amounts of clay minerals and
gibbsite. The absence of saprolite in the serpentinite
profile was attributed to the lack of weathering-resistant
minerals. Pedological studies showed that two types of
soil can develop from the serpentinite, i.e. a well drained
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soil with a very thin (mm) C horizon (saprock) and a
thick, poorly drained soil, with well developed (m)
saprock and saprolite (Coombe et al., 1956; Isok and
Harward, 1982; Bonifacio et al., 1996). Berre et al.
(1974) showed that these two types of soils occurred on
a small serpentinite body of La Roche 1’Abeille (Massif
Central, France) with dioctahedral beidellite-type smec-
tite as the dominant clay mineral in the thickest, poorly
drained soil type. Ducloux et al. (1976) showed that
whole soils on this serpentinite body contain nontronitic
smectite, some soil chlorites and locally, mixed-layer
chlorite-vermiculite. Isok and Harward (1982) found
only serpentine and chlorite in well-drained soil whereas
they identified some smectite in the thickest soil in
addition to the serpentine and chlorite. Bonifacio ef al.
(1996) observed that vermiculite was present in upper
and drier horizons whereas low-charged smectite
occurred in poorly drained conditions. Wildman et al.
(1968) identified Fe-rich montmorillonite as the domi-
nant clay mineral in the B horizons of serpentinite-
derived soils.

These studies demonstrate the large variety of clay
phases produced by serpentine weathering processes and
the influence of topographic position upon the develop-
ment of the weathering profiles. The aim of this work
was thus to improve our knowledge about the weathering
processes of serpentinite under an oceanic temperate
climate and their influence upon the crystallochemistry
of newly formed clay minerals. As a consequence, this
study was focused on a thick poorly-drained soil
developed at the summit of a serpentinite body in
order to follow clay mineral crystallization through a
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complete weathering profile including saprock and
saprolite horizons.

MATERIALS AND METHODS

Materials

The samples were collected from a weathering profile
developed on a serpentinite body (Saint-Laurent moor)
located 30 km south of Limoges near La Roche 1’ Abeille
(Limousin, France). The profile is located at the summit
of the hill (360—380 m altitude) with a slight dip
ranging from 20° to 25° North. The joints are abundant
and mainly oriented N 23° East and N 28° West
(N’Kanika, 1979).

The unweathered rock observed at the bottom of the
profile is serpentinite containing serpentine (70—85%),
magnesian chlorite (10—15%) and magnetite. The
profile (Figure 1) is ~140 cm thick and shows, from
bottom to top, three alteration zones: (1) unweathered
rock; (2) the saprock where coherent rock structure is
still preserved and primary minerals are still intercon-
nected; (3) the saprolite in which the texture of the
original rock is destroyed and replaced by a mixture of
clay associated with oxyhydroxides and relics of primary

La Roche I'Abeille

Depth (cm)

—_ Soil
S0 deposit
65 4
Upper Saprolite
(polyhedric structure)
80 T Lower Saprolite
(prismatic structure)
100 =+
Upper Saprock
120 T
Lower Saprock
140 Unweathered rock

Figure 1. Location and sketch of the serpentinite weathering
profile.

https://doi.org/10.1346/CCMN.2004.05206013 Published online by Cambridge University Press

Caillaud, Proust, Righi and Martin

Clays and Clay Minerals

minerals. This zone shows a prismatic structure gener-
ated by wetting and drying cycles in the deeply
argillized rock; the structure grades into polyhedric
towards the surface. In addition, an allochthonous
deposit covers the weathering profile. It contains
feldspars and quartz resulting from erosion of the
Massif Central. No chlorite was detected in X-ray
diffraction (XRD) patterns of the allochthonous deposit,
whereas some tremolite derived from a northern
amphibolite facies was noticed. This reworked horizon
and its related soil were not studied in this work.

Methods

Samples were collected from the unweathered rock,
the saprock and the saprolite (1) to make thin-sections
for petrographic analyses, (2) to study soil properties of
bulk, or <2 mm sized fractions, and (3) to characterize
the bulk clay fraction in each weathering zone.

The petrographic data were recorded from thin-
sections studied by optical microscopy under natural
and polarized light (Olympus BH2). In order to establish
a geochemical mass-balance, apparent densities were
obtained from undisturbed paraffin-coated samples by
the difference between weight measured in air and in
water. Bulk chemical analyses were achieved by ICP-
AES (CRPG Nancy), using a JOBIN-YVON JY 70
spectrometer on total powders after fusing with LiBr and
dissolution in 1 N HCI.

Geochemical changes between rock and weathered
samples were calculated using two procedures: (1) the
oxide concentration of each element was transformed
using the log function in order to display on the same
scale small and the large oxide amounts. The relative
element variation between concentrations for a weath-
ered sample (Cg) and the rock sample (C,) was obtained
using equation 1:

Element relative variation =
log (Ce/Cx) = log (Cp) — log (Ca)

(2) A more detailed bulk geochemical balance
including volume and/or mass differences due to weath-
ering processes was calculated using Gresens (1967)
equation:

X = a [f, (gn/ga) C7 — CM )

where Xj, is the amount of element i gained or lost (in g),
fv is the volume factor (ratio between the weathered
sample (V) and the rock (V) volumes), ga and gg are
apparent densities of rock (A) and weathered sample (B),
C# and CP are the concentrations of component i in rock
A and weathered sample B (g/100 g), a is the reference
mass of the original sample (¢ = 100 g because chemical
analyses were normalized to 100 g).

If f, = 1, isovolumetric weathering occurs, whereas
fv <1lorf, > 1 denotes volume loss or gain respectively.

Composition-volume diagrams derived from equation
2 can be used to assess element mass transfer during
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weathering assuming, either (1) isovolumetric conditions,
or (2) immobility of one element chosen as reference.

(1) The first case means that fy; = 1. This condition
may be applied to the saprock horizons where the rock
structure is well preserved. In composition-volume
diagrams, the vertical line at fy = 1 on the
X coordinate intersects the other oxide lines. The value
on the Y coordinate is the gain (positive value) or loss
(negative value) of oxides during the weathering.

(2) The second case is more convenient for saprolite
horizons where the structure is destroyed (fy # 1).
Aluminum was chosen as the reference element con-
sidering that (a) in the range of the pH wvalues
(6.80—7.00) measured in the bulk samples (see
Table 3) Al is immobile (Reesman et al., 1969;
Wesolowski, 1992), (b) chlorite which is the only Al-
bearing mineral in the rock, remains only slightly
weathered throughout the profile. Moreover, (c) even
when some Al is leached during mineral-weathering
processes, it migrates only a short distance before being
trapped in the secondary minerals. The overall result, at
the scale of the bulk sample, is that Al content does not
change and that this element can be considered as the
immobile reference. This condition implies that X Al,O;
= 0. In composition-volume diagrams, the vertical line at
the f, value corresponding to X Al,O; = 0 on the
X coordinate intersects the other oxide. The value on the
Y coordinate is the gain (positive value) or loss
(negative value) of oxides during the weathering,
assuming immobile Al.

Various forms of Fe, Al and Si were extracted using
2 g of total sample from each horizon, and the solutions
were analyzed using ICP-AES. The amounts extracted
were compared to their total amounts obtained from
ICP-AES analyses of the bulk sample powders.
Dithionite-soluble Fe (Feq), Al (Alg) and Si (Siy)
corresponding to the poorly ordered inorganic and
organic, and crystalline components (Smith and
Mitchell, 1987), respectively, were determined accord-
ing to the method of Mehra and Jackson (1960), and
oxalate-extractable Fe (Fe,), Al (Al,) and Si (Si,),
corresponding to the poorly ordered inorganic and
organic components, respectively, (Smith and Mitchell,
1987), by the method of Schwertmann (1964).

The magnetic particles were separated from the total
powder with a hand magnet and identified by XRD.

The soil properties (organic carbon content, pH,
particle-size distribution, and cation exchange capacity
(CEC)) were studied on the <2 mm size fraction. The pH
was measured in water. The CEC was obtained using
1 M ammonium acetate at pH 7, and ammonium
exchangeable cations were measured by ICP-AES.
Particle-size analysis was performed after destruction
of organic matter with H,0, using sedimentation
methods.

Clay fractions were extracted using continuous-flow
centrifugation (Beckman J2-21 equipped with the JCF-Z
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continuous flow rotor), separated into four granulometric
fractions: <0.05 pum, 0.05—0.2 pm, 0.2—1 pm, 1—2 pm
and saturated with Ca.

Pressed pellets from the <0.05 pm clay fraction were
analyzed using a CAMECA SX 50 electron microprobe
(Service CAMPARIS, Universit¢ ParisVI) with wave-
length-dispersive spectrometers (WDS). The major
elements analyzed were Na, Mg, Al, Si, K, Ca, Ti, Mn
and Fe. The microprobe was calibrated using synthetic
and natural oxides. Corrections were made using a ZAF
program. The analytical conditions were as follows:
current intensity 4 nA; accelerating voltage 15 kV; spot
size 2 to 4 um; counting time 10 s per element. The total
error on the analyzed elements is <1.5%.

The XRD studies were carried out using a Siemens
Kristalloflex 810 diffractometer (40 kV, 30 mA) and
Ni-filtered CuKa, , radiation (d = 1.5406 A). Samples
were examined as random powders and Ca-saturated
parallel-oriented clay mineral aggregates. Additional
treatments of the specimens included K or Li saturation
and solvation with ethylene glycol. The XRD patterns
were obtained using a DACO-MP multichannel recorder
associated with a microcomputer using the Diffract AT
software (SOCABIM). The XRD patterns were decom-
posed into their elementary component curves using an
X-ray decomposition program (DECOMPXR, Lanson,
1993). Such decomposition is assumed to improve the
measurement of the positions and relative intensities of
the diffraction peaks.

The Hofmann and Klemen (1950) procedure, which
involves neutralization of the octahedral negative charge
in dioctahedral smectites by Li saturation and heating at
300°C, was used to determine the location of the layer
charge. The Harward et al. (1969) procedure which is K
saturation and heating at 110°C was used to differentiate
smectite (low charge) from vermiculite (high charge).
The smectite mean layer charge was calculated using the
method of Olis ez al. (1990) who proposed an empirical
method to determine the mean layer charge from dg;
values obtained after expansion of the clay minerals with
single, long chain alkylammonium ions (nC = 12).

Infrared spectra were recorded over the range
4000—400 cm™" on a Nicolet 510 FTIR spectrometer
using pressed disks containing an homogeneous mixture
of 1 mg of clay and 150 mg of KBr. The spectrometer
was continuously purged with dry air during the
scanning of the transmission spectra. These disks were
placed in a drying oven at 110°C for 12 h before IR
analysis.

Differential thermal analysis (DTA) curves were
acquired between 20 and 1100°C at a rate of 10°C/min
on 15 mg of clay sample with a NETZSCH 409 EP
thermal analyzer.

>’Fe Mossbauer absorption spectra over the range
+14 mm/s in 512 channels were recorded in the
‘Laboratoire de Chimie de Coordination’ (Toulouse,
France). The Mdssbauer spectrometer is composed of a
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compact detector y system for high counting rates and a
‘Wissel’ conventional constant acceleration Mossbauer
device. A °’Co (in Rh) source with nominal activity of
50 mCi was used. The spectra were obtained at 80 K to
benefit the 2°¢ order Doppler effect and recorded on a
Cambera multichannel analyzer, coupled to a computer.
The isomer shift was recorded with respect to o-Fe
metal. On the basis of the results of Rancourt et al.
(1993), the absorber sample thickness was approximated
to values for phyllosilicates of the phlogopite—annite
series. The values are ~200 mg/cm? of mineral. Powders
were finely ground under acetone (to minimize possible
oxidation of Fe) and placed in the plexiglass sample
holder. Lorentzian line shapes were assumed for
deconvolutions, based on least squares fitting proce-
dures. The 2 and misfit values were used to measure the
goodness of fit. For phyllosilicate minerals (Rancourt et
al., 1992, 1993; Rancourt, 1994a, 1994b), no orientation
effects are observed: the electric field gradients of [6]
Fe>", [4] Fe** and [6] Fe*" have different orientations.

RESULTS

Unweathered rock

The rock is a schistose serpentinite. Under polarized
light, the serpentine minerals present different morphol-
ogies: (1) pseudomorphic textures formed from olivine
(mesh and hourglass structures) or from pyroxene and
amphibole (thin blades); (2) serpentine fiber rims around
mesh and hourglass structures; and (3) cross-cutting
serpentine lodes (chrysotile). Some magnetites and
chromites surrounding the mesh or hourglass textural
units are included in serpentine fiber rims. The
magnesian chlorite appears as a characteristic green,
well crystallized mineral (100 pm), intimately asso-
ciated with serpentine. Some tremolite may occur in the
unweathered rock as a serpentinization effect and can be

Table 1. Chemical composition (wt.%) of the rock
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distinguished from the transported tremolite in the
allochthonous deposit. Such heterogeneity of the rock
may be observed only locally.

The chemical analysis of the unweathered rock is
given in Table 1. It is mainly composed of serpentine
with minor chlorite and magnetite, consequently the rock
chemistry is characterized by high Mg and Si contents.
The Mg chlorite is the only Al-bearing mineral in the
rock. As a consequence, the Al behavior in the profile
will be governed directly by the chlorite weathering
processes. The Fe content is related to the magnetite and
chromite.

The XRD pattern of the unweathered rock is
illustrated in Figure 2. The 7.30, 4.56, 3.65, 2.65 and
2.49 A reflections are characteristic of serpentine
minerals: lizardite and chrysotile. Chlorite gives a
regular series of basal spacings at 14.20, 7.10, 4.74,
3.56 and 2.85 A which did not change after ethylene
glycol saturation. The 060 and 062 reflections at 1.54
and 1.50 A revealed the trioctahedral character of the
chlorite and the presence of a type IIb structural unit
respectively (Shirozu, 1978; Bailey, 1980).

Weathered horizons

The mineralogical transformations of the serpentinite
during the weathering processes were estimated by the
relative intensities of XRD reflections for each primary
and accessory mineral (Table 2). The chlorite minerals
are preserved in the upper horizons and are more stable
than serpentines, especially in the advanced weathering
stage. The clay minerals appear early in the saprock
horizon, due to the early serpentine weathering. The
XRD patterns of magnetic particles show that rock
magnetite is locally transformed into goethite and to a
lesser extent into hematite.

The description and the properties of the weathering
profile are given in Table 3. The Munsell soil color

and the weathering samples from ICP-AES analyses.

Depth SIOZ A1203 F6203 MnO MgO CaO NaZO KzO T102 P205 LOI** Total
(cm)
Deposit
50—65 36.33 836  29.38 0.88 8.06 0.68 0.29 0.60 0.38 0.09 14.16 99.21
Upper saprolite
65—80 32.69 732 25.59 0.76  16.01 0.26 0.07 0.19 0.16 0.09 16.04 99.18
Lower saprolite
80—100 33.80 6.26 2436 059 1492 <D.L. <D.L. 0.06 0.09 0.06 1932  99.46
Upper saprock
100—120 39.29 5.44  18.34 025 1593 1.09 <D.L. 0.05 0.17 0.08 19.09 99.73
Lower saprock
120—140 37.97 401 18.81 0.06 19.10 0.12 <D.L. <D.L. 0.06 0.07  20.09 100.29
Rock 140 39.61 1.49 7.79* 0.08 3641 <D.L. <D.L. <D.L. <D.L. 0.08 14.60 100.06

D.L.: detection limit
*Total Fe as FeO
** LOI: loss on ignition
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Figure 2. XRD powder pattern of the unweathered rock sample. CHL: chlorite; SER: serpentine; MAG: magnetite.

typifies a brown soil profile; the pH is neutral and the
particle-size distribution is dominated by the clay
particles (40%). Because of the clay abundance, high
total CEC values were measured with dominant
exchangeable Mg.

The chemical analyses of each horizon are given in
Table 1. The relative element variation is given in
Figure 3. For example, the log Mg value is close to —0.3
down to 70 cm depth. Then, the ratio between weathered
element and rock element reaches [inv log (—0.3)] =0.5.
This value means that Mg is half as abundant in
weathered material as in rock. The elements show
three different behaviors: (1) the early leaching of Mg;
(2) the stability of Si; and (3) the relative enrichment of
Fe and Al to up three to four times rock concentration.
Calcium, Na®, K* and Ti*' cations, which are virtually
absent in the rock, are present in measurable abundances
in weathered horizons, especially towards the surface,
and are assumed to result from an allochthonous
contamination. These element contents are partly due

to tremolite and K-feldspar occurrence in soil. Local Ca
and Ti enrichment due to the heterogeneity of the rock
occurs at 110 cm depth, corresponding to the presence of
tremolite and titanomagnetite.

Composition-volume diagrams (Figure 4) show the
mass oxide variation according to different volume
factor values. As observed above, Mg is strongly leached
throughout the profile, and Si has a similar behavior, in
contrast to its stability recorded in the relative variation
calculation above. The discrepancy in Si behavior
between calculation methods is relevant to the con-
sideration of volume and mass in composition-volume
diagrams. Iron and Al tend to increase in weathered
horizons, especially towards the surface.

The results for the different forms of Fe, Al and Si
and their proportions in each horizon are given in
Table 4. We notice that almost the entire Si and Al
content in all fractions belongs to the structure of
silicates whereas Fe is distributed variously into silicates
and oxyhydroxides depending on depth. The silicate Fe

Table 2. Mineralogical evolutions estimated by the relative intensities of XRD reflections for whole-rock and weathering

samples.
Depth Serpentine  Chlorite ~ Magnetite Quartz  Tremolite Clay Secondary
(cm) chromite minerals oxyhydroxides
Deposit 50—65 * ook *Ek wok sk
Upper saprolite 65—80 ok Hk ok ok
Lower saprolite ~ 80—100 kK * stk ok
Upper saprock 100—120 * ok ok stk *
Lower saprock 120—140 ok okok koK
Rock 140 sk skokokk skkok

**** predominant; *** dominant: ** abundant; * minor
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Table 3. Pedological description and properties of the different horizons observed in the weathering profile.

Depth  Density =~ Munsell pH Carbon Organic Particle-size distribution (%)
(cm) (g/em®)  soil color  H,O content  matter Clay Fine Coarse Fine Coarse
(g/kg) (g/kg) silt silt sand sand
Saprolite 65—80 1.5 10YR 4/4 69 6.9 11.9 40.9 27.9 11.4 6.5 13.2
80—100 1.5 10YR 4/4 6.8 5.4 9.3 38.8 27.4 7.2 11.4 15.2
Saprock 100—120 1.5 10YR 5/6 6.8 33 5.7 39.6 27.9 19.4 6.3 6.7
120-140 1.2 10YR 5/6 6.8 2.6 4.5 41.8 29.8 20.8 0.4 7.3
Rock 140 22
CEC Exchangeable bases Saturation
(cmol(+)/kg) Mg Ca Na K (%*)
Saprolite  28.5 11.04 0.18 0.13 0.11 40.2
39.8 14.60 0.28 0.18 0.14 38.2
Saprock  40.9 17.60  0.27 0.16 0.13 44.4
38.7 1530 0.30 0.15 0.08 40.9

*Saturation %: (X exchangeable bases)/(CEC) (%)

shows a decreasing trend towards the surface, with
percentages ranging from 75 to 50%, reflecting the
increase in oxyhydroxide Fe. The oxy-hydroxide Fe
consists of 89% of crystalline Fe.

Bulk clay mineralogy

The XRD patterns of random powders show a similar
clay mineralogy in all separated fractions, the only
variation being the amount of residual primary minerals.
The <0.05 um clay fraction, with a very small primary
mineral content was chosen for further XRD and
chemical study for each horizon. The XRD patterns of
oriented Ca-saturated aggregates (<0.05 um), air dried
and ethylene glycol solvated (Figure 5a), display smec-
tite characteristics. The dyg; value at 17.20 A on
K-saturated, 110°C-heated, and ethylene glycol-solvated
specimens indicates that it is a low-charged smectite
(Harward et al., 1969). Intercalation of alkylammonium
ions (nC 12) leads to a dyg, value of 16.70 A
indicating a mean layer charge of 0.34 per half unit-
cell (Figure 5b). The position of the dys_33 peaks at
1.51 A indicates an Fe-bearing dioctahedral smectite.
The decomposition of the dys_33 peak was performed to
determine the main contributions of individual compo-
nents in the fine clay fraction. The decomposition shows

the main component at 1.51 A and two weak compo-
nents at 1.49 A and at 1.53 A which may be attributed to
a serpentine mineral or an aluminous dioctahedral
smectite and a trioctahedral smectite (saponite), respec-
tively (Figure 5c¢).

The XRD pattern of the Li-saturated and ethylene-
glycol solvated specimens (<0.05 um) is typical of an
expanded smectite with rational series of 17.20 and
8.60 A reflections. This Li-smectite, after heating at
300°C and ethylene glycol solvation, appears to be
composed of two layer populations: (1) collapsed mont-
morillonite layers with little or no tetrahedral charge
producing a reflection at 9.60 A; and (2) expanded
layers with tetrahedral charge producing a 17.20 A
reflection. The lack of a 002 reflection at 8.60 A in a
Li-300°C-EG XRD pattern may result from: (1) the
small amount of expanded layers; or (2) interstratifica-
tion of collapsed and expanded layers with non-rational
reflection series (Figure 5d).

The DTA curves of the fine clay fraction show a
dehydroxylation endothermic peak beginning at
350—400°C, up to 550°C. The greatest loss of hydroxyl
water occurs at lower temperatures for nontronite
(<550°C) than it does for beidellite (600°C) and mont-
morillonite (700°C). Thus, the endothermic peak on the

Table 4. Percentages of elements Si, Al and Fe in different forms (silicate or oxide) in the profile. (1) Crystalline Fe oxide:
[(Feq—Fe,)/Total Fel]; (2) poorly crystalline Fe oxide: [Fe,/Total Fe].

Fe (%) Si (%) Al (%)

Depth Silicate Fe Crystalline Poorly crystalline Silicate Si  Amorphous Si Silicate Al ~ Amorphous Al
(cm) oxide Fe(1) oxide Fe(2)

50—65 51.10 43.58 5.31 99.34 0.66 96.01 3.99
65—-80 47.00 45.94 7.06 98.95 1.05 99.19 0.81
80—100 55.16 37.71 7.13 98.45 1.55 99.82 0.18
100—120 71.67 2222 6.10 98.27 1.73 100.00 0.00
120—140 75.06 17.34 7.60 97.68 2.32 100.00 0.00
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Figure 3. Relative variations of major elements according to
depth.

curve is characteristic of nontronite, the presence of much
Fe depressing the temperature of the endothermic
dehydroxylation peak below 550°C (Mackenzie, 1970).

Table 5 lists calculated parameters from Mdssbauer
spectra of the <0.05 pm clay samples. In three specimens
located near the surface, some Fe oxide was detected and
is probably goethite, in agreement with XRD patterns.
Deconvolution of the resulting spectra permits the
quantification of the proportions of these oxides; the
values are 18%, 38% and 30% from the bottom to the top
of the profile. The higher values correspond to the
saprolite clays whereas the lower is located at the top of
the saprock horizon. In all samples, the Fe in silicate
minerals is Fe>* in octahedral sites. No trace of ferrous Fe
was detected, even in the deepest sample.

The chemical analyses (% oxides) using electron
microprobe (WDS) are performed on pressed Ca-
saturated fine-clay fraction (<0.05 pm) pellets of

https://doi.org/10.1346/CCMN.2004.05206013 Published online by Cambridge University Press

Clay minerals from weathering of serpentinite

785

Upper saprolite 60 cm

30 Icl? )
20 Haat
Iz Gains :
=191 ;%
3,11 .
X 04 08 % 12 v

-10

20

-30 .

- I v

ne P i ALO3

-50 ° + Fezoa
- MgOo

Lower saprolite 80 cm
(=]

40— : Si0,
. - Al03
50 " ¢ —&— Fe,0;
@ MgO

Upper saprock 100 cm

1] ‘e
10 9\' . E~”2
:l Gains :
0 fidgpbere f,
B :
510 :
-20 :
-30 .
¢ ——SiO
40 : -l ALO3
I ¢ A FeOs
-50 —-@- Vg0

Lower saprock 130 cm

Losses | :

-20
-30 l
-40 -5
1 L © - AlO3
-50 % ? + F6203
§I w - Vg0

Figure 4. Composition-volume diagrams according to depth.
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elements during weathering assuming either: (1) f, = IL:
isovolumetric condition (saprock horizon); or (2) X Al,03 = 0:
immobile Al condition (saprolite horizon).
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Table 5. Parameters from Mdssbauer spectra recorded at 80 K.

Depth Silicate Oxide

(cm) QS IS % Qs IS H(T)% %
Deposit 50—65 0.367 0.444 70 0.005 0.445 47.523 30
Upper saprolite 65-80 0.331 0.449 62 —0.246 0.454 47.129 38
Lower saprolite 80—100 0.304 0.424 100 0
Upper saprock 100—120 0.328 0.453 82 —0.264 0.496 47.224 18
Lower saprock 120—140 0.316 0.453 100 0
Rock 140 0.333 0.445 100 0

QS: quadrupole splitting

IS: isomer shift relative to o-Fe metal
H(T)%: magnetic field in Tesla

%: percentages of silicates and oxides

saprock and saprolite horizons previously studied by
XRD (see Figure Sa—d). The Mdossbauer data indicate
that the majority of iron (70%) was located in clay
structures under Fe** oxidation state in octahedral sites.
Pellet chemical analyses were then corrected from 30%
Fe located in oxide structure. For previous XRD data

50000

°20 (CuKa, )

1.51 A

Saprock horizon

1.49 A

59.6 61.5 63.5

Saprolite horizon

59.6 62.5

C

60.5 61.5 63.5

°26 (CuKa,,)

(especially Figure 5a,d) showing only smectite occur-
rence, the chemical analyses were used to calculate a
mean structural formulae on the basis of 11 oxygen
atoms (Table 6). The result shows that the <0.05 pm
clay fraction has a smectite composition mainly
characterized by a dioctahedral occupancy. Iron is the

—— Saprock
—— Saprolite

8000 16.7 A
6000
4000

2000

3 5 7 9

°268 (CuKka,.)

z —-_— Li+EG
12000, 17.2 A
- i 300°C+ EG
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3 8 13
220 (CuKa,.)

d

Figure 5. (a) Oriented XRD patterns of Ca-saturated smectite (<0.05 um), air dried (AD) and ethylene glycol solvated (EG). *7.3 A:
001 serpentine. *7.1 A: 002 chlorite. (b) Oriented XRD patterns of alkylammonium-saturated smectite (<0.05 pm). Method of Olis
et al. (1990): empirical method to determine the mean layer charge (MLC) from d; values obtained after expansion of the clay
minerals with single, long-chain alkylammonium ions (nC = 12). dyo; =16.7 A; doo1 =5.52+32.98 MLC; MLC = 0.34 per half unit-
cell (Olisetal., 1990). (c) Decomposition of the dyg 33 peak of Ca-saturated smectite (<0.05 pm) for saprock and saprolite horizons.
(d) XRD patterns of oriented Li-saturated smectite (<0.05 um), ethylene glycol solvated before heating (Li + EG) and after heating
at 300°C (Li300°C + EG): determination of the layer charge location by the Hofmann and Klemen (1950) procedure.
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prevailing octahedral cation. Some chemical variations,
from saprock to saprolite, are observed: (1) the Al
content increases significantly (0.53 to 0.97 atoms);
(2) the Fe content decreases (1.47 to 1.10 atoms); (3) the
Mg content seems to be almost constant (0.25—0.37
atoms); and (4) the total charge decreases slightly (0.61
to 0.37), balanced by a decrease in the Ca content in
relation to decreasing interlayer charge.

The Hofmann and Klemen treatment has revealed two
smectite layer populations in both saprock and saprolite
clays (<0.05 pm): montmorillonite and nontronite types.
These two populations are also distinguished using
electron microprobe data. The chemical analyses of

Clay minerals from weathering of serpentinite 787

these phases are scattered along a mixing line between
two poles: (1) a smectite with small tetrahedral charge,
i.e. montmorillonite; and (2) a smectite with large
tetrahedral charge. Considering that Fe is the prevalent
octahedral cation, these smectites can be identified as Fe
montmorillonite and nontronite. This chemical trend is
better shown in the saprolite than in the saprock where
the composition range is more restricted in the
0.25—0.36 tetrahedral Al range. This could be related
to an insufficient number of analyses. However, the
composition ranges of clays in saprock and saprolite are
clearly separated on the basis of both total Fe and Al
contents (Figure 7a).

Table 6. Structural formula per half unit-cell (11 oxygens) of the Ca-saturated smectites (<0.05 pm) calculated from electron

microprobe analyses (WDS).

Saprock: 100—140 cm (17 analyses)

Si VAl VIAL Octahedral ~ Charge (VI)  Total Interlayer charge Al total Fe** Mg
occupancy charge (exchangeable Ca)
3.69 0.31 0.25 2.09 0.13 0.45 0.41 0.56 1.41 0.34
3.64 0.36 0.22 2.12 0.06 0.42 0.38 0.58 1.45 0.35
3.64 0.36 0.20 2.04 0.25 0.61 0.55 0.56 1.43 0.32
3.68 0.32 0.24 2.07 0.18 0.50 0.43 0.56 1.41 0.32
3.69 0.31 0.24 2.07 0.18 0.49 0.44 0.56 1.41 0.31
3.69 0.31 0.25 2.08 0.16 0.46 0.42 0.56 1.41 0.32
3.71 0.29 0.27 2.07 0.17 0.46 0.41 0.56 1.38 0.32
3.75 0.25 0.28 2.02 0.27 0.52 0.42 0.54 1.37 0.28
3.68 0.32 0.25 2.07 0.16 0.48 0.43 0.57 1.43 0.31
3.71 0.29 0.28 2.05 0.22 0.51 0.47 0.57 1.38 0.30
3.71 0.29 0.28 2.06 0.19 0.48 0.43 0.57 1.38 0.32
3.67 0.33 0.25 2.08 0.13 0.46 0.44 0.58 1.43 0.32
3.72 0.28 0.25 2.06 0.17 0.45 0.42 0.53 1.42 0.30
3.69 0.31 0.23 2.06 0.16 0.47 0.43 0.53 1.45 0.30
3.67 0.33 0.25 2.09 0.12 0.45 0.41 0.57 1.43 0.32
3.65 0.35 0.20 2.06 0.18 0.53 0.48 0.55 1.47 0.31
3.73 0.27 0.27 2.06 0.18 0.46 0.42 0.54 1.41 0.30
Saprolite: 65—100 cm (19 analyses)
Si VAl VIAL Octahedral ~ Charge (VI)  Total Interlayer charge Al total Fe’* Mg
occupancy  charge (exchangeable Ca)
3.64 0.36 0.51 2.12 0.05 0.41 0.36 0.87 1.17 0.36
3.65 0.35 0.56 2.13 0.04 0.40 0.37 0.91 1.12 0.37
3.64 0.36 0.52 2.12 0.05 0.41 0.36 0.88 1.18 0.34
3.69 0.31 0.59 2.10 0.06 0.37 0.34 0.90 1.13 0.30
3.65 0.35 0.55 2.11 0.04 0.39 0.36 0.90 1.17 0.32
3.80 0.20 0.52 2.03 0.22 0.42 0.38 0.72 1.18 0.25
3.80 0.20 0.54 2.03 0.24 0.43 0.39 0.73 1.15 0.27
3.72 0.28 0.51 2.08 0.11 0.39 0.36 0.79 1.20 0.28
3.82 0.18 0.54 2.03 0.22 0.40 0.37 0.73 1.16 0.25
3.76 0.24 0.52 2.04 0.20 0.44 0.41 0.76 1.19 0.26
3.64 0.36 0.53 2.12 0.03 0.39 0.36 0.89 1.17 0.34
3.64 0.36 0.57 2.13 0.00 0.36 0.34 0.93 1.15 0.33
3.81 0.19 0.54 2.02 0.25 0.44 0.39 0.73 1.14 0.26
3.79 0.21 0.58 2.05 0.18 0.38 0.35 0.79 1.12 0.27
3.76 0.24 0.59 2.06 0.15 0.38 0.35 0.82 1.12 0.30
3.80 0.20 0.60 2.04 0.19 0.39 0.36 0.80 1.10 0.27
3.69 0.31 0.52 2.04 0.21 0.52 0.47 0.83 1.16 0.29
3.54 0.46 0.49 2.15 —0.01 0.44 0.39 0.95 1.20 0.37
3.53 0.47 0.49 2.16 —0.08 0.40 0.36 0.97 1.23 0.36
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Figure 6. (a) FTIR spectra according to depth of Ca-saturated smectite (<0.05 pm) in the VOH region. (b) FTIR spectra according to

depth of Ca-saturated smectite (<0.05 pm) in the SOH region.

The IR spectrum of a fine clay fraction from saprock
and saprolite is similar to a nontronite spectrum. In the
OH-stretching region (Figure 6a), a broad absorption
band between 3550 and 3580 cm™' was attributed to
several contributions of individual structural OH groups
probably occurring in the octahedral sheet of the fine
clay fraction, indicating an Fe-rich smectite. The main
components at 3550 and 3570 cm ™' were attributed to
vFe3"OH and vFe*"AlOH, respectively (Farmer, 1974;
Goodman et al., 1976; Madejova et al., 1994; Petit et al.,
2002). That there were no trioctahedral occupancies was
indicated by a band at 3680 cm™' (vMg;OH). Weak
absorption bands at 3690 and 3620 cm™' with increasing
intensities in the upper part of the soil profile were
attributed to v{AI3TOH and v,ALI3"OH, respectively, and
are characteristics of a kaolinite spectrum. However,
XRD did not detect kaolinite in the fine clay fraction.
The IR spectra may indicate a small kaolinite content
especially towards the surface in the interface with the
allochthonous deposit. Kaolinite is commonly present in
smectite-rich samples though it is not detected by XRD
(Delvaux et al., 1989; Petit et al., 1992; Madejova et al.,
1995). Kaolinite can be detected in amounts from 7%o
and be characterized in smectite-rich samples by an
absorption band at 3690 cm™' for abundances >1%
(Joussein et al., 2001).
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0.45 ﬂ - I
-8 g
0.35
025 e
0.15
0.054 1 2
0.05J 0.10 0.20 0.30 0.40 0.5
‘Al
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1: pole montmorillonite

In the OH-bending region (Figure 6b), there were two
main absorption bands at 874 and 819 cm™' which were
assigned to 8AIFe*"OH (Farmer, 1974) and &Fe3'OH
(Goodman et al., 1976), respectively. The absorption band
at 874 cm™! tends to increase in intensity towards the
surface whereas that at 819 cm™' decreases slightly. This
evolution may be interpreted as the integration of Al in
the smectite octahedral sheet in place of Fe. The increase
of the band at 920 cm™! (SAL3"OH) (Farmer, 1974)
towards the surface was probably due to the kaolinite
contribution. However, as no kaolinite was detected by
XRD, its amount will be <5% (XRD detection limit) and
thus, its contribution to Al contents in the clay minerals
can be ignored. In the region between 600 and 750 cm ™',
there was an absorption band at 685 cm™" attributed to
Si—0—""Fe (Farmer, 1974).

The IR data permit the conclusions that: (1) there was
little variation in smectite composition with profile
depth: the Al content in the octahedral sheet seems to
increase towards the surface whereas the Fe content
decreases slightly; (2) in all samples, Fe is the prevailing
octahedral cation but Al is also present in the octahedral
sheet; (3) there were no discernible absorption bands
corresponding to 8Fe*"MgOH and 8AI**MgOH, indicat-
ing that Mg is not present in the octahedral sheet and
there is no evidence of Mg in trioctahedral sites.
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Figure 7. Chemical variation between saprock and saprolite Ca-saturated smectites (<0.05 pm). (a) Relationship between
tetrahedral charge and total Al and Fe contents of smectites. (b) Relationship between the tetrahedral and octahedral smectite

charges.
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DISCUSSION
Weathering characteristics

In the early weathering stage where the rock structure
is well preserved, petrographic observations show that
the serpentine minerals are brown colored which
indicates the replacement of the serpentine mineral by
clay minerals. The particle-size distribution indicates
that clay minerals appear appreciably at the saprock
horizon, with the clay percentage reaching 37% below
120 cm depth. Relative intensities of XRD reflections
for each primary mineral (Table 2) show that serpentine
decreases in abundance early when compared to the
chlorite. The chemical analyses of each horizon in
comparison with the unweathered rock shows the
relative enrichment of the Fe and Al relative to Mg.
Bulk mass-balance shows that leaching of both Mg and
Si occurred, reflecting the early destabilization of
serpentine minerals. Part of this Mg appears as interlayer
exchangeable cations (15 cmol(+)/kg), in comparison
with Ca, Na and K which are <0.3 cmol(+)/kg. The IR
data show (1) no evidence for trioctahedral occupancy
and (2) no discernible Mg presence in the structure. All
arguments demonstrate that the dominant rock alteration
processes are (1) the early serpentine weathering indu-
cing important leaching of Mg and (2) the relative
immobility of Al and Fe in the profile (relative stability
of chlorite and magnetite in comparison with serpentine
minerals), both elements which will control the clay
mineral formation during weathering. Indeed, bulk clay
mineralogy indicates an Al- and Fe-rich smectite
composition.

Evolution of bulk-clay chemistry

Chemical analyses, using electron microprobe, of the
clay fraction indicate an Al content increasing towards
the surface, as supported by IR data which show
increasing octahedral Al content in clays from upper
horizons.

This bulk-clay evolution is due to the chemical
weathering of the only Al-bearing mineral in the rock,
i.e. chlorite. This weathering mineral liberates increas-
ing amounts of Al to the upper horizons, which is
partially trapped in Fe-rich smectites and in kaolinite
near the interface with the allochthonous deposit. Iron,
which increases in the bulk samples (see Table 1) but
decreases from saprock to saprolite clays (<0.05 pm) is
mobilized to form oxides.

Charge variation

The smectite mean layer charge calculated in
accordance with the method of Olis et al. (1990) varies
between the values of 0.33 and 0.36 per half unit-cell in
the profile and characterizes a low-charge smectite.
However, the structural formulae on the basis of 11
oxygen atoms calculated from chemical analyses of the
clay fraction using electron microprobe (Table 6) shows

https://doi.org/10.1346/CCMN.2004.05206013 Published online by Cambridge University Press

Clay minerals from weathering of serpentinite

789

that the total charge decreases slightly from saprock to
saprolite. In agreement with total charge decrease, the
Ca content in the interlayer of Ca-saturated clay fraction
decreases.

The relationship between the tetrahedral and octahe-
dral smectite charges is given in Figure 7b. The
tetrahedral charge resulting entirely from Si-Al substitu-
tions (sufficient Al to balance the Si deficit) is well
correlated with the octahedral charge calculated with
excess Al, total Fe and Mg. Two poles can be
distinguished in saprock and saprolite clays: one pole
with high tetrahedral charge and no octahedral charge is
of nontronite-beidellite type, and another pole with
octahedral charge and low tetrahedral charge is of
Fe-rich montmorillonite type. A more detailed relation-
ship between tetrahedral charge and total Al and Fe
contents (Figure 7a) indicates that a discrimination
exists between saprock and saprolite clays. Considering
the tetrahedral charges, the clay minerals in saprock and
saprolite exhibit the same chemical trend between low
and high tetrahedral charges. However, considering total
Al and Fe contents, these clays differentiate into two
chemical composition domains, Fe-rich for saprock
clays and Al-rich for saprolite clays.

These observations indicate that the general weath-
ering in this profile is to form Fe and Al clay minerals, in
good agreement with (1) the leaching of Mg out of the
profile and (2) the relative immobility of Al and Fe. The
chemical discrepancy between saprock and saprolite
clays (Fe vs. Al compositions) could be related to the
formation of oxides in the saprolite. These oxides could
have trapped most of the Fe available in the saprolite
horizons, creating an Fe-depleted environment for clay
mineral crystallization.

CONCLUSIONS

This work demonstrates that, even in Mg-rich
weathering systems, ferric and aluminous smectites
may form due to Mg leaching in the early weathering
stages. Moreover, the smectites which crystallize in this
system are complex and heterogeneous with regard to
the amount of layer charge, the distribution of this larger
charge in tetrahedral and/or octahedral sheets, and their
chemistry.

Additional results seem to indicate that such miner-
alogical complexity may arise from the heterogeneity of
the weathering microsites in the weathering profile.
Actually, weathering of each primary mineral generates
particular microsystems with specific morphological,
mineralogical and chemical characteristics. As a conse-
quence, we need to identify these microsystems in
weathering sequences of each primary mineral in order
to improve our understanding of the relationship between
bulk clay mineralogy and individual primary mineral
contribution and of the weathering processes of serpenti-
nite. These objectives will be the topic of further work.
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