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ABSTRACT

Mcire than thirty samples of magnesium and
nickel hydro-silicates from tle mineral collection
of the Royal Ontario Museum have been elsminsd
microscopically, by .r-ray diffraction and electron
probo microanblysis. The aim of the study was to
estabLsh the compositional range of garnierite and
its relation to minerals such as pimelite, schuchard-
tite, cerolite, nepouite, noumeite and others.

It was found that most of the specimeDs exam-
ined had r-ray diffraction patterns resembling those
of serpentine, talc, sepiolite, or mixtures of these.
Correspondingly, the compositions were variable
with (Mg*Ni),/Si ratios ranerrng from 3/2 (serpen-
tine) to 3/4 (talc) to 2/3 (sepiolite). Chlorite-type
minerals were observed and a nickel-bearing ver-
miculite was also examined.

The results suggest that, from a macroscopic
point of view, one term such as garnierite is ade-
quate as a general name for these hydrosilicates as
soveral species occur usually in an intimately mixed
state. Nevertheless, tle components of the mixtures
can bs identified. These are serpentine and its nickel
end-member, talc and its nickel analogue willem-
seite, nickel-bearing seprotte, nickel-bearing chlo-
rite and nickel-bearing vermiculite. Amoqphous and
hydrated forms of these also seem to occur.

INrnooucrroN

Hydrous nickel silicates form conspicuous green
minerals in many niskeliferous laterite and nick-
eliferous serpentine deposits. Commonly, the
minerals are called garnierites, although it is well
recognized that several different species are in-
volved. Some of these species have been defined
in the past and names such as genthite, pimelite,
nepoqite, noumeite, roettisite, connarite, revdan-
skite, '.cerolite, schuchardtite and others have
been given. The early hhtory of the nomencla-
ture has been revrewed in detail by Pecora et al.
(1949) and Faust (1966), Unfortunately many
of the older definitions were made entirely on
the basis of masroscopic appearance and bulk
chemical composition and they are therefore not
precise enough by present-day standards.

Applying modern .r-ray diffraction teshniques,
Kato (1961) established that the garnierites
from New Caledonia were mixtures of serpen-
tine, talc and chlorite-type minerals. Hotz (I9@)
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came to a similar conclusion with regard to the
nickel silicates from Riddle, Oregon. Very re-
cently Brindley & Hang (1973) carried out a
broad survey of many garnierites and concluded
that they are usually serpentine-group minerals
or talc-like minerals or mixtures of these. The
talc-like minerals with basal spacings near 10 A
were considered to be talc monohydrates with
the formula [(Mg,Ni) gSi+o'o(OH),]'HrO.

The present study is based on a wide variety
of nickel hydrosilicate specimens. Extensive use
has been made of the electron probe for the
analytical determinations in the hope that inter-
growth would be on a scale allowing analysis of
individual minerals. The study includes vermi-
culitic and chloritic garnierites which have not
been considered in great detail in earlier inves-
tigations.

ExpEnrvBNreL PRocEDURE AND ANALYSES
oF CoMPARIsoN SevrPr,ns

The samples examined came from the mineral
collection of the Royal Ontario Museum, To-
ronto. Two fragments were taken from each
specimen. One was powdered for examination
with a Guinier camera or a diffractometer. The
other was imbedded in an epoxy resin (Aral-
dite) and a polished thin section was prepared
for microscopic and electrorr probe studies.

The electron probe measurements were car-
ried out with a Cambridge Mark V instrument
which has an x-ray take-off angle of 75o. The
excitation voltage was 2O kv and the electron
beam current at the specimen surface was about
10 na. The low current was chosen because it
was found that some of the hydrous silicates ap-
peared to decompose under an electron beap
of higher intensity.

Tho elements detected were Mg, Si, Fe, Ni,
and Al, and their KcY radiations were measured-
MgO, Fe#iOs,, a 84/oFe - l6%Ni alloy and
ALOg served as standards. The measured inteo-
sity ratios were converted to weight percentages
using a modification of the correction procedure
described by Springer (L967).

To ascertain that the outlined procedure gave
correct answers within the limits of accuracy of
at least 2-5Vo relative to the amount present, a
series of related silicates were analyzed. These
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included four serpentines, a talc specimen and
syrrttretic forsterite and fayalite. The latter two
samples were measured against MgO, pure Fe
and SiOz standards. The measured average con-
centrations show a reasonably good agreement
with stoichiometric compositions (Table 1). The
results for water, determined by difference, are
naturally affected by the errors in the concen-
trations of the other components and cannot be
considered better than t2%o HgO. However,
within this error margin the water contents also
show good agreement,

atordc proportloF on basls ol I or 4 Sl

It is notable that the measurements for tals
aad serpentine spread over a wider range than
those for fayalite and forsterite. This indicates
that the hydrosilicates ate not quite homogene-
ous. Non-stoichiometry, possibly caused by un-
dulations in the layer structures, may be called
upon to explain the scatter, but sub-micron in-
clusions of amorphous magnesia or silica may
also be responsible. The serpentine analyses will
be discussed more fully in a forthcoming sepa-
rate publication by F. J. Wicks, Royal Ontario
Museum.
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TABLE 2. NICKL HYDROSIIICATES EIA}IINED IN ]IIS STUDY
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Table 2lists the specimens investigated and
their names and localities as found on the mu-
seum labels. Many older species names appear
and some of the samples came from the type
localities of these minerals. Ilowever, because
the older descriptions are too general il was un-
certain that the specimens were representative
of the original materials.

Brief notes on the macroscopic and micro-
scopic altpearances are provided in Table 2. As
may be seen, many of the nickel hydrosilicates
are bright apple green to greenish white, soft
clay-like materials with a waxy luster and, in-
deed, similar terms can be found often in the
original accounts. It was frequently mentioned
that these silicates were banslucent or even
opaque and comparable observations were made
on many of the samples in Table 2. Only in two
cases was it possible to decide with some cer-
tainty that the specimens in Table 2 resembled
those described previously by other authors. The
two specimens were schuchardtite (#11) and
genthite (#21). The latter was described as
grape-like clusters coating chromite (Faust
tg6o, wnitst the schuchardtite agrees with the
description of Spangenberg (1938) who stated
that it occurred as bent packets of sheets and as
vermiculitic agglegates resembling distorted piles
of coins.

The types of .r-ray diffraction patterns ob-
tained are marked in Table 2. Most common are
serpentine and talc-like patterns, but sepiolile'
chlorite and vermiculite patterns have also been
recognized. The patterns from serpentine and
talc-like minerals (7 and 10 A basal reflections)
have recently been discussed by Brindley & Hang
(,L973) and reference is made to their analysis.
The patterns showing lines due to chlorite, ver-
miculite or sepiolite were found to be similar in
their general appearance: mixtures of two or
tbree species rather than pure substances were
usually indicated; furthermore, diffraction lines
were mostly diffuse, suggesting that the aYerage

crystalline size was very small or the structures
very disordered. Both chlorite and vermiculite
yield strong basal reflections at about 14 A and
lhe two were distinguished by heating to 600"C

which reduces the 14 A spacing of vermiculite
but enhances the intensity of the chlorite reflec-
tion. lVlontmorillonites also have basal refles-

tions at 14 A but these increase to higher values
on treatment with water or glycerol; no indica-
tion could,be found of a mineral with such prop-
erties.

Nlcrel- Hvonostt tcetEs wru{ SEnrnNtlNe,
Terc on SBpror-rre-TYpn Srn;ucrunes

Minerals of this group contain Mg and Si as
major cations, with little Fe or Al. The electron
probe analyses are listed in Table 3 and are
plotted in the triangular Mg-(Fe*Ni)-Si diagram
of Figure 1. This figure also contains informa-
tion about the r-ray diffraction properties of
these materials and their original names, and in-
dicates the positions of the solid solution series
extending between serpentine, talc and sepiolite
and their corresponding nickel analogues.

Figure 1 and Table 3 reveal that all the meas-
ured compositions lie in the range bounded by
the serpentine and the sepiolite series. Despite
this large over-all ssatter the compositional va-
riations within one sample are mostly not much
larger than expected fiom the statistics of n-ray
counting. Note that for ff1 and Sl3 where two
phases were detected optically, two correspond-
ingly different compositions were found by elec-
tron probe analysis.

The compositional findings corroborate the
r-ray diffraction results whish indicate that most
nickel hydrosilicates are mixtures of talc-like
and serpentine-like phases. Sepiolite can also
occur in theso associations. It is evident that
specimens with a hieh Si/(Mg*Ni) ratio con-
tain sepiolite, and that specimens with a low
Si/ (Mg*Ni) ratio mostly contain only serpen-
tine whilst specimens with intermediate composi-
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TABLE 3, ELECTRON PROBE AMLYSES OF GARITIIERITIS I.IIII{ SEPEI'ITTI{E, TALC' OR SEPIOLITE.TYPE S'IIUCTIIRES*
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tions consist of mixtures of talc and serpentine,
according to r-ray results. In some intermediate
cases, however, no such mixtures were notice-
able. Possibly x-ray amorphous material was
present to give the observed compositional data.
Structural defects with unoccupied octahedral
or tetrahedral positions as, for exampleo en-
countered in the mineral stevensite, may also
play a part. It is hoped that a current systema-
tic examination of garnierite from a particular
deposit will produce evidence to decide on this
question.

As the electron probe analyses are of volumes
only a few micrometers in size, the various
phases must be mixed at least on that scale.
High-resolution electron micrographs by Uyeda
et al. (1973) indicate that intermixing of 7- and
10 A-type hydrosilicates occurs even on the
scale of individual atomic lavers.

Several authors (see Kato 1961) have noted
a high water content of garnierites and Brindley
& Hang (1973) have concluded that talc occurs
in a hydrated form [MgaSLOro(OH)a].H,O. The
present analyses in Table 3 are not accurate
enough to contribute much to a further clarifica-
tion of this problem. Ilowever, they do not indi-
cate wa&r contents that are consistently higher

M9
F e  + N i

Frc.- l. Measuted (Fe*Ni) : Si.-: Mg ratios for garnierites with serpentine,
talc, or sepiolite-type .r-ray diffraction patterni.

Dittraction Pattorn

EI Serpentira

QM Serpentino + lalc
li.*.31 Sepiolito ! Tatc/Serp

Connari te.  l2

than the stoichiometric HzO:SiOs ratios of 1:4
for talc and 4:,4 for serpentine, assuming that
mixtures of the two minerals are present. Since
the samples have been subjected to a high vac-
uum and to some heating during electron probe
examination it is possible that more water has
been extracted from the materials than by the
heating to llO'C that is done for chemical
analyses. It appears, therefore, that the mono-
hydrate postulated by Brindley & Hang (L973)
is not noticeable by electron probe m-thods.

Attention is drawn to the fact that sample
ff11, which was recognized by its optical ip-
pearance as the typical schuchardtite of Span-
genberg (1938), belongs to the serpentine-talc
group of garnierites both with respect to com-
position and diffraction properties; it is not a
chlorite.

CHr-onnrc Nrcrnr, Hyonosrr,rcetes

- Chloritic nickel hydrosilicates clearly differ
from the aforementioned group of garnierites in
their diffraction characteristics and their com-
position, especially in their high alumina contenL
although it frequently is difficult to make a dis-
tinction on the basis of macroscopic appearance.
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The first nickeliferous silicate which was gen-
erally presumed to belong to the chlorite group
is schuchardtite. Material from Frankenstein,
Silesia has been described in detail by Spangen-
berg (1938) and a sample from that deposit
was available for the present examination (# 10).
Optically the material appeared fine-grained and
poly-crystalline (Table 2) and the .r-ray diffrac-
tion pattern (Table 2) indicated the presence of
talc and quartz as well as chlorite. The sample
was fairly uniform in composition and an aver-
age analysis is listed in Table 4. The analysis
cannot be explained on the basis of either the
talc or the chlorite/serpentine formula, but it
can bs concluded, in accordance with the dif-
fractibn rezults, that the sample is'a sub'rnicron
mixture of chlorite, talc and possibly qiJattz.
This is analogous to the above-described gar-
nierites whish are mixtures of talc or sepiolite
with serpentine.

TABLE 4. ELECTIOII PNOBE NILYSES OF GARNIERITES OMATfiTilG TINEMLS I{Ifi
CIILORIIE-TYPE STRIJCTURES*

,lo ,33 *43 ' -.------------' --------------. f30
v t U

A sample from Webster, North Carolina
(#43>, was orig:tnally labelled Ni-vermiculite
(see Table 2). An apparently true nickeliferous
vermiculite had previously been described from
that locality by Ross & Shannon (1926) but the
present samples, although soft and micaceous,
showed .r-ray diffraction patterns that indicated
mixtures of chlorite and talc. Neither treatment
with glycerol nor heating to 60O'C affected the

basal reflection at L4 A. Electron probe analysis
identified some portions as talc and others as
chlorite: in both cases the nickel content was
only A3Vo. Highly nickeliferous material (up

b lAVo Ni) was found to be optically opaque
and according to the analyses listed in Table 4

sedms to be a mixtme of talc and chlorite.
A nickel-rich chlorite was analyzed for com-

parison. The sample came from Barbertonn
Transvaal and was supposed .to .contain pure

nimite (de Waal 1970). As the analysis in Table
4 shows, there is close agreement with the com-
oosition of stoichiometric chlorite.

A nickel-rich septechlorite has recently been
described by Maksimovic (1'972). It is consi-
dered a nickel analogue of amesite, for which
the name nimesite has been suggested. Unfor-

tunately the detection of. a7 A layer minsl2l in
the presence of a chlorite is difficult by .x-ray
diffraction. Nevertheless the intensity ratios ob-
served for the presently-studied samples were
such that not more than traces of nimesite or
related material can have been present.

Vnntttcur.rrrc Ntcrsl- Hvpnosnrcerns

When examining the museum specimens of
garnieritic minerals listed in Table 2, no clear in-
dication could be found of hydrosilicates that
are montmorillonitic or vermiculitic in structure.
That such minerals exist however, is apparent
from the literature. Faust (1966) established
that tho majority of his garnieritic materials
consisted of pimelite, which he claimed to belong
to the montmorillonite group. However, Slansky
(1955) found that a pimelite from Bohemia was
not montmorillonitic and his t-ray patterns sug-
gest that it was a nickeliferous talc. The results
ieported earlier in this report support the 99n-
tention that pimelite, even from the type locality'
is not a montmorillonite.

Schneider (1970) reported that most of the
nickel hydrosilicates in a Saxonian deposit were
vermiculites. Four samples of this material were
kindly provided by Dr. Schneider and ate now
in the Royal Ontario Museum Collection (ROM

numbers M32842/ 5), They came from Obercal-
lenberg nealHohenstein-Ernstthal, District of
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s1, , ,  3 .49  2 .97
A1: :  0 .5 r  L03
Al  r r  0 .51  I  .03
Fe 0.26 0.45
Nl  t .62  0 .02
tE 2.39 4.36
x 4.78 5.86
H20 4.88 4.37

['[(Al vI+Fe+Nl+Mg)

sl l6la (schuchardt l te);  i l33 Rlddle'  oregon
lm 930

A portion of a specimen (#33) from Riddle,
Oregon, gave chlorite patterns with some addi-
tional lines due to amphibole and vermiculite. A
hand-picked fraction consisting of flaky, green-
ish white material, showed only chlorite lines.
Glycolation or heat treatment of this fraction
did not produce changes in intensity or position

of the 14 A reflection and confusion with mont-
morillonite or vermiculite can therefore be ex-
cluded. Crystalline and amorphous portions
could be distinguished under the microscope but
electron probe analyses revealed no appreciable
differences in composition between these parts.
An average analysis is shown in Table 4 and in-
dicates ihat the ratio (Mg*Ee*Ni*Alw):
(Si+AFv) is 5.86:4 and therefore is close to
that of chlorite (6:4).
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13.4*
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0,07
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0.01
2.40
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0.o2
3 .8

14.8
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6 .19

25.0

I  9 . 1 8

2,7'l
1 , 4
0.04
0.07
0.39
0.03
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**sl+AlIV.4 elvl+tl+fe+1q.3 rlti rmairder of mrc- and dlvalent
lons in interlayers (&r,Cat,|e). Fe2r/Fe3+ ratlo adjusted to glve

a total of ll oxygen anions.

tchmlcal analysls by L.L. Jdnes, Falconbrldge Metallurylcsl Labs.

Karl-Marx-Stadt, German Democratic Republic.
The vermiculite material had been carefullv re-
moved from the soil-like weathering produit of
serpentinite. It had been dispersed in water, then
sieved and dried at 80oC. The fraction @-10O
pm, & micaceous olive to apple green powder,
was available for examination (samples f403,
M, 4OS and L26). Acicular particles of me-
dium birefringence (up to lower second order)
were visible in the polished thin section. Under
tho microscope the particles were colourless ex.
cept for sample fi126 where they were slightly
greenish yellow. The .x-ray diffraction patterns
were of vermiculite, but in $405 additional
lines due to amphibole were visible. Treatment
with glycerol did not shift the 14 A reflestion to
higher values, but heating to 60OoC replaced it
by a broad, low-intensity peak at 12 A.

Samples #4O3, #4M and S405 had simils
compositions with an avetage nickel content of
L.9Vo Ni. Sample 5726 oontwned,5.2Vo Ni. In
aU cases, however, the composition was close to
that of a vermiculite (see Table 5).

It has been assumed for the formulae in Ta-
ble 5 that Ni occupies octahedral sites in the
talc layers of tle vermiculite structure rather
than interlayer sites. The basis for this assump-
tion is that treatment with lN MgCL for three
weeks at 60-70'C led to only a minimal exihange
of nickel for magnesium (L-3% of total nickel

TABLE 5. trAIYSES OF YERI{ICU.ITTS
uDgcarrenberglelsrrcn prcDel tJ4, Klptpont, Kqya

$126 avg. {403-5. eJctmn prcbe g[q:t

content). Commonly only the interlayer ions are
exchangeable.

In order to establish the reliability of electron
probe determinations for materials with a high,
relatively loosely bound water content, the well-
defined vermiculite from Kipiponi, Kenya,
which has been described in some detail by Brv-
don & Turner (1972), was analyzed. as a cnem-
ical analysis given by the latter authors referred
to completely dehydrated material it was re-
peated using a sample from the same locality;
this same sample was subjected to the electron
probe measurements. The agreement among the
results summarized in Table 5 is not unreason-
able considering that the material contained im-
purities, notably apatrte, which make the wet
chemical analyses scrmewhat uncertain.

Attention is drawn to tle fact that the water
content required to bring the analysis total to
TWVo is less than the ideal numbsr of 4.5-5.5
HrO molecules (referred to 4 octahedral ca-
tions). This indicates that materials with loosely
bound water seem to release more of it durin;
electron probe analysis than by heating to 110oC
as required for chemical analysh. As mentioned
previously, the serpentine- and talc-like garnie-
rites also show this effect and therefore appear
to belong to the same category of hydrous com-
pounds.

Norvrsxcr,efl;Rs

There seems to be no justification for apply-
ing special names to any of the mixed nickel-
magnesium hydrosilicates; the term garnierite
used by field geologists for greenish nickel-bear-
ing hydrosilicates is adequate (Caillidre 1936;
Pecora et al. 1949). On the basis of the present
study, garnierites can be defined more speci-
fically as nickel-magnesium hydrosilicates, with
or without alumina contents, having r-ray dif-
fraction patterns typical for serpentine, talc, se-
piolite, chlorite, vermiculite or mixtures of these.

Names for crystallographically and chemical-
ly welldefined end-members are undoubtedly in
order. The nickel analogues of talc and chryso-
tile have been named willemseite (de Waal 197O)
and pecoraite (Faust et al, t969), respectively.
Although Maksimovic (1973) has recently sug-
gested that nepouite be redefined and this name
be given 1e s minslal which he has identified as
tle nickel analogue of lizardite, de V/aal (1970)
had already proposed retaining nepouite as a
general term for the nickel serpentines. How-
ever, many authors have regarded nepouite as
a chlorite in t}te past (Spangenbeig 1938; Win-
chell 1951; philliFs 1964) and in order to pre-

35.2 38,1
13.3 12,0

c  a 1  I  o (

7.09 2.39

4.4  26 .0
0.74 0.83

15.01  15 .4r

atmlc proportlorB*

2 ,77  2 .92
1.23  l :08

o-.2s olog
0.15  0 .24
0 . 4 5  0 . 1 5
2.1't 2.52
0.40  0 .48
0.06  0 .07
4.04 3.98

2.47
U . J O

4.86
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vent confusion it may be advisable to avoid this
name in future.

Even if all the nickel-rich analogues of the
serpentine varieties had been recognized and
named, a general name for a nickel end-mem-
ber, NioSLOu(OH)n having a serpentine struc-
ture but for which structural variety cannot be
specified would still be dosirable. Thus, a given
garnierite can often be identified as being very
nickel-rich and having a serpentine struchue,
but determination of the exact varietal form is
impossible because of low crystallinity or the
presence of impurities. Specimens ffL and fi27
described above are cases in point. This new
name would therefore designate the whole group
of minerals comprising pecoraite, the nickel
analogues of lizardite, and possibly antigorite,
in the same way as serpentine is a general name
covering chrysotile, lizardite and antigorite. The
name nickel-serpentine had originally been sug-
gested when part of this study was published for
the first time (G. Springer, F. J. Wicks, z4trl-ln.
ternational Geological Congress, Montreal,
L97D. However, it was realb-ed subsequently
that this name might be misunderstood to mean
a nickeliferous serpentine with a predominant
magnesia content and consequently, a more neu-
tral term was chosen. The new name proposed
to the IMA Commission on New Minerals and
Mineral Names was disapproved because the
Commission considered it unnecessary (personal
communication, D. C. Harris, Canadian Repre-
sentative).

In the Russian literature nickel-free mixtures
of serpentine and talc are commonly called cero-
lites (kerolites). This term, therefore, has a si-
milar general meaning as garnierite ando as
Brindley & Hang (1973) point out, should not
be used as a mineral name in a strict sense.

Maksimovic (1966, L973) allocates the name
8-kerolite to a hydrated form of talc which
ieems to be identical to the talc monohydrate of
Brindley & Hang (t973). The nickel-rich ana-
logue of this is called pimelite by Maksimovic
and can be considered a hydrated form of wil-
lemseite. Since the specimens studied by the
aforementioned authors were contaminated by

7 A layer minerals and were poorly crystalline,
it is not certain that the greater water content
is not also due to contamination. The shift in

the basal spacing of tals from 9.2 to 10 A, which
is usually 6U*erv"4 for this kind of material and
attributed to the effects of additional water
molecules in the structureo can be interpreted
alternatively as being caused by an extremely
small partitle size (Reynolds 1968). Hopefully

the discovery of well-crystallized samplas will
resolve these rmcertainties.

Sepiolite in which magnesium is almost com-
pletely replaced by nickel has not yet -begn q9'
icrftda in tne fterature but will undoubtedly
be found.

A nickel-bearing chlorite with the ideal for-
mula NLSiOg(OH), has been named nimite
by de Waal (1970) and it seems unnecessary to
retain names like schuchardtite or nepouite.

Apart from the mention by Spangenberg
(19t8), an expandable, montmorillonitic nickel
silicate has not yet been identified with certain-
ty as far as the present author is aware. Unfor-
unately, the name pimelite is very often asso-
ciated with this type of substance and not only
with the above-mentioned talc-type minerals.
The nickel - bearing vermiculites described
hitherto are chemically not sufficienfly close to
a pure nickel end-member to wartant introduc-
tion of a new name.
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