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ABSTRACT. The chemical weathering of orthopyroxenes under lat-
eritic conditions in the Western Ivory Coast shows three main stages. The
first stage is facultative and consists of the appearance of amorphous
products, the chemical composition of which is very near that of the
parent mineral. The second stage is marked by the occurrence of smectites
+ ferruginous talc-like minevals. The smectiles range between di- and
Irioctahedral series, and their chemical compositions tend either toward
the beidellite—nontrolite series or saponite. The third stage appears in the
upper part of the soil profiles. It is an iron oxi-hydroxide stage in which
well-crystallized goethite is found.
INTRODUCTION

Ultramafic rocks have been discovered in the Western Ivory Coast by
the Société de Développement minier de la Co6te d’Ivoire: S.o.d.em.i.
(Sipilou and Moyango areas). Studies in pits have permitted the descrip-
tion of a thick weathering mantle (Mathez, 1976; Kadio, 1976; Nahon,
1977, 1978; Nahon, Paquet, and Delvigne, 1982) developed at the expense
of a parent rock, which consists of serpentinized dunite with some local
facies of harzburgite, peridotites, and pyroxenites. Here we present pre-
liminary results obtained from studying the chemical weathering of
orthopyroxenes. Studies have been conducted in areas with tropical
climate with a long wet season and an annual rainfall rate of 1600 mm.

METHODS
Samples were studied by standard petrographic, mineralogical, and
geochemical methods: polarizing microscope, X-ray diffraction, scanning
. electron microscope (SEM), microprobe, and Méssbauer spectrometry. All
techniques were employed on undisturbed samples. In addition, pyroxenes
were hand picked under the binocular microscope. In this case, the
weathering products were extracted from these pyroxenes by ultrasonic
cleaning, then dried, and prepared for X-ray analyses. Pyroxene isolates
were also crushed, separated into several fractions, and analyzed by
X-ray diffraction, chemical methods, and Mossbauer spectrometry.

RESULTS OF OBSERVATIONS

The parent minerals—The parent rock is a finely granular pyrox-
enite (websterite variety) which consists essentially of orthopyroxenes
(enstatite and sometimes bronzite) as identified by microprobe analyses.
The average formulae obtained are the following:

enstatite: [(Al(,,m,, Feg 174 Cro o8 Mgy 714 Nigoos Cag g45)
(Sisos0 Alg.os1) Ogl;

bronzite: [(A.lo.ms Tip05 Feg a9 Crooms I\'Igl.sm Nio.oos) ‘
(Sll.921 Alo.om) Oc]-
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Under the optical microscope, in plane light, the pyroxenes are
translucent and appear as subhedral and for the smallest grains anhedral
crystals. Longitudinal sections (010 and 100) show unique and thin traces
of different cleavages. Transverse or subtransverse sections present ap-
proximately two gross orthogonal cleavages (110) and thinner and more
regular cleavage (010). These crystals are colorless or straw-colored to
brown yellow with slight pleochroism. The dark colors usually underlie
cleavages and cracks but sometimes are randomly distributed in diffuse
stains. Cracks and fissures run across the crystals and are either confined
to one crystal (intramineral cracks) or cut the rock (transmineral fissures)
(see pl. 1-A). Minute and discontinuous inclusions occur widely in cracks
and fissures, as well as in grain-boundary fractures, where they are some-
times associated with lizardite. These inclusions are opaque, gray, brown,
or black and consist of iron oxide (magnetite) and chromite crystals as
determined by microprobe results. Many cracks and fissures, however,
remain clean.

First stage of pyroxene weathering.—The weathering of pyroxene
originates from the voids where solutions penetrate but varies in intensity
according to the kinds of voids. The first stages of pyroxene weathering
appear along the boundaries of transmineral fissures, which are the most
open fissures. Afterward, the weathering affects pyroxenes at the walls of
grain-boundary fractures, then from intramineral sites (cleavage planes,
cracks, et cetera). In any case, a thin weathered “amorphous zone” gray
to colorless in plane light, isotropic under crossed polarizers, and X-ray
amorphous appears at the pyroxene margin (see pl. 1-B). This zone
consists, under optical microscope, of minute worm-shaped products or
most often of agglomerates, less than 1y in diameter. S.E.M. observations
show that these amorphous products are either fibers of irregular thick-
ness or, most often, shapeless aggregates (see pl. 1-C, -D, -E, -F, -G). The
fibers tend to curl and can intertwine. Within them a fine porosity is
developed. The fiber and aggregate surfaces are usually smooth, some-
times finely striated or rough.

Morphologically these noncrystalline constituents look like fibers and
aggregates defined in the weathering products of volcanic rocks as imogo-
lite and allophane by Yoshinaga and Aomine (1962), Wada (1966, 1977),
Yoshinaga, Yotsamoto, and Ibe (1968), Grim (1968), Russell, MacHardy,
and Fraser (1969), Eswaran (1972), Henmi and Wada (1976). However,
these non-crystalline products show large differences with respect to
imogolites and allophanes. Microprobe analyses show that the chemical
composition is very similar to enstatite, although there are small dif-
ferences: MgO decreases (~ 6 percent), and there is a relative increase
of the other elements: SiO, (~ 2 percent), CaO (~ 2 percent), Al,O,
(~ 1 percent) and FeO (~ 2 percent).

Here these products are “amorphous” and have to be considered as a
facultative transition product between unweathered pyroxenes and a
secondary clayey phase that we describe below. Indeed, facultative means
that these amorphous products appear only at the bottom of the weather-
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(A) Unweathered parent orthopyroxenes (P). C are cracks and fissures. Thin section in
plane light.

(B) Orthopyroxenes (P) weathered to amorphous products along cracks and fissures.
Thin section under crossed polarizers.

(C) Thin weathered amorphous skin (A) on orthopyroxenes (P). Note development of
porosity (V) between P and A. Scanning electron photomicrograph.

(D) Weathering of orthopyroxene (P) to amorphous product (A). The bare surface of
P is affected by dissolution etch pitting (see Berner and Schott, 1982). Scanning electron
photomicrograph.

(E) Worm-shaped amorphous products (A) from weathering of orthopyroxenes.
Scanning electron photomicrograph.

(¥) Weathering of orthopyroxene (P) to agglomerates of amorphous product (A), then
to talc (T). Scanning electron photomicrograph.

(G) Weathering of orthopyroxene (P) to amorphous product (A) then to smectites
(S). Note minute worm-shaped amorphous product developed at the expense of the bare
surface of P. Scanning electron photomicrograph.



PLATE 2

(A) Weathering of orthopyroxenes (P) to phyilosilicates (wp). Weahered prouuces a.e
developed from cracks and fissures at the expense of orthopyroxenes. Thin seciion
in plane light.

(B) Weathering of orthopyroxene (P) to phyllosilicates (wp), then to iron oxi-hydrox-
ides (0x). Note that orthopyroxcne is cut into scveral pieces which keep the same crystal-
lographic orientation as the original grain. Thin section under crossed polarizers.

(C) Weathering of orthopyroxene to agglomerates of amorphous product (A), then to
smectites (S) and talc (T). Note arrangement of smeciites in honey-comb structure and
talc in small plates. Scanning electron photomicrograph.



PLATE 3
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(A, B, and C) Weathering of orthopyroxenes (P) directly to plate-shaped talc (T).
Note increased porosity between the plates of talc. Scanning electron photomicrograph.

(D) Weathering of orthopyroxene (P) to smectites (S) and talc (T). Smectites (S,) are
covered by the plate of talc (T) itself covered by other generation of smectites (S,).
Scanning electron photomicrograph.

(E) Weathering of orthopyroxene (P) directly to smectites (S). Scanning electron photo-
micrograph.
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ing profiles and particularly consist of a well-developed phase at the
bottom of weathering profiles situated downslope of the sequence studied.
But we will see that in the upper horizon, the clayey phase develops
directly from orthopyroxene without intermediary amorphous phase. It
is clear that these amorphous products are linked directly to the first
stage of pyroxene weathering and correspond to residual products result-
ing from dissolution.

Phyllosilicate stage.—As we proceed up the soil profile (that is, with
increased weathering), the transition zone becomes thicker and phyllosili-
cates appear as weathering products distinct from amorphous material
(see pl. 2-C). However, more often, phyllosilicates appear to form directly
from orthopyroxenes without an intermediate stage of amorphous prod-
ucts (see pl. 3) at this stage of weathering. These secondary products
cut pyroxenes into several pieces. Under crossed nicols all the pieces
originating from one original pyroxene exhibit simultaneous extinction.
This indicates in situ weathering of the pyroxenes (see pl. 2-A, -B). Under
the polarizing microscope, the phyllosilicates consist of tightly cemented
gray vermicular aggregates and fibrous-shaped minerals with high inter-
ference colors. Analysis of optical behavior combined with X-ray diffrac-
tion of the clay fraction, obtained by ultrasonic cleaning from handpicked
pyroxenes, shows that the fibrous-shaped minerals are talc-like minerals
and that the vermicular aggregates consist of smectites. S.E.M. observa-
tions show that talc occurs as elongated laminae as well as small plates
or laths (see pl. 3); smectites appear as short, mixed, and interlocked
laminae, progressively organized into honeycomb structures (see pl. 2-C).
The S.E.M. observations suggest that these minerals are authigenic over-
growths on amorphous products or on the bare surface of pyroxene.
Optical microscopic observations demonstrate that phyllosilicates are
developed inside the original pyroxene (pl. 2-A, -B). This transformation
into phyllosilicates is an ‘“‘isovolumetric transformation” in the sense of
Millot and Bonifas (1955), which is characterized by a conservation of the
parent mineral texture (for example, talc-like minerals and smectites are
pseudomorphous after enstatite).

Both the talc-like minerals and smectites appear in paragenesis. It is
common to observe laminae of smectite covered with a lath of “talc,”
itself covered with another laminae of smectite (see pl. 3-D). For each
zone studied, the talc-like mineral appears either as a mainly non-swelling
mineral with a normal basal spacing close to 9.35 A or as a mineral with
small proportions of swelling layers. Details of these analyses are given by
Duplay, Paquet, and Nahon (1981). When swelling layers are clearly
present, the talc-like mineral must be regarded as an interstratification in
which the predominent constituent has a talc structure. The talc end-
member appears to be a slightly nickel bearing mineral, and it is irregu-
larly intergrown with swelling layers. These latter could be regarded as
saponite, as suggested by both X-ray diffraction analyses and chemical
analyses (Allieti, 1956; Veniale and Van Der Marel, 1968; Guenot, 1970;
Weaver and Pollard, 1973; Trescases, 1975).
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PLATE 4

C;,A 'f:

(a) “laic (T) pseudomorph after orthopyroxene, weathering to iron oxi-hydroxides
(ox). Note preservation of original textures. Thin section under crossed polarizers.

(B) Talc (T) pseudomorph after orthopyroxene. Observe relicts of unweathered
orthopyroxene (P). Scanning electron photomicrograph.

(C) Weathering of talc (T,) to talc-shaped iron oxi-hydroxides (T,
sive transformation from smooth and flexible plate of talc to pufte
iron oxi-hydroxides. Scanning electron photomicrograph.

(D) Iron oxi-hydroxides pseudomorphous after plates of talc. Note increased porosity.
Scanning electron photomicrograph.

2)- Note the progres-
d, and rigid plate of
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Microprobe analyses of the talc-like minerals demonstrate the mixed-
layer character of these minerals as shown by the average formula: [Ca, 15
(Mg5.410 Nig.os Tig.0p Croaze Fedtg 50) (Fe3Fg.401 Algaor Si;2z0) Oy (OH),J
Furthermore, one notes that “talc” shows a deficiency of Si*+ in the
tetrahedral sites because of substitution by Al*+ and Fe®+. This resembles,
with some differences, the chemical analysis given by Veniale and Van
Der Marel (1968) for the mixed layer talc-saponite of Ferriere in Italy.

Smectites range in composition between di- and trioctahedral series.
Compositions obtained tend toward the beidellite-nontronite series (smec-
tite 1) or in the direction of saponite (smectite 2) and that even when a
single minute aggregate is analyzed. The average formulae obtained are
the following:

Smectite 1: [Cag. 038 Ko.o0s (Mg1.050 Ni‘o.seo Cr3+4 450 Tig010
Fed+, 5o Alg.21) (Alg.r7s Siga25) Oz (OH),]

Smectite 2: [Cao.sos Ko.017 (I\’ng.cso Nio..oss Cr3tg 419 Tig 070
Fe3+g 455 Alg s07) (Alyazg Sigs77) Oz (OH)4]

Hence, from enstatite, the weathering process yields a “talc” +
smectite paragenesis in which smectites appear as a [real] solid solution
series. Under the optical microscope these smectites will display a higher
relief than normal smectites, due to the presence of iron in the lattice
which is in agreement with Winchell's (1945) observations. Chromium
and nickel contents increase in phyllosilicates relative to enstatite with
this concentration being more important in smectites than in talc. Further-
more, if we consider that in the parent mineral the chromium to nickel
ratio is about 9 whereas it is 1 to 4 in the smectites, we can point to a
notable increase of the nickel content with regard to chromium. Overall
in smectites the nickel concentration is about thirty times higher than in
enstatite while chromium concentration has only doubled.

Iron oxi-hydroxide stage.—A third stage can be reached during the
continued progress of weathering. This stage appears in the upper part
of the profile where horizons become browner and more ferruginous.
Smectites and talc are transformed into iron oxi-hydroxides. On plate 4,
we can observe the progressive transition between talc, as pseudomorphs
after enstatite, and iron oxi-hydroxides which are pseudomorphous after
talc. These iron oxi-hydroxides generally occur in the form of well crystal-
lized brown goethite, but an intermediary stage can exist which consists
of opaque and brown amorphous iron oxi-hydroxides which contain
significant amounts of magnesium and silica. The chemical analyses of
these amorphous products are variable (table 1).

Thus, we have to consider the first part of the iron oxi-hydroxide
as being X-ray amorphous or very poorly crystallized but the richest in
foreign elements. This stage probably corresponds to the “ferrihydrite”
described by Chukhrov and others (1973) and Schwertmann and Fischer
(1973) and considered by Kuhnel, Roorda, and Steensma (1978) as a very
poorly crystalline ferruginous phase, able to collect foreign elements by
chemisorption or substitution.
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The end product of weathering is goethite which is often well-crystal-
lized. Chemical analyses of goethite show appreciable amounts of Si, Al,
Cr, and Ni. Moéssbauer spectrometry analyses, performed at the Labora-
tory of “Physique du Solide” at Nancy (France), indicate the presence of
the elements that substitute for iron, although it was not possible to
separate the goethite resulting from pyroxene weathering from that
generated by olivine. Although Al substitutions mask others, chemical
analyses require that Ni and Cr are the elements necessary to complete
the 13 mole percent deficiency in iron (Nahon, Paquet, and Delvigne,
1982). This is in agreement with Schellmann (1978) who considers that
soil goethite contains substituted Ni, Al, and even Cr in its lattice. The
possibility of such substitutions was demonstrated by Forestier and
Chaudron (1925) for chromium and by Correns and Engelhardt (1941),
Norrish and Taylor (1961), Janot and Gibert (1970) for aluminum. If so,
the pattern of silicon distribution shows that this element is probably
found only as minute irregular silica-rich inclusions. The substituted
goethite would have been generated by the dissolution of ferrihydrite
and recrystallization in situ. Finally, some well-crystallized goethites are
almost pure, without substituted Al, but with a low Cr and Ni content.
These goethites are two times more chromiferous than nickeliferous
(Cr ~ 0.1 percent; Ni ~ 0.05 percent) as we can see on the chemical anal-
ysis:

§iO, AlLO; Cr,0, NiO Fe,O; TiO, H,O Total
L1, — 0.11 0.045 87.74 0.06 10.01 99.11

Part of the nickel is probably released near the bottom of the profile
at the same time as a great part of the silica.

CONCLUDING REMARKS

Berner and others (1980) have demonstrated dissolution etch pits
which occur on the bare surface of weathered pyroxenes and are devel-
oped on dislocation outcrops at the grain surfaces. In addition, studies of
the surface composition of ultrasonically cleaned soil grains (Berner and
Schott, 1982) and of partly dissolved minerals in the laboratory (Schott,
Berner, and Sjoberg, 1981) indicate that initially a very thin (~ 10 A)
cation-depleted layer forms on the surfaces of pyroxenes, but subsequently

TABLE 1
Chemical analyses of amorphous iron oxi-hydroxides

Sio, 13.71 20.00 17.34 26.63 10.20 18.57
ALO, 457 3.98 5.22 450 456 5.36
Cr,0, 2.09 1.44 1.83 0.81 1.35 1.07
NiO 1.44 1.29 1.45 1.56 1.23 1.14
Fe,O, 60.65 4757 54.28 40.66 58.09 48.66
MnO — — — — — —

MgO 2.14 7.07 2.97 3.95 1.07 2.14
CaOo 0.09 0.23 0.11 — J— 0.21
K.0O 0.01 — 0.01 0.13 — 0.03
TiO, 0.01 — 0.20 0.03 0.03 0.01
H,0* 15.25 18.40 16.72 21.68 2345 22.98

Total 99.96 99.98 100.1 99.95 99.98 99.97
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this layer maintains a constant thickness so that continued dissolution is
congruent. This dissolution is a surface-reaction controlled process, and
it constitutes the earliest stage of weathering.

Under lateritic conditions our results show that, upon continued
dissolution, an amorphous product is formed first. This is a facultative
stage. The chemical composition of the amorphous product is near that
of fresh parent mineral: one notes mainly a slight Mg depletion and a
disordered in situ reorganization of the remaining elements. This amor-
phous product can be separated from the bare surface of unweathered
pyroxenes by ultrasonic cleaning and, therefore, constitutes a weathering
skin from which secondary phyllosilicates can be generated.

Generally phyllosilicates as weathering products of ultramafic min-
erals, are most often designated by the useful term “garnierite” (Pecora,
Hobbs, and Murata, 1949). In this study, they consist of talc and smectites
associated in the same paragenesis. Talc identified by X-ray diffraction
appears as a normal talc, interstratified with a small proportion of swell-
ing mineral. We call it “talc-like mineral.” This talc, which is found in
pseudomorphs after pyroxene, may be diflerent from the talc-like mineral
described by Maksimovic (1966), Brindley and Pham Thi Hang (1973),
Brindley and Maksimovic (1974), Brindley, Bish, and Wan (1977), Brind-
ley (1978), Esson and Carlos (1978), Bailey (1980) and which is regarded
as kerolite, that is, a partly disordered talc.

Smectites such as nontronites are known as products of ultrabasic
weathering (Sherman and Uehara, 1956; Wilshire, 1958; Trescases, 1975;
Bosio, Hurst, and Smith, 1975; Brindley and De Souza, 1975); saponites
or saponite-like minerals are less common but also occur as weathering
products of ultrabasic minerals (Craig and Loughnan, 1964; Wiewiora,
1978). In our study petrographic, mineralogical, and geochemical anal-
yses show that it is very difficult to characterize these clay minerals, which
seem to constitute a solid-solution between the nontronite-beidellite and
saponite series.

The evolution of orthopyroxene weathering ends with iron oxi-
hydroxides. Here we observe that a series exists between amorphous or
poorly crystallized iron oxi-hydroxide, rich in foreign elements, and
particularly in silicon, and well crystallized goethite in which Al, Ni, and
Cr probably substitute for iron. Each successive stage of this iron oxi-
hydroxide series develops from the one formed earlier by dissolution and
recrystallization in situ with a release of a part of the foreign elements
until an almost pure goethite is obtained. During this evolution from
phyllosilicates to well-crystallized goethite, Ni and Cr are progressively
released to solution.

Our results show that lateritic pyroxene weathering, including both
dissolution and precipitation of new phases, is essentially congruent ini-
tially, but upon continued dissolution higher in the soil profile, magne-
sium and then silicon are lost preferentially to iron until ultimately a
layer of almost pure goethite results. This suggests that the earliest stages
of weathering take place under essentially closed system conditions with
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later weathering involving the flushing out of cations and silica, due
either to slower dissolution rates or, more probably, to an increased
rate of flushing of the soil by water (for example, Berner, 1978).
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