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NICKELIFEROUS SERPENTINES, CHLORITES, AND
RELATED MINERALS FOUND IN TWO
LATERITIC ORES

J. W. MoxTova anp G. S. BAUR

ABSTRACT

The nickel-bearing serpentines, chlorites, and related mineral species found in laterite
ores from California and New Caledonia were identified by detailed mineralogical, optical,
chemical, #-ray diffraction, differential thermal, and infrared spectra analyses. Electron
micrographs were prepared to define the morphology of each variety. The principal ser-
pentine minerals were lizardite, clino-chrysotile, and antigorite. The minerals contained
from 0.3 to 5.3 pct nickel. Electron micrographs of the lizardites showed tubular particle
forms in some samples and minute plates in others.

Clino-chrysotile occurred chiefly as a component of natural mixtures with lizardite,
antigorite, or chlorite. Clino-chrysotile exhibited a variety of tubular habits ranging from
long splintery tubes and fibers to relatively short, broad, multiple tubes. Additionally,
pure orthochrysotile was isolated and identified.

Nepouite, garnierite, nickel-bearing varieties of penninite, fibrous antigorite and septe-
amesite also were identified, isolated and described.

INTRODUCTION

Californian nickeliferous-laterite ores have been described by Jenkins
(1953, 1954). However, little work has been done to identify the ser-
pentine minerals present in these ores. Extensive geological studies were
made on the New Caledonian laterites by LaCroix (1942), deChetelat
(1947), and Caillere and Henin (1960). However, there appeared to be
little agreement among these authors as to the nomenclature of the
minerals present. In addition, non-nickel-bearing serpentines have been
studied extensively by Faust and Fahey (1962).

This paper identifies, classifies and gives detailed descriptions of the
optical, chemical and physical properties of the nickel-bearing serpentine
and related minerals found in Californian and New Caledonian lateritic
ores.

The serpentine nomenclature used in this paper is that of Whittaker
and Zussman (1956), who classified the serpentines into three main
groups: Chrysotile, lizardite and antigorite. Two major forms of chryso-
tile, clino-chrysotile and ortho-chrysotile, were recognized. Both forms
exhibit a tubular morphology but are distinguished by differences in
their x-ray diffraction patterns. The name lizardite was proposed for a
one-layer ortho-serpentine mineral. The name antigorite was used to
identify a serpentine mineral having platey morphology and a larger unit
cell than chrysotile and lizardite.

The related minerals in the ores, penninite, septeamesite, nepouite
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and garnierite, were identified on the basis of chemical analyses and
known x-ray diffraction data. The prefix “septe’ was proposed by Nel-
son and Roy (1954) to distinguish chlorite minerals having a series of
basal x-ray reflections due to a 7 A interplanar spacing from more com-
mon chlorite which is characterized by a 14 A periodicity.

SAMPLE DESCRIPTIONS

Materials for this study were selected from large representative lots of
ore. Samples comprised minus }-inch serpentine fragments and limonitic
fines.

The lateritic ore from Humboldt County, California, contained about
15 pct serpentine minerals including a trace of garnierite, 55 pct limonite,
and over 30 pct forsterite and hypersthene. Small-to-minute quantities
of maghemite concretions, chromite and biotite also were present.

New Caledonian lateritic ore was comprised of 60 pct serpentine and
chlorite minerals including minute quantities of nepouite and garnierite;
25 pct limonite; and 15 pct actinolite, enstatite, forsterite and maghemite
concretions. Traces of anorthite, tremolite asbestos and chromite were
identified.

LABORATORY INVESTIGATIONS

Samples of the lateritic ores were prepared for mineral identification
by self-attritioning and washing to remove friable limonitic fines, which
were discarded. Thereafter, the coarse fraction of each ore was hand
sorted into various groups according to color and physical appearance.
Each group then was crushed, screened and separated into appropriate
specific gravity fractions from which specimens of relatively pure serpen-
tine and related mineral species, as well as natural mixtures of these
minerals, were selected for detailed study and analyses.

Mineralogical studies: The major serpentine mineral found in the two
ores was lizardite. The other serpentine and related mineral species oc-
curred in minor-to-trace quantities, generally as natural mixtures of two
or more varieties. The distinguishing physical and optical properties of
the serpentine and related mineral varieties found in the two ores are
presented in Table 1.

Specimens obtained from the Californian deposit contained a nickel-
bearing lizardite and small quantities of clino-chrysotile and fibrous an-
tigorite. Minute grains of garnierite also were identified.

Specimens obtained from the New Caledonian deposit consisted
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TABLE 1. OPTICAL AND PHYSICAL PROPERTIES OF SERPENTINES, CHLORITES,
AND RELATED SPECIES

Mineral Color Refractive index Habit

— Y - — e ——
Lizardite
California Yellow-green 1.575 Plates

—

New Caledonia do. .575-1.580 Do.

Clino-chrysotile

California Light- to dark-green 1.570-1.580 Do.

New Caledonia Light-green 1.565-1.575 Plates
Ortho-chrysotile

New Caledonia Gray-green 1.570-1.575 Do.
Amntigorite

California White 1.565 Fibers

New Caledonia Light- to dark-green 1.565-1.575 Do.

Related species
New Caledonia

septeamesite Light-green 1.540-1.560 Cryptocrystalline
New Caledonia

penninite Yellow- to dark-green 1.590 Plates
New Caledonia

nepouite Bright- to blue-green 1.620-1.630 Fibers
California

garnierite Light- to yellow-green 1.545-1.570 Cryptocrystalline
New Caledonia

garnierite do. 1.580-1.610 Do.

mainly of nickeliferous lizardite. Nickel-bearing clino-chrysotile and
penninite were present in minor quantities generally as natural mixtures
in combination with each other and/or with lizardite. Ortho-chrysotile,
septeamesite, nepouite and garnierite occurred in small amounts as iso-
lated grains. A few grains of impure antigorite were identified.

Chemical studies: The chemical analyses of the serpentine minerals are
presented in Table 2. The percentages given in this table represent aver-
age values obtained by analyzing a number of fragments. Similar chem-
ical analyses of the New Caledonian chlorites, nepouite and garnierite
ate shown in Table 3. The chemical analyses of the serpentines agree
fairly well with the literature (Faust and Fahey, 1962), except for the
substitution of variable amounts of nickel for magnesium. The analysis of
nepouite is in close agreement with that of nepouite published by
Alekseeva and Godlevsky (1937). Garnierite, according to Dana (1914),
has a variable composition, especially with respect to the mutual re-
placement of nickel and magnesium. This variability of chemical com-
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TABLE 2. CHEMICAL ANALYSES OF SERPENTINE MINERALS

Analysis, pct

Mineral LOI
Si0; | AlOs | Fes05 | FeO | MgO | Cro0; | NiQ |————
400° C. 900° C.!

Lizardite .

California 140,81 0.2 |7.2 1.3 134.3 |nd® 2.0 | 3.5 10.6

New Caledonia | 38.3 .6 6.8 | 1.5 33.3|0.2 |4.3 1 11.3
Clino-chrysotile

New Caledonia | 41.3 | 1.0 | 3.4 | nd.2|34.4 | 0.1 3.3 | 21 1.7
Antigorite

California ‘ 39.6 | 1.0 | 5.9 |nd?|39.9 |nd? .3 5 11.2

! Difference between loss on ignition at 400° and 900° C.
2 Not determined.

position also is reflected in the variability of the optical character (Table

1).

X-Ray diffraction studies: Identification of the serpentines, chlorites and
related species was based in part on x-ray diffraction data. Lizardite,
clino-chrysotile, ortho-chrysotile and antigorite were identified using
x-ray data compiled by Whittaker and Zussman (1956). Septeamesite,
penninite, nepouite and garnierite were identified by comparison with
ASTM w-ray diffraction data.

TABLE 3. CHEMICAL ANALYSES OF NEW CALEDONIAN CHLORITES AND RELATED MINERALS

Analysis, pct

Mineral LOI
SiOy | ALO; | Fe:O3 | FeO | MgO | CaO | Cr0; | NiO |———n——
400° C. 900° Ct

|
|
|
|
|

n.d.2 | 21

Septeamesite | 30.9 | 26.7 | 0.9 .4 | nd? trace | 3.6 | 4.8 10.6
Penninite 32.7 114.5| 3.8 | 2.5 |29.6 | nd.* 0.3 3520 L 7 11.1
Nepouite 33.8| 4.1 1.3 | nd.?|13.5 [trace| .1 34.8 | 1.6 10.6
Garnierite 46.7 |<1.0 | 1.4 nd? | 199 | 1.6 nd?|14.5 | 3.0 11.2

! Difference between loss on ignition at 400° C.
2 Not determined.
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X-ray diffraction data for the serpentines, chlorites, nepouite and
garnierites are presented in Tables 4 and 5. The specimen of California
garnierite used was contaminated with serpentine and quartz. Many of
the peaks in the x-ray pattern shown are due to or have been intensified
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F16. 1. Smoothed powder diffraction patterns for serpentines, chlorites, nepouite, and
garnierite. (1) California lizardite, (2) New Caledonia lizardite, (3) New Caledonia clino-
chrysotile, (4) New Caledonia orthochrysotile, (5) California antigorite, (6) septeamesite,
(7) penninite, (8) nepouite, (9) New Caledonia garnierite.
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by the presence of the serpentine impurity in the sample. If the reflections
suspected as due to the presence of serpentine are ignored, the data agree
fairly well with that of ASTM card No. 2-0060 as well as with that of
Alekseeva and Godlevsky (1937). Copper Ka radiation was used. The
diffractometer patterns are reproduced as Fig. 1.

TaBLE 4. X-RAy DirFrRACTION DATA ¥OR L1ZARDITES AND CHRYSOTILES

Lizardite . . .
. o Clino-chrysotile Ortho-chrysotile
Califorhia New Caledonia New Caledonia New Caledonia
dA 1/1, dA /I, | dA /1, di /1,
7.19 75 7.25 100 7.25 85 7.25 00
4.53 45 4.55 15 4.57 25 4.55 45
3.90 <5 3.91 S5 2.583 25 2.605 50
3.63 100 3.65 60 3.66 100 3.65 100
2.493 70 2.499 35 2.486 40 2.499 85
2.453 60 2.447 20 2.440 65 2.460 60
2.154 20 2.145 15 2.092 15 2.336 35
1.792 10 1.789 5 1.823 10 2.149 10
1.540 40 1.536 20 1.739 15 1.971 20
1.504 20 1.502 10 1.534 45 1.816 5L
1.310 201 1.310 10t 1.470 10 1.723 15t
1.641 15
1.315 20 1.538 65
1.509 30
| 1.310 251

! Broad peak.

Differential thermal analysis studies: Differential thermal analyses were
made on selected serpentine and chlorite specimens. The curves are
shown in Fig. 2. The general shape of the curves agreed with those ob-
tained on similar minerals by Faust and Fahey (1962), Nelson and Roy
(1934) and Brindley and Ali (1950). No differential thermal data were
available on nepouite. The samples were heated 12° C. per minute in an
air atmosphere. In all samples, the differential thermal analyses showed
a strong endothermic reaction between 600° and 750° C., which was due
to dehydration and destruction of crystal structure. Nickeliferous lizard-
ite, clino-chrysotile, septeamesite and penninite showed evidence of an
additional weak endothermic reaction near 800° C. All varieties tested
exhibited a strong exothermic reaction due to the formation of forsterite
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TaBLE 5. X-Ray DIrrrACTION DATA FOR ANTIGORITE, SEPTEAMESITE,
PENNINTTE, NEPOUITE, AND GARNIERITE

Antigorite Septeamesite, Penninite, Nepouite, Garnicrite
California New Caledonia | New Caledonia | New Caledonia California New Caledonia
dA I | dd 1k dA UL | A I/k dA L dd UL
7.19 95 14.2 55 10.4 100t 10.0 3kt
4.59 10 7.19 80 7.13 90 7.23 1C0 7.4 752
4.74 70 6.4 10
4.13 10 4.60 40 4.62 10 4.55 35 5.0 10
4.00 5 3.59 100 3157 100 3.62 100 4.6 1001 4.57 1001
3.60 100 2.96 5
2.527 30 l 2.838 25
2.421 15 3.68 502
2.210 <5 2.650 50 | 2.642 40 ‘
2.154 10 2.583 55 | 2.583 20 | 3.22 10 3.24 551
1.816 5 | 2.540 30 2.479 601 | 2.65 7518 2.650 651
2.440 25 2.45 7512 2.460 651
1.732 5 2.384 80 2.378 15 |
1.562 10 2.257 15 2.252 10 .11 <5b2
1.536 10 2.149 15 1.73 10t 1.729 154
1.513 5 2.009 35 2.004 25 1.53  100v2 1.531 B0
1.502 5 1.886 15 1.886 10 1.32  100v2 1.315 35t
1.478 5 1.823 5
1.726 10 1.742 5
1.450 5 1.665 25 1.660 5
1.315 5 1.569 15 1.564 15
1.534 60 1.541 25 1.529 60
1.502 20 1.504 10 1.500 30
1.405 15 1.416 5
1.396 15
1.322 20 1.318 10 1.303 251
1.287 15 1.290 10
1.215 5 1.223 Sl
1 Broad peak.

2 Peaks due to or augmented by the presence of serpentine minerals.

and/or enstatite between 750° and 850° C., with the exception of New
Caledonian septeamesite and nepouite, which exhibited weak reactions
in this temperature range.

Thermal reaction studies: Supplemental studies were made to correlate
the reactions detected by DTA with phase changes that occurred in these
minerals upon heating. Individual samples were heated in air for 30 min-
utes at various temperatures ranging from 500° to 1,000° C. The heat-
treated samples then were examined by x-ray diffraction analyses to
identify the different phases formed. The pertinent findings are sum-
marized in Table 6.

Temperatures at which the serpentine and chlorite minerals decom-
posed and then recrystallized to form forsterite varied. All minerals
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studied however, formed enstatite between 750° and 850° C. Except for
antigorite all heat-treated minerals exhibited an amorphous phase be-

fore the formation of forsterite. Antigorite apparently decomposed simul-
taneously with the formation of forsterite. Septeamesite transformed to
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F1c. 2. DTA curves for serpentines, chlorites, and nepouite. (1) California lizardite,
(2) New Caledonia lizardite, (3) New Caledonia clino-chrysotile, (4) California antigorite,
(5) septeamesite, (6) penninite, (7) nepouite.

sapphirine in addition to forsterite between 750° and 800° C., and to
forsterite, enstatite and a spinel-type structure above 800° C.

The chlorites, when heat treated, retained or developed a symmetry
associated with the 14.7 A and 2.8 A interplanar spacings. In heat-treated
penninite, the chlorite structure collapsed except for this symmetry.
The 14.7 A and 2.8 A reflections increased in intensity as the sample was
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TaBLE 6. Prase CHANGES ON HEATING PRODUCED IN SERPENTINES AND CHLORITES

Temperature of phase change, © C.

Hlimeysl Decomposition of Forsterite Enstatite
serpentine lattice formation formation
Lizardite
California 350-600 T00-750 750-800
New Caledonia 550-600 750800 750-800
Clino-chrysotile |
New Caledonia 550-600 | 750-800 750-800
Antigorite
California 600-650 600-650 800-850
Chlorite
New Caledonia
septeamesite 700-750 T50-800 800-850
New Caledonia
penninite 650-700 T50-800 750-800

heated until forsterite formed (about 750° C.), at which temperature they
disappeared. The high temperature form of septeamesite, represented by
weak reflections due to 14.7 A and 2.8 A interplanar spacings, appeared
at about 500° C. These peaks also disappeared with the formation of
forsterite.

Infrared studies: Infrared absorption spectra were recorded on the
nickeliferous serpentines, chlorites, nepouite, and garnierite as an aid in
distinguishing the different varieties. The spectra for the 9 to 11 micron-
wavelength range are presented in Fig. 3.

Samples were mixed with potassium bromide and hand ground under
alcohol to prevent lattice destruction and then pressed into disks. Meas-
urements were made using sodium chloride optics.

Although the serpentines and chlorites gave somewhat similar ab-
sorption spectra, differences in the position, shape, and intensity of the
peaks enabled the varieties to be distinguished from one another. The re-
sults agreed generally with those of Brindley and Zussman (1959) and
Tuddenham and Lyon (1959).

Electron microscope studies: The morphology of the serpentines, chlorites,
nepouite and garnierite was determined by the electron microscope.
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Fic. 3. Infrared curves for serpentines, chlorites, nepouite, and garnierite. (1) Cali-
fornia lizardite, (2) New Caledonia lizardite, (3) New Caledonia clino-chrysotile, (4) New
Caledonia ortho-chrysotile, (5) California antigorite, (6) septeamesite, (7) penninite, (8)
nepouite, (9) garnierite.

1) Lizardites

Californian lizardite exhibited a tubular morphology, whereas New
Caledonian lizardite consisted of plate-like particles similar to those of
lizardite from Snarum, Norway, photographed by Zussman et al. (1957).
Comparison of the x-ray pattern of the California lizardite with the x-ray
data on chrysotile compiled by Whittaker and Zussman (1956) demon-
strates the tubular California lizardite is neither ortho- nor clino-
chrysotile. Although the California lizardite could be mistaken for poorly
developed antigorite, its tubular habit and the DTA and infrared data
rule out this possibility.
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2) Clino-chrysotile

Relatively pure clino-chrysotile and clino-chrysotile-antigorite mix-
tures in New Caledonian samples occurred as relatively long, thin
splintery tubes and fibers. Some of the fibers appeared to have curled
edges. Clino-chrysotile mixed with penninite or with lizardite occurred as
thin splintery tubes and fibers and as relatively short, broad multiple
tubes (tube-in-tubes). The multiple tubes consisted of progressively
larger tubes similar to a telescope, or of a broad tube enclosing a longer,
thinner tube that projects at both ends.

3) Ortho-chrysotile

The ortho-chrysotile from New Caledonia exhibited a tubular mor-
phology similar to the New Caledonian clino-chrysotile, but the tubes
were somewhat shorter,

4) Antigorites

Californian and New Caledonian fibrous antigorites occurred as broad
laths.

5) Septeamesite, penninite and nepouite

New Caledonian septeamesite, penninite, and nepouite occurred as
plates. Septeamesite occurred as minute, irregularly shaped platey par-
ticles. Penninite plates were large and broad. Nepouite plates were some-
what smaller than the penninite plates and appeared to be hexagonal in
outline.
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