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ABsrRAcr

Nickel- and iron-substituted lizardites from a
nickeliferous laterite ore profile at Sofoako' In'
donesia. have been studied. Microprobe data show
that orthopyroxenes have lost 50Vo of their Al
content to neighboring olivine pseudomorphs during
serpentinization. However, Ni, Mg, Cr and Fe
contents of lizardite pseudomorphs after olivine
and orthopyroxene are identical to those of their
host minerals. Weathered lizardites have a reduced
Mg content and increased Fe, Al' Cr and, Ni
contents relative to unweathered lizardites. There

is a strong correlation of nickel and iron values,
and no significant difference in the Ni and Fe

content of weathered olivine and orthopyroxene
pseudomorphs. A silica excess in the calculated
iormulae suggests that these minerals may be in-

termediate between nickeliferous lizardite and a

dioctahedral ferric analogue of kaolinite. The relative
infrared intensity of the OH libration band at 610

cm-r is proportional to the magnesium occupancy
of trioctahedral sites. This indicates a highly in-

homogeneous or ordered substitution by Ni or Fe'

Sorvrrulrns

Nous avons examin6 les lizardites nickelifdres

et ferrifdres du gisement de lat6rite nickelifdre de

Soroako Qndon6sie). Les analyses i la microsonde

montrent que, durant la serpentinisation, les ortho-

ovroxEnes oni c6c1€ I des pseudomorphes d'olivine
avoisinants la moiti6 de leur Al. Par contre, les te-

neurs en Ni, Mg, Cr et Fe de la lizardite qui rem-

oluce iotiuine ei I'orthopyroxbne sont identiques )r

celles des min6raux originels. Les lizardites alt6r€es

ont perau du Mg et se sont enrichies en Fe, Al' Cr

et Ni par rapport aux lizardites saines' Fe et Ni

sont fortement en corr6lation, avec teneurs-.presque
iA.otiqt.t dans les pseudomorphes de l'olivine et

de I'oithopyroxdne. Vu I'exc6dent de silice dans

f"t t i-"tii calcul6es' ces min6raux pourraient,Otre

J"t-i"i-.. interm6diaires entre la lizardite nickeli-

iJr"-"f f;uoulogue ferrique diocta6drique .de la

luofinii..-Dans I'infrarouge, I'intensit6 relative de

la bande de libration OH e 610 cm-r est propor-

ii;ili; i- la ppulation de I\{s des sites triocta6dri-

oues. ce qui caract6riserait la substitution drr Ni
J"-a" F" lo*rn" trds h6t6rogEne ou ordonn€e'

Cfraduit Par la R6daction)

InrnooucrtoN

Relatively little has been published on the
properties ind paragenesis of nickeliferous ser-

iloiin".. Existing data usually, refer to highly

ni"k"liferout specimens, generally from museum

collections, wiih tittte reference to the mode of

otigin of the mineral. The present paper fills

thii gap to some degree with specimens that

show-iitermediate levels of nickel substitutio-n,
and also provides infrared-absorption data for

nickeliferdus tzardite. These data $hed some

lisht on absorption-band assignments in- ser-
pEniit.t. The specimens are typical of nickelif-

irous serpentine in laterite ore dePosits' a rna1or

source of nickel.

OccunnnNcs

The specimens investigated. come- from a

deep lateiitic weathering profile ov"erlying ser-

o"niinitu and serpentinized lherzolite in the

ii"i"itu of the P.t. International Nickel mine

;i3;;;"k;, on the island of Sulawesi (formerlv

a6;j; indonesia. The weathering profile is

J;;i 18 m thick and is located on a s,addle

ridge between two hills standing about 2O m

abo've a ferricrete-covered plateau' The upper
g-m-consist of a fine-grained goethite- laterite

containing minor amounts of talc and chromlan

roin.i infr".ited from the parent rock' Below

tfiit i.".f is an irregular, intertonguing saprolitic

transition zone between the goethite laterite and

iir"--t.tp.ntinized therzolite parent rock' The

ni"r..liri-ut serpentines examined were ob-

iuin"a ftoto bouiders in the lower portion . of

ihe profile, in the zone of saprolitized peridotite'

li.Jtft...a serpentine in samples of saprolite
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from the 9-1,2 m depth interval were analyzed
by.Arancibia (1975) by electron microprbbe,
and infrared analyses were done Uy CoiiglUy
on material from the same depih intelrvai.
Microprobe analyses of unweatlered serpentine
from a saprolite boulder were done at INCO
by M. Sizgoric.

Additional general information on tle local
i1l_j..g"lul geology is given by Golighrly
(1.979b), Soeria-Atmadja et al. itsl+1-ana
P.T. Inrernational Nick'el (L972).'A aitaileA
mineralogical and chemical study of the par-
ticular profile is reported by aranlibia (1975).

PETx.oGRAPttY

The bedrock varies in composition from
lherzolite to dunite. For the most part, the
olivines have been altered to mesh-texiured
lizardite, and the orthopyroxenes have been re-
placed- by "bastite" lizardite pseudomorphs. The
saprolite shows all the primary textural fea_
tures of serpentine in fine detail, so that there
is no doubt that the changes iu chemical com-
position indicated by the microprobe analyses
are the result of pseudomorphism reactions.
The optical orientation of the lizardite is un-
affested by weathering, suggesting that the
silicate structures have not been seriouslv dis-
rupte{, The saprolites consist largely of yellow
to yellow-orange nickeliferous serpentini with
minor amounts of fine-grained goethite dis-
tributed in zones within the mesh texture 

'in

positions normally occupied by zones of mag-

textured serpentine pseudomorphic after olivine.
The dark-banded "eyes" consist of unweathered
Iizardite containing abundant black magnetite
grains. In the lighter grey, outermost zones of
lhe eyes and in the smaller, upper. right-hand
"eye", the light core consists of weathered
Iizardite.

TABLE L. SOROAKO, !4TCROPROBE ANALYSES* OF
I'NWEATEERED SERPEMTTNES

AI'TER
OI,IVINE

EBASTITEN AFTER
ORTUOPYROXENE

0 . 0 5
8 .  3 L
1 . 5 3
0  . 8 3

36 .2
36 .2
U J . I

Nio
FeO
A 1 2 O g
c r 2 O 3
uso
SiOz
TOTAIJ

si

Cr
F e 3 *
f,tet

u . z 6
5 . 7 6
t

3 8 .  3
3 9 .  3
8 3 . 6

STRUCTURAT FORMT'I,AE

llg
Fe
Ni
xoct

1 .  9 5 5
. 0 0 0
. 0 0 0
. 0 4 5

2 . 0 0 0

2 . 8 3 2
.  L95
. v L z

3 . 0 3 5

L .  8 5 1
.092
. 0 3 4
. U Z J

2 . 0 0 0

2 . 7 5 0
.  J J I

. o 0 2
3 . 0 8 3

Analyses are co:nposites of about six points.
Replicate analyses on the sane points for aLl
anal.yses were impossible dlue to specin3n
q b t r + + 6 r i  h ^

tslgnificaat AI sigmals indicating up to 0.6
AI2O3 rere noted at about hal.f individual
locations but the peak to backgrounil ratio
vtas not sufflcient to support an average
ALzOs f igure.

*Weight percent.

netite grains in the unweathered serpentine.
The boundary between weathered and un-

weathered serpentine is occasionally visible in
thin section (Fig. 1) in the vicinity of 1-2 cm
"eyes" of relatively unserpentinized lherzolite.
At this boundary, the heterogeneous intergrowth
of mesh lizardite with magnetite changes abruptly
to an optically homogeneous,yellow to yellow-
orange serpentine without magnetite but with
the same optical orientation as the primary
lizardite. It seems that most of the submicron-
scale magnetite grains have been abruptly re-
sorbed into the serpentine at this boundary with
a minor amount of the coarser magnetite being
replaced by goethite.

Powder X-ray-diffraction patterns of several
grains of bastite and mesh-textured serpentine
compare well with the pattern of lizardite
(Whittaker & Zussman 1956). However, the
possibility that minor chrysotile is present as
veinlets in some of the material cannot be ruled
out. The samples contain accessory amounts
of chromian spinel and, where unweathered,
traces of pentlandite and chalcopyrite.

Cgerlrcet. CotmosrrroN or SnnpeNrtNs

Microprobe analyses of unweathered lizardite

Frc. 1. The photograph shows two cells of mesh-
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grains derived from olivine and orthopyroxene
are given in Table L. Analyses of weathered
specimens are given in Tables Z, 3 and, 4.

Weathered lizardites were analyzed zt
Queen's University by Arancibia (1975), using
an Applied Research Laboratories electron
microprobe (model AMX). All elements ex-
cept nickel were determined using energy-dis-
penive analysis and compared to a series of
pure reference spectra using a least-squares
program. Nickel was determined by wavelength-
dispersive analysis using nickel metal as stand-
ard. Tho exsitation potential was L5 kV: a
slightly defocused beam was used to minimize
sputtering.

The unweathered lizardites were analvzed at
INCO Metals Ltd., J. Roy Gordon Research
I ab. at Mississauga by M.B. Sizgoric using an
Acton-CAMECA model MS64 electron micro-
probe. All elements were determined bv wave-
lengthdispersive analysis using an olivine stand-
ard for nickel, iron, magnesium and silicon
and a hornblende standard for alumiuum and
chromium.

Fino magnetite and goethite inclusions in the
lizardites were carefully avoided when select:ng
points for analysis. Bvidence that the exclusion
of particulate impurities was successful is
presented below under nickel- and iron-sub-
stitution chemistry.

The oxide totals of the analyses are generally
below the ideal. This could reflect extra warer
either held in micropores or present in addition
to stoichiometric hydroxyl water, or both. Bulk
chemical analyses (done at INCO) suggest that
virtuaily all the iron in the weathered serpen-
tines is ferric.

The structural formulae of the weathered
lizardites show a marked deficiencv in octa-
hedral cations that increases with 

- 
increasing

Ni and Fe substitution. However. the Fe ii
ferric and the forrnulae as written give the
positive charge required to balance the negative
charge of 14. The crptal chemistry could be
understood as being made up of three com-
ponents with Mg in a trioctahedral lizardite
.structureo Ni in a trioctahedral nepouite struc-
ture and Fe in a dioctahedral ferric analogue
of the kaolinite structure. The serpentine is,
therefore, intermediate between a fullv tri-
octahedral and a fully dioctahedral structure.
Certain of the iron-rich serpentines from the
Stillwater complex, analyzed by Wicks & plant
(1979) also give a large excess of silica. These
have a petrographic appearance very similar to
the weathered serpentines studied here. Brindlev
& Wan (1975) found a similar excess of silica.

They, however, recalculated their chemical anal-
yses of Ni-substituted lizardites and nepouites
to give a trioctahedral formula. Brindley (1978)
has observed occasional 9 A layers in nickelif-
erous lizardites but has hesitated to explain all
of the silica excess this way, preferring to at-
tribute much of it to leaching of octahedral
material at crystal-plate edges in extremely
fine-grained specimens.

That the silica excess reflects occasional
layers that have been converted to either a
talc or a smectite structure with a net removal
of divalent cation is difficult to apply to. the
Soroako situation. A direct replacement of ser-
pentine by smectite minerals occurs in some
nickeliferous laterite profiles (Golightly 1979a)
but does not seem to have occurred at Soroako.
There is no evidence of this type of structure
either in the X-ray-diffraction patterns or in
infrared-absorption spectra. If the silica excess
in these samples were due to the incipient
stages of such an alteration, more complete

!J
I
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2.0 2,2 2.4 2.A 2.8
i,AGNEs|Um

Veinlets
Orthopyroxene pseudomorpha
Intermesh I
Mesh rim veinlets I Olivine pseudomorphs
Unspeclflod J

Frc. 2. Systematic correlations of nickel, iron and
magnesium formula weights in nickel-iron sub-
stituted lizardites from Soroako.

0.1

il
1.8

A
a
o
a

8



722 THE CANADIAN MINERALOGIST

reaction products would be exPected in more
evolved specimens. Smectite minerals, however,
are nowhere present in this profile. Only traces
of talc, inadequate to explain the silica excess
in the lizardite, are observed in the goethite
zone of the profile.

TABI,E 2. MTCAOPROBE ANAI.YSES* OF I{EATFERBD SERPENTINE
OI,IVINE PSEUDOMONPBA

TABIA 4. !.IICROPROEE AIIAI,YSES' Or' I{EATEEFED SERPENTINE
VEINTATS' OF UNCERTAIN PASENI'A@

Nto
K : O :
Na2 O

MnO
ugo
C r 2 O 3
TiO2
F e 2 O e
A l z  O :
s i o l

0 . 0 2
0 . 0 0
0  . 0 5
0  . 0 0

0 .  0 1
0 . 0 0

0  . 1 6
4 T . 4 L

0 . 0 4
0 .  0 0
0 .  0 0
0 . 0 0

3 4 . 6 7
0 . 2 4
0 . 0 6
4 . 9 2
0 . 3 6

4 0  . 9 7

8 4  . 4 0

0 . 0 0
0  . 0 0
0  . 0 9
0 .  L 7

0 . 0 2
0 . 0 6

0 . 6 s
4 0  . 7 8

8 4 . 0 3

STRUCTURAI, FO$,IULAE

2 . 0 1 1  1 . 9 6 9  2 . 0 1 9

2 . 0 1 1  2 . 0 0  2 . 0 1 9

0 . 0 3 8  0 . 0 1 8  0 . 0 4 0
0 . 1 9 5  0 . 2 8 3  0 . 2 4 L
0 . 0 0 2  0 . 0 0 1
0 . 0 0 1  0 . 0 0 2
2 . 4 A 6  2 . 4 2 7  2 . 3 0 6
0 . 0 0 7  0 . 0 0 4  0 . 0 0 8
0 . 0 0 5  0 . 0 0 3  0 . 0 0 4

0 ' 0 0 s
0 . 0 0 1

0 . L 2 7  0 . L 2 6  0 . 2 1 8
2 . 8 6 1  2 . 8 6 4  2 . 9 2 3

3 . 2 r  5 . 4 1
0 , 0 0  0 . 0 1
0 . 0 0  0 . 0 1
0  . 0 s  0 . 0 8
0 . 1 0  0 .  l 8

3 3 . 4 7  3 0 . 8 3
0  . 0 6  0  . 0 0
0 . 0 3  0 . 0 1
7  . 1 5  6  . 3 8
0  . 8 s  0 . 6 9

40.23  40 .27

8 5 . 9 7  8 3 . 8 6
N t o  0 . 4 3
K z O  0 . 0 0
N a 2 O  e  0 . 0 0
c a o  0 . 0 6
M n O  0 . 1 0
MgO 37.95
C r 2 o !  0 . 0 ?
T l O a  0 . 0 5
F e z O g  6 . 1 5
A l a O s  0 . 7 1
S l O 2  3 9 . 1 3

TOTAI, 84.65

3 . 6 0
0 . 0 0
0 . 0 0
0  . 0 4
0.1"2

3 3 . 9 4
0  . 0 0
0  . 0 2
4 . 4 0
0  . 3 9

4 1 . 1 6

8 3 . 6 7

1 . 9 0 6  2 . O 3 4
0  . 0 4 1
n  n E t

2 . 0 0  2 . 0 3 4

0 . 0  0 . 0 2 3
0  . r 7 2  0  . 1 6 4
0 . 0 2 2  0 . 0 0 1
0 . 0 0  3
2 . 7 5 6  2 . 4 4 9
0 . 0 0 4  0 . 0 0 6
0 . 0 0 3  0 . 0 0 2

0 - 0 1 7  0 . L 4 5
2.957 2 .839

6  . 3 9
0 . 0 9
0 .  0 0
0  . 1 1
0  , 0 1

3 1 . 2 8
o . 2 0
0 . 0 0

0 . 8 3
4 0  . 8 5

STRUCTURAI. T'ORMTJI.AE

2 . 0 L 9

2  . 0 1 9

0 . 0 4 8
0  . 2 0 6

0 .  0 0 8

o . i o .

3 . 8 8  4 . 4 2
0 . 0 4  0 . 0 0
0 . 0 0  0 . 0 0
0  . 0 3  0 . 0 s
o , 2 4  0 . 1 8

3 3 . 8 6  3 0  . 4 2
0 . 0 0  0  . 0 r
0 . 0 3  0 . 1 3
5 . 3 9  4 . 9 s
0  . 4 6  0  . 4 8

3 9 . 9 9  3 9 . 3 0

8 3 . 9 2 7 9  . 9 7

TOTAI, 83.25

s l  2 . 0 3 5
A I

F e t g
I t e t  2 . 0 3 5

2 . 0 0 9

2 . O O 9

0  . 0 2 1
0 . 1 8 2
0  . 0 0 2
0 .  0 0 9

:
0  . 0 0 2
0  . 1 2 4
2. 'g i  A

1 . 9 8 9  2 . Q 4 7
0 . 0 1 1

2 . 0 0  2 . 0 4 7

AI
Fe 3*

rI
Cr
l4g
Mn

NA

Ni
loct

0  . 0 0 9
0 . 19l-

^ :_^

o . i o :
0 . 0 0 1
0 .  0 s 2
2.824

o . 0 2 9
0 . 1 9 4
0 . 0 0 5

^  : . ^
0  . 0 0 8
0 . 0 0 4

SI

Fe*3
r tet

F e 3 t
Ti

Mg
l{n

Na
K
Ni
xoct

rl{eLght Persent

TABI,E 3. !4ICROPROBE ANALYSES* OF 9IEA$IERED
SERPENTINE oRIEoPVROXENE PSEUDoIiIoRPHS

r welght Parcent

Supporting evidence of a negative nature
comes from the analyses, both chemical and
microprobe, of "serpentine-garnierites" from a
number of Brazilian localities by Esson &
Carlos (1978). These workers found no silica
excess, but their specimens contain far less iron
than the Soroako ones.

The bulk of evidence from Soroako tends to
support the idea that the silica excess is largely
asiociated with the substitution of ferric iron
in the serpentine structure and that the struc-
turo is intermediate between a trioctahedral
nickeloan lizardite and a dioctahedral ferric
analogue of kaolinite.

Microprobe analyses of unaltered serlt€ntine
in Table 1 show the opposite tendency, a slight
excess in the octahedral position. Possibly, there
is intergrown submicroscopic brucite in the fresh
material, as found by Page (1967) and Wicks &
Whittaker (1977). Brucite was not detected,
however, by XRD (1,14.6 mm-radius powder
camera) in material dug out of the probe site.
Submicron-range magnetite particles inadver-
tentlv included could also contribute to, but

0  . 0 1 6
0 . 2 0 2
0  . 0 0 1

2.5r0
0  . 0 1 0
0  . 0 0 2

0 . 0 0 6  0 . 0 0 3
0.254 0  .15s
2 . 8 3 3  2 . 6 9 9

0  . 1 8 5
2 . 7 4 7

Nio
Kzo
N a 2 O g
CaO
l,tno
!!gO
C r 2 O 3
Tlo2
Fe2 Og
Al,z O g
S iOz

TOTAL

sl
A1
Fe* 3
Etet

A1
Fe 3*
Ti
Cr
M9
ttn
Ca
Na
K
NI
loct

R  n a

0 . 0 5
0 . 0 0
n  n ?

0 . 1 7
3 3 .  3 5

0 . 0 0
5 . t  I
1  ? e

3 8 . 2 3

82 .06

L . 9 0 7
0 . 0 8 L
0 . 0 1 2
2 . 0 0

o . 2 r 2

^ : ^ -
v . v a )

2  . 4 7 9
0 . 0 0 7
0 . 0 0 2

0 . 0 0 3
a . 2 0 2
z . t 5 v

7 . 4 9
0  . 0 0
0 . 0 0
0 . 0 0
0 . 0 0

23 .  L4
0 . 6 6
0 . 0 0

I . ) J

3 7 . 4 4

7 8 . 0 2

2 . 0 5 5

0 . 0 2 9
L . 8 9 1

4 . 6 4
0 .  0 3
0 . 0 0
0  . 0 4
u .  r f

2 8 . 8 1
0 . 8 L
0 . 0 4
6 . 5 6
1  0 n

3 9 . 0 9

e 4 . 8 4

STRUCTURAL FORMULAE

2 . 0 0 0

2 . O 0

0 . 1 1 5
0 . 2 5 3
0 .  0 0 2
0 . 0 3 3
2 .  L97
0 . 0 0 6
0 . 0 0 2

0 . 0 0 2
0 . 1 9 L
2  . 8 0 1

2'05s not completely explain, the apparent excess in

o.oee the octahedral Position.
0  . 3 L 9

SusstrturtoN CnrrvrrsrnY

I Nickel and iron

0 . 3 3 0
2 . 6 6 8

The nickel grades of the unweathered ser-
pentines clearly reflect those of the parent
minerals. The mesh-textured lizardites have
nickel values (O.21%) only slightly lower than*weight Percent
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those of olivine (O.34%), and the bastites have 0.0
a very low nickel level (-Q.940/o), com- 5.0
parable to the levels in orthopyroxene (0.063/6i 

+oArancibia 1975).
Tho iron/magnesium atomic ratio in bastite 3.0

lizardite (0.1287) is significantly higher than
that in the mesh-textured lizardite (0.0845), z.o
whereas the ratios in orthopyroxene (0.0987)
and olivine (0.108) are about equal. This is Nlo6
undoubtedly due in part to the widespread
crystallization of magnetite throughout the mesh- lg
textured lizardite, leaving an iron-impoverished ;:;
serpentine. o?

TGRdJP OF atPlOL|TE BOULDERg

""r" fr 
e-rzm'

e r:{ ,f"hW ;i7yf..1 :q,

(,^,",*"^,",.,:

Ir" 
PRoFrrE

.16-tt
I

0.0
0{

0.'l

o3

A major shemical variation in the weathered
lizardites is the negative correlation of Mg
with Ni and Fe. Figure 2 shows that nickel
increases more rapidly than iron but is cor-
related with it. The Fe level in unweathered
serpentine, 0.1 to 0.2 atoms per 14 oxygens,
is far higher than the nickel level, (0.012
atoms per 14 oxygens (Table 1). In the most
substituted specimens the iron level has in-
creased to oyer 0.3 and the nickel has increased
by at least an order of magnitude (Fig. 2,
Tables 2, 3 & 4). This is in agreement with
tho general observation that in saprolites of
nickeliferous laterite profiles, iron is con-
centrated residually, whereas nickel is imported
by leaching from tle upper lateritic levels of
the profile and magnesium is strongly leached
out of the profile (Trescases 1975, Golightly
1979a).

Generally, the Ni and Fe levels in the
weathered lizardites (Tables 2, 3 & 4) are com-
pletely independent of the primary igneous min-
eral the lizardite replaced. This is in contrast
to the levels in the unweathered pseudomorphs
(Table 1). The Ni/Fe and Fe/Mg correlations
(r -O.6) are weaker than the Ni/Mg cor-
relations (r -0.85). This may reflect a variable,
unknown amount of goethite inclusion in the
probed areas. Alternatively, it may reflect a
spatial inhomogeneity of the iron distribution
inherited from the initial distribution of mag-
netite grains in the unweathered serpentine. The
shift between the bulk analyses of the saprolite
boulders befween 9 and L2 m depth, and the
microprobe analyses of textural units within
the boulders (Fig. 3) indicate about 2.5Vo Fe
present in a phase other than lizardite. This
shift could represent about 5/6 goethite, which
is qualitatively compatible with the amount of
goethite seen in thin section. The larger shift
between the bulk analyses of the saprolite
boulders and the bulk analyses of the borehole
samples and the mined bulk samples reflects the
structure and chemical composition of gross

3  |  5  6 7 8 9 t 0  2 0  3 0

MICROPROBE FE "/O
o Llzardlto velnletg
A Llzardlte alter pyroxene
E Intermoah I
tr l|6ah volnlets I Llzardlte eftor ollylne
. Umpoclflod )

BULK ASSAVS
+ Saprollto Bouldorc from 9 - 12m. lavel used tor

mlcroDrobg work
x Saprdllte Bould€rs from I - 12m. l€vel used tor intta -

red study
2-. o Borohole asmploa wlth depth

c-r2o Bulk Eamplea wlth d.pth

Frc. 3. Nickel and iron variation obtained by
microprobe and in various bulk materials from
tho Soroako locality.

saprolite zones, which consist of saprolite
boulders in a more evolved, goethite-rich matrix.

It is to be emphasized that the Ni,/Fe cor-
relation, both in microprobe and bulk analyses,
is specific to the location and depends on the
leaching history of the particular laterite profile.
In this respect the present data differ from
those of Brindley & Wan (L975), whose samples
came from a worldwide variety of unrelated
locations and showed no Ni,/Fe correlation.

The microprobe data and the petrographic
observations together suggest that a chemical
reaction such as the following must be re-
sponsible for the initial disappearance of the
magnetite micrograins and the initial increase in
the Fe content of the serpentines:

gHrO + %Oz + 2FegOr * 3MgaSLOs(OH).
magnetite serpentine

:= 3FezSizOs(OH). * 9Mgr* + 18OH-
ferric serpentine

Further decrease in Mg and increase in Ni
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could occur via the reactions:

Mg.Sizos(oH)n * 3Ni'+ er NigSizoo(oH)'

serpentme
* 3Mg'n

nickel serpentine

MgSLOo(OH)a * 5HzO =:3Mg2+ + 2H4SiO4
serpentine + 6OH-

The first of these proceeds strongly to the right
(Golightly 1979a), whereas the second is the
appropriate congruent dissolution reaction for
serpentine. (Hostetler & Christ 1968) in the
alkaline environment (Trescases 1975, Golightly
L979a), at the base of nickeliferous laterite
profiles in general. The joint action of these
two reactions ensures ( 1) the enrichment of
nickel leached from higher in the profile, (2)
the net export of Si and Mg and (3) the
residual concentration of iron generally ob-
served in this class of nickeliferous laterites.

Aluminum and chromium

The second pattern evident in the data is
the high AlsOr and CrzOs levels in the bastite
inherited from the pyroxene. Studies of laterite
chemistry have generally shown Al, Fe and Cr
to be relatively immobile in weathering com-
pared to Si, Mg and Ca (Trescases 1975,
Golightly 1979a). Specifically, in another loca'
tion at Soroako, the concentration per unit
volume of Al, Fe and Cr in saprolite was found
to have decreased by 2O/6, 10Vo and nil, re-
spectively, during the initial stages of saprolite
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formation (Golightly 1979b). At the same stage
Mg, Ca and Si decreased by 85 to 95%. Tbus
the mutual ratios of Al" Fe and Cr should be
relatively invariant during leaching, and assaYs
renormilized to give Fe * Al * Cr - LN%
should be useful for determining the relative
changes in Fe, Al and Cr (Fig. 4).

In Figure 4, one can see through the progres-
sive residual concentration of Fe, Al and Cr that
occurs as a result of the selective leaching of
Mg, Si and Ca described above. The cross and
curved arrow on Figure 4 shows the actual varia-
tion of Al, Cr and Fe in the bulk material
through the entire depth of the weathering
profile and clearly indicate that these three
ilements remain in fixed proportion to each
other. As shown below, this is far less than
the changes that seem to have occurred in the
minerals during serpentinization.

Whereas it can be argued that this procedure
magnifies the error of measurement present in
the low Al and Cr values, the scatter of data
points in Figure 4 gives a clear measure of
ihis error. Since the data are clustered in
mineralogically distinct groupings, it is clear
that statistically significant differences are
visible in the figure.

The orthopyroxene pseudomorphs (Fig. 4)
show the same Cr content but a strongly
decreased Al content, compared to the ortho-
pyroxenes themselves. However, there is no
iignificant difference in Al or Cr contents of
weathered and unweathered orthopyroxene
pseudomorphs. Olivine pseudomorphs in both
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Flc. 4. Cr, Al and Fe levels in weathered and unweathered serpentines
compared with those in orthopyroxene and clinopyroxenes from Soroako.
Tho Cr, Al and Fe analyses have been renormalized to total t00Vo in
order to overcome the obscuring effect of the general increase in Fe,
Cr and Al that has occurred during lateritic weathering.
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weathered and unweathered specimens show a
significant increase in Al over olivine, which
is virtually free of Al. Again there is no sig-
nificant difference between weathered and un-
weatlered olivine pseudomorphs. This pattern
indicates a relative movement of Al and Fe,
probably during serpentinization. Given the
earlier conclusions about the iron-magnesium
ratios in the unweathered lizardites, moyement
is best inferred as a movement of Al out of
orthopyroxene pseudomorphs into olivine pseu-
domorphs during serpentinization.

Because of the amphoteric behavior of Al
hydroxides, this centimetre-scale mobility of
aluminum during serpentinization suggests that
the solutions responsible for serpentinization
are rather far from neutral pH. Since brucite
is commonly present in serpentinites and since
pH values in very dilute solutions in equilibrium
with serpentine exceed 9 (Hostetler & Christ
1968), the serpentinization fluid is probably
very alkaline.

4000 3 5 0 0  3 0 0 0  2 5 0 0

FREQUENCY (cm- t1
Ftc. 5. The infrared spectrum of OH-stretching

vibrations in pure (P) and nickel-iron substituted
lizardite (#8. Table 5) from Soroako.
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Frc. 6. The infrared spectrum of Si-O-stretching (A) and OH librational
(B) vibrations in pure lizardite (P) and a nickel-iron substituted lizardite
($8, Table 5) from Soroako.

INrnensn-AnsoRprroN Sprcrne

Infrared-absorption spectra were measured
on eight samples from the same portion of the
profile that provided tle microprobe speci,mens.
The spectra of tlree essentially pure lizardites,
two from Thompson, Manitoba and one from
the Canadian Refractories magnesite mine north
of Calumet, Qu€., were run for comparison.
All have mesh textures and produce lizardite
X-ray-diffraction pattens. The infrared spec-
trum of the metamorphic skarn lizardite from
Calumet is very similar to the $pectra of

specimens from Soroako. The samples were
prepared using 0.5 mg of material in the stand-
ard manner in KBr discs and were measured
ou a Perkin Elmer model 337 grating spectro-
photometer.

The lR-absorption spectra of two samples of
lizardite, one fresh and one strongly weathered,
are shown in Figures 5 and 6. The ratio of
the peak absorbance of the 61O cm-r peak to
that of the Si-O, 975 cm-l peak is plotted in
Figure 7 as a function of weight percent nickel.
The ratio decreases as Ni sUbstitution for Mg
increases.
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Fto. 7. The dependency of the infrared-absorption

intensity ratio between Si-O stretching and OH
librations on Ni substitution in lizardites from
Soroako.

A nearly pure end-member nepouite from
another locality at Soroako shows almost som-
plete elimination of the peak at 610 cm-'. The
evidenco thus clearly indicates that substitution
of nickel for magnesium affects the 610 cm-'
band. This particular sample contains a cer-
tain amount of nickel kerolite (talclike) im-
purity, however, so that the 663 cm-t peak
observed in synthetic nepouite (Stubican & R'oy
L96l) was obscured by the nickel kerolite
spectrum. The reduction in intensity of the
610 cm-1 band, as shown in Table 5 and
Figure 8, is directly proportional to the per-
centage of octahedral sites that have been sub-
stituted by Fe and Ni. There is a suggestion,
indicated by the dashed line in Figure 8, that
the dependence is quadratic, but this hypothesis

smle { Nlckel llon
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is not a significant improvement over the linear
relationship.

DtscussloN or INrnensn Dere

The infrared spectra of synthetic pecoraite
and chrysotiles were reported by Stubican &
Roy (1961). The study of various antigorites,
chrysotiles and lizardites by Yariv & Heller-
Kailai (1975) and the study of deuterium-
substituted serpentines by Pampuch & Ptak
(1970) have established the assignment of
infrared absorption bands in lizardite as tabu'
lated below (summarized from Yariv & Heller-
Kallai 1975):

Frequency(cm:r) Assigtment

3700 OH stretching
1070-1085 I
1015-1025 | Si-O stretchins
950-965 )
630-650 \ Si-O bendins?
610-620 / OH libration
560-585 Me-O out of Plane

According to Farmer (L974), numerous small
peaks in the vicinity of 3700 cm-1 in phyllo'
silicates, in general, correspond to different
combinations of cation neighbors in the adjacent
octahedral sites. There is no gladual shift of
OH stretching frequency with octahedral cation
substitutions. Rather each peak, characteristlc
of each combination of neighbors, has an in-
tensity proportional to the number of each of
these combinations. This indicates that the OH
vibrational wave function is highly localized
rather than being a true lattice-vibration mode.

The 610-617 cm-' peak in lizardite is rep-
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If the substitution of other ions or vacancies X
for Mg were a homogeneous random distribu-
tion, tho expected three-neighbor combinations
would have the following probabilities (bi-
nomial distribution): XXX 0.8%, XXMg
lO.6Vo, XMgMg 38.4% and MgMgMe 51.2%.
Thus the unshifted (MgMgMg) OH libration
should have 5t.2Vo rather than -80% of its
intensity in Mg-lizardite as observed. The in-
tensity could be closer to that observed if the
OH librational wave functions were extensive
lattice vibrations rather than localized modes,
such as OH-stretching modes. If this were
the case, however, the frequency would be
shifted and the peak broadened, as is normal
for lattice modes. The final alternative is that
the substitution for Mg is a highly inhomogene-
ous one with a mosaic-like structure of rela-
tively pure Mg and strongly substituted Ni
and Fe"* patches or zones.

Jhus, a highly inhomogeneous and discon-
tinuous substitutional mosaic, perhaps a layer-
byJayer replacement, of Mg by Ni and Fe"*
is a possible explanation for the infrared ab-
sorption data. This mosaic would have to exist
at a submicron scale, because the frequency
distribution of the probe data does not in-
dicate a marked mosaic pattern at the micron
scale. It should be possible, though difficult
to confirm such a strusture using advanced
SEM, XRF or possibly high-energy TEM tech-
niques.

CoNcr,usIoNs

The serpentinization process

Aluminum originally present in orthopyroxene
is partially mobilized by the serpentinization
reaction, whereas chromium is not. Thus, or-
thopyroxene pseudomorphs have a strongly re-
duced level of Al, whereas olivine pseudomorphs
show a complementary increase in Al level.
Nickel and chromium cations show less mo-
bility.

The weathering process

Magnesium is leached away from, and iron
is residually concentrated in serpentine. At the
Soroako location, nickel is enriched at a much
higher rate than is iron. The weathering process
completely obliterates any distinctive differ-
ence in Ni and Fe contents between olivine-
and pyroxenederived lizardites. Weathering has
no identifiable effect on the relative concentra-
tions of Al, Fe and Cr at a micron scale.

70 80 90 100
I'AGNESIUT OCCUPANCY

OF TRIOCTAHEDRAL SITES (06)
Frc. 8. The dependency of the infrared absorbance

at 610 cm-l in nickel-iron-substituted lizardires
on the magnesium occupancy of trioctahedral
sites. Solid line is a linear fit to the data. the
dashed line a quadratic fit.

resented by a peak at 663 cm-l in nepouite. A
similar kind of frequency shift, 668 to 705 cm-r,
occurs in an OH librational band in tals and
willemseite.

In the light of these data, the 610 cm-l
vibrational band in the present suite of samples
must be an OH librational mode. The direct
proportionality of the intensity of this band
to the Mg occupancy of the octahedral layer
Suggests that, like OH stretching modes, the
vibration is highly localized and reflects the
proportion of OH bands with Mg ions in ad-
jacent octahedral sites. There is no evidence
in these samples, in which the amount of sub-
stitution is fairly limited, of new vibrational
frequencies. However, the number of possible
combinations is quite large. For example, such
near-neighbor combinations would include:
NiMgMg, NiNiMg, NiFeMg, FeFeMg and
FeMgMg. Thus, a series of peaks of very low
intensity, stretching out to the NiNiNi frequency
of. 663 cm-1 and an unknown frequency as-
sociated with Fea+ substitution, should exist but
may not be intense enough to be detected.

Whereas the direct proportionality of the in-
tensity of the 610 cm-r band to the Mg oc-
cupancy clearly supports the identification of
this band as due to OH libration under the
influence of nearby Mg ions, an exact propor-
tionality with Mg occupancy is not expected.
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The serpentine structure

Iron seems to be present as ferric iron, and
the occupancy of the octahedral sites may be
incomplete. The leached lizardite may be an in-
termediate structure between trioctahedral
nickeliferous lizardite and a dioctahedral ferric
equivalent of kaolinite.

The infrared-absorption spectrum

Tho 610 cm-l absorbance peak is an OH
libration mode specifically related to the
presence of magnesium ions in adjacent octa-
hedral sites. The rate of intensity decrease with
cationic substitution suggests that Ni, Fe sub-
s'titution for Mg is very inhomogeneous on a
submicroscopic scale.
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