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A B S T  R A C  T : Different types of chlorite and related mixed-layer minerals have been found in 
profiles developed on ultrabasic rocks of Ivory Coast and Brazil. Normal chlorites, with low K 
and Ni contents, are of hydrothermal origin and are situated at the bottom of the alteration 
profile. At the top of the profile the mixed-layer minerals are Ni-chlorite/vermiculite, which 
formed under weathering conditions, or K-chlorite/vermiculite, resulting from the alteration of 
mica. The Ni-content of the chloritehermiculite can reach 10% NiO. 

Clay minerals formed as alteration products of ultramafic rocks (by hydrothermal 
alteration or weathering) include several types of mixed-layer species: talc-saponite 
(Veniale &. Van Der Marel, 1968), saponite-swelling chlorite (Veniale & Van Der Marel, 
1963), chlorite-swelling chlorite (Mejsner, 1978; Casanova & Knopf, 1969), chlorite- 
saponite (Trescases, 1975 ; Wiewiora, 1978), chlorite-montmorillonite (Wackermann, 
1975), chlorite-smectite (Wilshire, 1958; Pion, 1979); chlorite-vermiculite (Brindley & De 
Souza, 1975a,b; Trescases, 1975; Wackermann, 1975; Ducloux et al., 1976; Wiewiora, 
1978; Nakamuta, 1981; Dubinska, 1984). Some of these minerals have been found in 
ultramafic bodies in Moyango, Ivory Coast, and Angiquinho, Brazil, which have been 
studied for their Ni content. At Moyango, Ni occurs only in clay minerals and the grade is 
too low for exploitation. At Angiquinho, however, serpentines and clay minerals are 
nickeliferous and the deposit is being exploited. This paper describes chlorites and 
mixed-layer minerals containing a chlorite structure found in alteration profiles on the 
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I Moyango and Angiquinho ultramafic bodies. 

T H E  M O Y A N G O  P R O F I L E  

The Moyango P2 profile was first described by Nahon (1978). It occurs at the top of a 
topographic slope in the Moyango ultramafic body (Nahon et al., 1982). The parent rock 
at the bottom of the profile is composed mainly of olivine, which is almost completely 
serpentinized. In a transitional layer (A), relicts of fresh olivine crystals have been altered 
to smectites and iron oxyhydroxides. In an ochreous ferruginous layer (B), the serpentines 
are transformed into amorphous material and the centres of olivine crystals have been filled 
with quartz (Nahon et al., 1982). A siliceous-ferruginous crust formed in this horizon 
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FIG. I .  Schematic diagram of the hlo)-ango profile. Ivorq- Cnast (after Nahm. 19781 and 
didrihution of the different chlorites and chloritic mired-layer minerals. -4 = trunsitionril layer: 
R = ochreous ferruginous loyer: C = reddish-purple ferruginous layer; I .  2. ... = types of 

chlorites or chlnritic minerals: 7. I ? .  . . . = sample numher. 

(Nahm. 1979). and has high Ni content (up to 3.5%). At the top of the profile. a 
reddish-purple ferruginous layer t C)  consists of a dark red to black matrix of talc, chlorite 
and quartz. In the nhole profile. five types of chlorite or ‘chloritic mixed-laper’ minerals 
have been found (Figs 1 and 2). 

T j p c  1. In seteral samples. 5-mm wide cracks C T O S ~  the rock and are filled wi th  talc and 
large massire chlorite cri  >tals. This chlorite is colourless in plnne-polarized light and dark 
grey under crossed polars. 
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FIG. 2. Pitlerent type5 of chlorites rind mixed-layer minerol$ of the hloyingo profile in thin 
>ection. A = :imphihole: a = altered amphihote: C = chlorite: c = altered chlorite: cl = clzq 
ininer:d>: Ci ’  = chlorite-..ermicutit~: O = iron nsh)droiides: O1 = olivine; Q = quartz: S = 

,erpentine: T = t d c :  V = i-oiti: Ve = rermiculite. 
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7 j y  2* Chlorite of type 2 is colourless in plane-polarized light and light grey under 
crossed polars. H m  ever. some parts of the crystals shon yellnw-orange colours under 
cros\ed polars. This chlorite is de\ eloped, without defined forms, in the scrpentiw matrix 
onl) in layer A. 

r p c  3. This tlpe is composed of large grey crystals. isolated within the serpentine or 
silice~)us matrix. Openins up of lamellae is sometimes obsened. In one sample, this type of 
chlorite has been altered tn  a microcrystalline product showing second-order interference 
colours. 

T v p  I occurs as small (. 1017 ,um) grains, colourless in plane-polarized light and light 
grei or  jello3-$ under crossed polars. These grains art: associated with 4ightly altered 
amphibole< (pargasitic hornhlende or magnesio-hornblende). X-ray ponder diffraction 
patterns shosed peaks at 14.3. 9.4 and 7.3 A which did not shift after ethilene gl)col 

' <  

- 4  treatment. After K-situration. the peahs were displaced t o  12.2. 8.1 and h . 2  4. 

1 TL pr I - 3 d S 
. 
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CLIHOCHLORE PEHHlHlTE 

FIG. 3. Positions of the different types of chlorite and mixed-layer minerals from the Moyango 
profile in the Foster (1962) classification. Black dots = average values. 

After heating the 14 A peak shifted to 12.1 A. This behaviour is characteristic of a 
chlorite-vermiculite mixed-layer mineral (Thorez, 1975; Nishyama et al., 1978). The type 4 
mineral is only found in the transitional layer. 

Type 5. In the C layer, ‘chlorite-like’ minerals occur as lamellae showing second-order 
interference colours. Lamellae are opened up at their extremities. The X-ray diffraction 
pattern was similar to that of the type 4 chlorite. 

The five types were analysed with an electronic microprobe, The structural formulae 
were calculated on the basis of 14 oxygens (Table 1). Using the AIPEA nomenclature, 
types 1 to 3 are clinochlore (Bailey, 1980). According to Foster’s (1962) classification, 
types 1 and 3 are at the boundary between clinochlore and penninite (Fig. 3). Type 2 
chlorites appears to be penninite with some high Si values corresponding to vermiculitized 
chlorites. A plot of Si vs. Ti, K and Ni indicates three groupings (Fig. 4): 

Types 1,2 and 3 with low Ti, K and Ni content; 
Type 4 with high Ti and K content; 
Type 5 with high Ni content. 

?, 

T H E  A N G I Q U I N H O  P R O F I L E  

This profile in the Niquelandia ultrabasic area, studied by Colin (1984), is developed 
on dunite, peridotite and pyroxenite and capped by a silcrete (Fig. 5).  The degree of 
serpentinization varies with the nature of the parent rock. In a coarse saprolite, pyroxenes 
have been altered to serpentines (bastite), along with sinuous minerals and amphibole 
crystals (Fig. 6). The sinuous minerals show second-order interference colours under 
crossed polars. The X-ray diffraction patterns and the chemical compositions are similar to 
those of the type 4 chlorite-vermiculite of Moyango. For these reasons, these minerals can 
be also considered as mixed-layer chlorite-vermiculites. At the top of the profile, in the 
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FIG. 4. Si v s  Ni. K and Ti di;igrams fir the chlorite< and mixed-laper minerals from the hloyango 
protile. Shaded weas = fields of composition of the difl'erent types. ßlack dots = average values. 

ferruginous sqwolite. Colin ( 1984) described white \ einlets crossing the ferruginous 
kaolinitic plasma. He showed that these veinlets were composed of' Ni-chlorite (polytype 
l u )  associated H ith asbolanes. However. based on their chemical compositions (Table 2 
and Fig. 7).  these minerals can also be considered as mixed-layer chlorite-vermiculites. The 
chemical analyses shov. high b I n 0  contents (up to 10"o) and C o 0  contents (up to 400) 
corresponding to the asbolanes (Cotin. 1984). This is the reason for the low totals of the 
analyses in Table 2. These Ni-chlorite-vermiculites are similar to type 5 of hiloyango. 

D I S C U S S I O N  

This study of two lateritic profiles developed on ultramafic rocks shows clearly the 
presence of five different types of chloritic minerals. Chlorites of type 1 either occur in veins 
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FIG. 5.  Schematic diagram of the Angiquinho profile, Brazil (after Colin, 1984). A = parent 
rock; B = partially altered rock: C = coarse saprolite; D = ferruginous saprolite; E = dusty 

ferruginous saprolite; F = silcrete. 

FIG. 6 .  Weathering of pyroxenes to serpentine coexisting with chlorite-vermiculite in the partially 
altered rock from the Angiquinho profile (after Colin, 1984). E = enstatite; D = diopside; O = 

iron oxhydroxide; B = bastite; SC = chlorite-vermiculite; number = analysis point. 

with talc or in the serpentine matrix. The chemical composition is that of typical chlorites in 
serpentinized rocks. These data suggests an hypogene origin for such chlorites. 

Type 2, within the serpentine matrix, has been locally transformed into vermiculite. The 
average chemical composition shows a high silica content but, when the structural formula 
is calculated on the basis of 22 oxygens, the alumina content is too low and the Mg content 
too high for a vermiculite. In the MR3-2R3-3R2 diagram of Velde (1977), the type 2 
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TABLE 2. lificroprobe analysec and structural formulae (based on 14 ox) gens) of chlorite-vermiculites from 
Angiquinho (Brazil) (Colin. 1984). A = chlor i te-vm"me t)pe 4. B = chlorite-vermiculite t lpe 5. 
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SiO, 

Allo, 
Tio, 

Fe O 
hlnO 
hfgO 
C a 0  
K , 0  
N i 0  
Cr,O, 
TOT 4 L 
si 

.A I 
A I 
Fe c Xln 
h3g 
Ca 
K 
Ni 
Cr 
Ti 
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31.77 
I .69 

14.93 
3.56 

27.03 
0.52 
3.15 
0.67 
1).70 

84.41 

n m  

3.185 
0.815 
0.Y48 

4.03h 
0,056 

n.304 

0 . w  

n. I 27 

0.050 
0.056 

5.980 

34.65 33.15 
1.80 1.58 

15.63 14.86 
3.22 3.22 

21.43 22.35 
0.23 0.37 
6.52 4.23 
2.76 3.67 
0.89 0.91 

57.27 84.34 

0.14 o.on 

3.415 3.362 
n.585 0.638 

0.275 n.272 

0.025 0.041 

n.219 0.299 
0.069 o m 3  
0.133 n.12o 

1.230 1.138 

3.14: 3.377 

0.818 0.547 

5.919 5.8t17 

A - 
32.85 

1.51 
14.11 
2.89 
0.00 

20.64 
0.13 
4.8') 
2.85 
0.74 

80.61 

3.471 
0.529 
1.250 
0.255 
3.249 
0.014 
0.547 
0.242 
0.062 
0.120 
5.739 

2 1 . 2  
2.56 

12.01 
3.28 
0.00 

16.59 
0.29 
0.00 
8.81 
0.89 

65.71 

2,877 
1.123 
0 .7w 

3.343 

0~000 
0.958 
0.095 
0.260 
5,859 

0.371 

o m 2  

25.08 
1.51 

13.16 
4.08 
0.00 

16.80 
0.43 
0.00 
9.53 
I .34 

71.93 

3.084 
0.916 
0.991 
0.419 
3.079 
0.057 
c)~000 
0.942 
0.130 
0.140 
5.758 

25.08 
2.59 

13.69 
3.76 
0.00 

16.74 

0.00 
10.44 

73.43 

0.35 

0.78 

3.026 

0.072 
0.379 
3.01 1 
0.045 
O.@@@ 
1.013 
0.074 
0.235 
5.729 

n.974 

26.17 
1.63 

16.04 
3.00 
0.00 

16.05 
0.54 
0.00 

10.42 
0.73 

74.58 

3.068 
0.932 
1.284 
0.294 
2.805 
0.068 
0. oon 
~1.982 
o m 8  
0.144 
5. h45 

29.46 
2.03 

17.97 
3.00 
0.00 

15.23 
0.41 
0.00 

11.48 
0.79 

80.37 

3.183 
0.817 
1.471 
0.27 1 
2.453 
0.047 
0.000 
0.998 
0.067 
0.165 
5.472 

B 

29.10 
1.55 

17.43 
2.40 
0.00 

13.96 
0.48 
0.00 

10.29 
0.69 

75.80 

2.821 
1.179 
1.443 
0.256 
2.h57 
0.052 
0.000 
1 .O56 
0.070 
0.149 
5.683 

Total iron as FeO. 
TOT.4L = Total of anal>ced oxides (Na,O and H,O not analysed: h ln0  and C o 0  are considered to he 

present in the asholanec). 
Z: =number of octahedral cations. 

composition lies on the line ZR 3-3 R in the chlorite field (Fig. 7). Thus the type 2 mineral 
can be considered as a chlorite. but partially vermiculitized; from its petrographic 
characteristics and its high Cr,O, content it is probably of hypogene origin. A similar 
occurrence has been described by Wackermann ( 1975) in the basalts of Senegal. 

Type 3 consists of large crlstals of chlorite together with fine-grained quartz or 
serpentines. Chemical compositions are close to types 1 and 2.  In the A1R3-?R3-3R2 
diagram. type 3 is also on the line ZR3-3R2. These similarities could indicate an origin for 
type 3 similar to that of types 1 and 2. 

Type 4 has high titanium and potassium contents. A petrological study of fresh parent 
roch of Moyango (Nahon. 1978) revealed the presence of phlogopite crystals. In samples 
where such a Ti- and IS-rich chlorite-vermiculite was analysed, phlogopite crystals no 
longer exist. This K- and Ti-rich chlorite-vermiculite is therefore likely to be an alteration 
product of the phlogopite. In the MR3-2R3-3R2 diagram (Fig. 7). analyses of type 4 are on 
the join phlogopite-chlorite. This transformation can be compared with the transformation 
of biotite to corrensite andlor chlorite-vermiculite in the acidic rocks. The temperature of 
this transformation is probably high but the Ni content (average 2-88 ,  maxjmum 5%) 
suggests a second stage of alteration at lower temperature. 
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FIG. 7 .  Position of the different chlorites and mixed-layer minerals in the MR3-2R3-3RZ diagram 
of Velde (1977). PHLOG = field of the phlogopite mica. C = field of Ni-chlorite in the literature. 
C-V = field of Ni-chlorite-vermiculite in the literature. * = chlorite type 1, Moyango. O = 
chlorite type 2, Moyango. U = chlorite type 3, Moyango. A = field of the type 4 
chlorite-vermiculite, Moyango. B = field of the type 4 chlorite-vermiculite, Angiquinho. @ = 

Ni-chlorite/vermiculite type 5, Moyango. = Ni-chlorite-vermiculite, Angiquinho. 

Type 5 corresponds to a Ni-bearing chlorite-vermiculite. Such mixed-layer minerals are 
common in lateritic profles developed on ultrabasic rocks (Table 3). Three origins can be 
considered: (i) they formed hydrothermally during the serpentinization process, (ii) they 
were neoformed at low temperature from solutions, (ic) they were produced by degradation 
through weathering of parent minerals (Veniale & Van Der Marel, 1968). At Moyango and 
Angiquinho, a hydrothermal origin is at variance with field observations (Nahon et al., 
1982; Colin, 1984). All petrological and mineralogical analyses indicate that nickeliferous 

vermiculites have not been observed in parent rock or at the bottom of the profiles. 
In the literature, chlorite-vermiculite mixed-layer minerals are generally considered to be 

degradation products of chlorites, with a minimum of structural changes, and exchanges in 
some cases of Mg by Ni and Al by Si (Hayes, 1970; Herbillon & Makumbi, 1975; 
Wiewiora, 1978; Bailey & Riley, 1977; Nakamuta, 1981; Senkayi et al., 1981). The data 
do not permit us to draw a similar conclusion for the Moyango and Angiquinho profiles. 
Furthermore, these Ni-bearing chlorites crystals are arranged as clusters within the 
weathering plasma which consists of silica and goethite. Enrichment of Al and Ni is a 
normal process at the top of lateritic profiles of Moyango and Angiquinho, i.e., layers 

7 

t minerals only occur in weathering horizons at the top of the profiles. Such chlorite/ 

- 



I A B L ~  3 .  Amlyses of Ni-chlorites and Ni-chltrritrs-verniiculites from literature. C = chlorite: C/V = chlorite-vermiculite: V = vermiculite. lo. Ilh = polytypes. 

References Type Sia,  Tio2 AI,O, Fe,O, Fe0  MnO MgO Ca0 Na,O K,O N i 0  Cr,O, Total 
-- . - - 

blontoya “k Baur (1963) C I lh  32.70 14.50 3.50 1.50 29.60 3 .20  0.30 86.60 
Ostrowicki ( 1965) c IIh 3748 12.68 2.73 0.71 24.71 0.18 0.01 0.02 2.93 86.45 
De Waal ( 11170) C I lh  27.27 15.21 4.35 2.78 0.O6 10.13 0.38 29.49 89.67 
Edel’Shteyn 19 Zumk (IY74) C 33.32 0.37 13.YS 4.89 0 , 5 l  0 . 1 1  27.56 0.28 0.35 0.06 6-84 88. I2 
Edel‘Shteyn L% Zuzuk ( 1974) C 28.W 0.75 15.34 12.41 15.40 0.29 0.10 0.05 11.63 Xh.50 
Wiewinra (1478) C IIh 30.58 0 . 2 0  18.45 1.29 1.71 31.25 0.01 0.20 85.04 Y 
Wieuinra (1978) C I Z ~  3n.43 r m  17.46 3.41 2.11 0 4 3  30.~1 0.01 0.93 84.91 5 
Esson tL C ‘ í d o s  ( I 978) C 33.74 9.Ol 3.21 20.41 0 . 5 5  18.Y5 86.09 4 
Schrauf ( 1882) CIV lu 33.79 15.47 4.01 3 . 3 ~  25.87 1.38 5.16 88.94 9 

Ostrowicki I 14651 C!V Il7 38.47 11.28 3.23 0.44 lO.03 0.08 0.14 0.07 7.51 80.24 3 
Ostrtrwicki ( IOhS) v lu 3 5 . 3 0  0 .08 13.90 3.48 n.o1 25.25 IHM 0.01 2.31 80.60 2 
Drindry 13 De Sciuza ( lY75a) c/v I lh  34.54) 15.05 12.05 3.07 18.12 0.09 0.02 6 4 1  8X.Yl 2 
Rrindlry $2 De Souza (J975a) C/V III]  33.60 14.35 14.40 2.17 17.75 0.10 0.07 5.75 823.10 

Brindley & Dr Souza ( 1075h1 C/V lu 34.58 17.01 4.22 0.35 23.30 0.11 7. so 87.07 
Brindey & De Souza (IY75b) C/V lu 3(i.OO 12.40 8.53 0.29 22 .00  0.25 (J.Ü4 0 . 0 2  7.00 86.53 
Brindle); & De Souza (1Y75hl C/\’ Itr 36.00 1.3.60 4.5s 0.58 2 2 . 5 0  0.40 I). I2 [).Oh 8.00 85.91 
ESSOII L% Carlos (IQ78) CIV 37.94 2.44 1.53 24.13 19.88 Sh.Cl9 
Esson 8¿ Carlvs ( 1478) CIV ~ . o - i  0.48 17.22 4.67 (1.43 0.21 22.15 o . 6 ~  o.ns o. 17 6.02 86.13 

0.24 (1.55 85,31 Ewrn & Carlos (1078) C 31.21 i h m  3 - 2 3  32.84 

Starkl(lX83) CIV lu 33.84 14.88 3.90 3.62 2+15 1.50  5.78 87.72 6 

Brindley & De Souza ( 197%) CIV Im 3 5 . 0 0  14.55 6.22 0 . 2 5  24.40 (1. I6 5.50 86.rJ8 

TOTAL = Total cif analysrd ovides (H,O not analysed). 
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where Ni-bearing chlorites occur. It is only in these horizons at the top of the profile that 
complete alteration of serpentines can be observed. Elements liberated from serpentines by 
dissolution may allow precipitation of nickeliferous chlorites. In this case, such minerals 
could appear as the result of a weathering process. At Moyango, the problem of the source 
of Al may be explained by the weathering of feldspathic rocks (probably gabbro) observed 
a few meters upslope, as shown by Mathez (1976). At Angiquinho, the clinopyroxenes of 
the pyroxenites coexisting with dunites are probably the source of Al. A supergene origin 
for the nickeliferous chlorite-vermiculite from the Moyango and Angiquinho profiles is the 
hypothesis best supported by field and microscopic observations. 

I G  C O N C L U S I O N S  

Chlorites and mixed-layer chlorite-vermiculites have been found in two profiles in the Ivory 
Coast and Brazil. Three main origins can be considered for the five types identified: (i) an 
hypogene origin leading to an association with talc or serpentine (types 1 and 2), (ii) a 
transformation of phlogopite in K-bearing chlorite (type 4), (iii) a weathering origin as 
neoformed Ni-bearing chlorite (type 5).  Types 4 and 5 have a chlorite-vermiculite structure 
which allows them to incorporate significant amounts of Ni into the structure. However, 
such chlorites are not abundant in the horizon as a whole. Moreover, the other minerals 
existing in this part of the profiles (quartz, goethite, kaolinite) are Ni-depleted minerals and 
the weathering horizons of the top of the Moyango and Angiquinho profiles cannot be 
regarded as nickeliferous ore. 
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