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ABSTRACT

The mineral name ‘‘maufite’’was proposed in 1930 to describe a ‘‘bright emerald green’’ nickeliferous vein material occurring within
a serpentinite of the Great Dyke in the Umvukwe Range of Zimbabwe, then Southern Rhodesia. Study of this material shows that it is
not a distinct species but rather an interstratified nickel-bearing lizardite-clinochlore, with lizardite dominant over clinochlore. The name
‘‘maufite’’ is discredited. The lizardite is a Group-A polytype, and the clinochlore is a Ia polytype in the nomenclature developed by
S.W. Bailey. The formula calculated on the basis of 14 negative charges is (Mg1.74Al0.88Ni0.13&0.25)S3.00(Si1.60Al0.40)S2.00O5(OH)4;
on the basis of nine oxygen atoms including 14.6 wt.% H2O determined thermogravimetrically, the formula is (Mg1.68Al0.78
Ni0.13&0.41)S3.00(Si1.55Al0.45)S2.00O4.51(OH)4.49. Analytical electron microscopy shows that the composition is variable on a fine scale.
The randomly interstratified lizardite-clinochlore occurs as a pseudomorph after amphibole and plagioclase and is a product of
serpentinization. The material is poorly crystalline and very fine grained, producing broad reflections on powder diffraction and
microbeam X-ray diffraction patterns. Unlike most of the interstratified serpentine-chlorite described in the literature, lizardite is here
dominant over clinochlore.

Keywords: interstratified lizardite-clinochlore, serpentine-chlorite, nickel-bearing lizardite, powder XRD, microbeam
XRD, TEM-AEM, TGA, evolved gas analysis, electron-microprobe analysis, ‘‘maufite’’, discreditation, Zimbabwe.

INTRODUCTION

‘‘Maufite’’was originally described by Keep (1930a, b)
and named after Mr. Herbert Brantwood Maufe
(1879–1946), director at the Southern Rhodesia Geolo-
gical Survey (Foshag 1930). It occurs ‘‘as a quarter inch
seam’’ of ‘‘a peculiar y bright emerald green rock’’
within ‘‘a dark red, speckled, serpentine rock adjacent to a
small dolerite dyke’’ (Keep 1930b, p. 26). The serpentine
rock forms part of the Great Dyke in the Umvukwe
Range of Zimbabwe, formerly Southern Rhodesia. The
specific occurrence was located 1.5 miles northeast of the
Umvukwe geodetic station, on the Ruorka Ranch in the
Mazoe District. Keep was meticulous about the deposition
of the type material, and sent it to the Smithsonian
Institution. His letter of deposition indicates that it exists
as only one specimen and admirably states: ‘‘I enclose it

herewith, as with you it will be a permanent record
whereas with me it might get lost.’’ The specimen bears
the number 4558, which is likewise the number cited in
his publication. Thus, the type material is of high
integrity. It is catalogued as Smithsonian Institution
#NMNH 96398. A fragment from this specimen is cat-
alogued at the Royal Ontario Museum (ROM) as ROM
#M45039.

The results of the study described below indicate that
‘‘maufite’’ is not a unique species, but a random
interstratification of Ni-bearing lizardite with clinochlore.
The lizardite is a Group-A polytype (Bailey 1969, 1988b),
and the clinochlore is polytype Ia (Bailey 1988a, 1988c).
The lizardite is the dominant phase, with lesser and
variable amounts of clinochlore. Our recommendation to
discredit ‘‘maufite’’ as a mineral name was accepted by
the International Mineralogical Association, Commission
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on New Minerals and Mineral Names on May 13, 1993
(Nickel & Grice 1998). ‘‘Maufite’’ was included in a mass
discreditation of mineral names by Burke (2006).

Most of our work on this material was done in the
early 1990s. Publication of a new study of interstrati-
fied lizardite-clinochlore (Cressey et al. 2008a) was
reminiscent of our earlier study of ‘‘maufite’’ from
Ruorka Ranch, and a reminder that the study of the
interstratified lizardite-clinochlore formerly known as
‘‘maufite’’ needed to be published.

Although it was scientifically necessary to discredit
‘‘maufite’’, it was unpleasant to do so, as ‘‘maufite’’ was
meant to honor Herbert B. Maufe and his significant
contribution to the development of the Southern Rhode-
sian Geological Survey (Lightfoot 1947, Spencer 1947),
now the Geological Survey of Zimbabwe. It was a relief
to learn that the Geological Survey of Zimbabwe is
located in the Maufe Building at the corner of Selous
Avenue and 5th Street in Harare. This is undoubtedly a
more significant memorial, seen by more people, than the
small, single specimen of ‘‘maufite’’, a portion of which is
stored at the Smithsonian and a portion at the ROM.

INVESTIGATIONS

Optical study

In thin section, Keep found that the centimetric pale
apple green to emerald green seam in the serpentine rock
seems to be composed solely of a light green, length-fast
mineral occurring in ‘‘fibrous sheaves aligned at acute angles

with one another’’ (Keep 1930a, p.104). Examination of a
new thin section cut from the original specimen indicates
that the mineral is texturally more complex than described
by Keep. The vein is composed of typical serpentine
pseudomorphs after amphibole and feldspar. As no primary
minerals survived serpentinization, their identification is
based solely on the morphology of the pseudomorphs
(Wicks & Whittaker 1977). The amphibole pseudomorphs
are made up of sheaves of length-fast apparent fibers with
minor patches of length-slow apparent fibers and isotropic
featureless serpentine (Fig. 1). The isotropic serpentine is
rimmed by zones of fine-grained, length-fast apparent fibers
arranged in rosettes. It is very likely that these rosettes are
small spheres of polyhedral lizardite similar to those recently
characterized by Cressey et al. (2008b, 2010). This
assemblage of textural units is fairly typical of the amphibole
bastite described by Wicks & Whittaker (1977). The
plagioclase pseudomorphs commonly show a rectangular
outline and are composed of interlocking grains of length-
slow or, in some cases, length-fast serpentine (Fig. 1). The
veins seem to have been composed initially of radiating,
interpenetrating sprays of amphibole crystals up to 1.5 �
0.5 mm, and a few percent of euhedral plagioclase crystals,
up to 0.15 � 0.85 mm. The plagioclase was either enclosed
by, or interstitial to, the amphibole.

Chemical composition

The Ruorka Ranch vein material was chemically
analyzed using an ARL-SEMQ electron microprobe
utilizing an operating voltage of 15 kV and a sample

FIG. 1. Interstratified lizardite-clinochlore pseudomorphs formed after elongate, bladed amphibole (a) and euhedral plagioclase grains (p).
As no primary minerals survived serpentinization, their identification is based on the morphology of the pseudomorphs (Wicks &
Whittaker 1977). Sample NMNH 96398, crossed nicols.
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current, measured on brass, of 0.025 Å. We used the
following standards in the analysis: hornblende for Si,
Al, and Mg, and Ni,Fe alloy for Ni. The analyses, made
at seven points from a variety of textural units, yielded
SiO2 33.6, Al2O3 22.8, MgO 24.4, NiO 3.4 wt.%, for a
total of 84.2 wt.%. Iron was sought but not detec-
ted. The new composition differs from the original
findings (Keep 1930a, b) principally in higher MgO
(24.4 versus 4.78 wt.%) and lower Al2O3 (22.8 versus
36.81 wt.%) values (Table 1). Clearly, the original
analytical work was flawed.

The amount of H2O was determined using a Mettler
TA-1 thermoanalyzer by thermogravimetric analysis
(TGA). It was coupled to an Inficon IQ 200 quadrupole

mass spectrometer for identification of the evolved gas
species (EGA) using the methods described by Wicks
& Ramik (1990). A finely crushed 5.769 mg sample of
the vein material was weighed at 40% relative humidity
at 23 °C, placed in a Pt-10% Rh crucible and allowed to
stabilize for 19 hours in the thermoanalyzer at an
ultimate vacuum of 4 � 10–8 torr. During this period
in vacuum, the sample lost 4.4 ± 0.2 wt.%, pre-
sumably adsorbed H2O. Following this measurement,
the sample was heated at a rate of 10 °C/min to a
maximum temperature of 1000 °C. A loss of 14.6 ±
0.2 wt.%, principally H2O, occurred between 22 and
1000 °C (Fig. 2). This was composed of a minor loss of
approximately 0.8 wt.% between 22 and 150 °C with a
peak at 95 °C, and a major loss of 13.8 wt.% between
150 and 950 °C, with a peak at 445 °C.

The total weight-loss of 19.0 wt.% H2O (4.4 wt.% in
vacuum prior to heating plus 14.6 wt.% during heating) is
similar to the total weight loss of 19.38 wt.% (5.71 H2O

–,
13.67 wt.% H2O

+) reported by Keep (Table 1). The loss
in vacuum of 4.4 wt.% adsorbed H2O is significantly
greater than the loss of 0.1 to 1.8 wt.% that we have
observed in many other serpentines that we have
analyzed. This likely reflects the small size of the particles
and a high surface-area available for adsorption.

The H2O lost in vacuum prior to the thermal analysis
is not essential to the lizardite or clinochlore structures,
and need not be included in the empirical formula. The
major loss in H2O during heating of 14.6 wt.% is
produced by the destruction of the crystal structures and
loss of hydroxyl ions as H2O. The lowered peak
temperature of 445 °C, compared to 600 to 700 °C for
similar sheet silicates analyzed at one atmosphere, is
partly due to the high vacuum (Wicks & Ramik 1990),
but also may be due to the small particle-size (Mackenzie
1970). The analytical total of the microprobe results
(84.2 wt.%) plus the structural water present (14.6 wt.%)
combine for a total of 98.8 wt.% (Table 1).

An average formula for the interstratified lizardite-
clinochlore mixture, (Mg1.74Al0.88Ni0.13&0.25)S3.00
(Si1.60Al0.40)S2.00O5(OH)4, can be calculated from the

FIG. 2. Thermal gravimetric curve (a) and total pressure curve,
principally H2O (b), of randomly interstratified lizardite-
clinochlore. The total pressure curve is in arbitrary units.

FIG. 3. An X-ray powder-diffraction pattern of the 14 Å (6.1° 2y)
peak of interstratified lizardite-clinochlore recorded in a step
scan from 4° to 9° 2y. The experimental conditions are given
in the text.

TABLE 1. CHEMICAL COMPOSITION OF ‘‘MAUFITE’’,
LIZARDITE-CLINOCHLORE

Oxides Keep (1930a, b) Microprobe

SiO2 wt.% 33.26 33.6
Al2O3 36.81 22.8

Fe2O3 0.79 n.d.
FeO 0.68 n.d,
NiO 4.28 3.4

MgO 4.78 24.4
CaO tr. n.d.
H2O

+ 13.67 14.6

H2O
– 5.71 4.4

Total 99.98 98.8*

n.d.: not detected, tr.: trace.
* Excludes 4.4 wt.% H2O

–.
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results of the electron-microprobe analysis based on
14 negative charges and assuming the presence of Ni2+.
With so many mineral analyses being done with an
electron microprobe and with H2O determinations rarely
available, this method of calculating the formula is the
norm. However, using the amount of H2O

+ determined by
TGA-EGA analysis (14.6 wt.% H2O

+) combined with the
analytical results acquired with an electron microprobe, an
alternative average formula, based on nine atoms of
oxygen can be calculated: (Mg1.68Al0.78Ni0.13&0.41)S3.00
(Si1.55Al0.45)S2.00O4.51(OH)4.49.

X-ray diffraction

Several X-ray powder-diffraction patterns were re-
corded with a 114.6 mm Debye-Scherrer camera at the
Smithsonian and at the Royal Ontario Museum (ROM),
and with a Nonius Guinier-de Wolff camera at the ROM.
We used CuKa radiation in all cases. Data for repre-
sentative powder-diffraction patterns are presented in
Table 2. All the diffraction patterns are composed of
fairly broad reflections suggesting poor crystallinity or
fine grain-size or both. Some of the ROM powder-
diffraction patterns were produced using a Philips clay-
mineral collimator to enhance the possibility of recording

low-angle reflections. Strong scattering in the low-angle
region recorded on all the films made observation and
measurement of the 14 Å reflection difficult. However, a
weak, broad, unambiguous 14 Å peak was recorded at
14.5 ± 0.3 Å by making a step scan through 4° to 9° 2y
of a small sample smear, mounted on a quartz plate
(Fig. 3). A step-scan interval of 0.100° 2y, an integration
time of 15 seconds per step, a 0.25° divergence slit,
a 0.25° antiscatter slit, and a 0.3 mm receiving slit on a
Philips automated diffractometer at the University of
Manitoba were used to record this peak.

A series of heating experiments was made to further
define the 14 Å structure. The limited amount of material
available precluded a regular diffractometer-based heating
study, so a small amount of powder was heated in a
0.2 mm capillary. The product was examined by Debye-
Scherrer powder diffraction using clay-mineral collima-
tors. Heating in air for 2.5 hours at 550 °C increased the
intensity of the 14.5 Å reflection and decreased the
intensity of all other 00l reflections. Heating at 630 °C
produced a shift from 14.5 to 13.8 Å. This step confirmed
that the 14 Å phase is chlorite and not vermiculite
(Brindley & De Souza 1975).

At this point in the study, it appeared that the material
might well be a Ni-bearing clinochlore (Bayliss 1975), with

TABLE 2. X-RAY-DIFFRACTION DATA FOR ‘‘MAUFITE’’, LIZARDITE-CLINOCHLORE

Clinochlore 1a* Debye Scherrer
114.6 mm

Guinier-de Wolff Microbeam
Lz + Cch

Microbeam
Lz only

Lizardite
Group Az

hkl d (Å) l (est) d (Å) l (est) d (Å) l (est) d (Å) l (est) hkl

001 14.3 m 14.4 3 14 m
002 7.12 s 7.12 10 7.17 s 7.13 s 001
003 4.81 vvw 4.84 o1 4.82 m

020, 110 4.54 s 4.57 9 4.47 s 4.52 s 020
111 4.23 vw? 111
022 3.88 1 021

004 3.56 s 3.57 7 3.54 s 3.55 s 002
005 2.83 w
201, 200 2.61 m 2.631 4 2.58 m 2.61 m 201, 200

202 2.56 m 2.573 4 202
202 2.376 s 2.376 5 2.37 m 2.36 ms 003
204 2.24 w 201
204 2.000 w 2.001 1 2.00 m 2.00 m 203

207 1.725 vw 1.732 o1
206 1.664 vw 1.67 o1 204
060, 207 1.529 s 1.53 6 060

062 1.493 w 1.497 1 061
064 1.403 w 062
2010 1.318 w 204

066 1.285 w 063

*Bailey (1988c),
zBailey (1988b).
Symbols used: Lz: lizardite, Cch: clinochlore.
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similarities to the other Ni-bearing chlorites studied by
Brindley & De Souza (1975) and by Bailey & Riley
(1977). The powder-diffraction patterns can be indexed
as clinochlore (Table 2), and the intensities of the h0l
reflections best match a monoclinic Ia polytype (Bailey
1988a, c). This is the structure generally found in other
Ni-bearing chlorites (Brindley & De Souza 1975, Bailey &
Riley 1977). However, we discovered that the Ruorka
Ranch vein material is not simply a Ni-bearing clino-
chlore. Five microbeam X-ray diffraction patterns, taken
from various textural units in three small fragments of vein
material using the procedures of Wicks & Zussman (1975)
andWicks et al. (1995), indicated that there are two distinct
phases present: a 14 Å and a 7 Å phase. In one diffraction
pattern, the 00l reflections of clinochlore with l odd are
absent, leaving a lizardite pattern (Table 2) and in the other
four patterns, the reflections of clinochlore with l odd were
found to vary in intensity with respect to those with l even.
The diameter of the X-ray microbeam is 50 mm; the
diffraction results thus indicate that the abundance of
clinochlore varies over relatively short distances.

The spacing and the intensities of the reflections
of the 7 Å lizardite structure (Table 2) indicate that it
is a Group-A polytype (Bailey 1969, 1988b). As both
the 7 Å Group-A polytype and the 14 Å Ia polytype
(Bailey 1988a, 1988c) involve shifts of ±a/3, there are
basic similarities in the two diffraction patterns, so that
diffraction patterns of the mixture can be indexed as the
chlorite polytype Ia (Table 2).

These diffraction results raise the question of
whether the material is a mechanical mixture of the
two phases or a regular interstratification of the 7 Å
and 14 Å layers. The recorded 003 and 005 diffraction
peaks are too weak (Table 1) for us to measure half-
peak widths for comparison with half-peak widths for
the 00l reflections with l even. However, the half-peak
width of the 001 reflection (Fig. 3) could be estimated,
and it is approximately twice as wide as the half-peak
widths of the 002 and 004 reflections. Reynolds
(1988), Moore & Reynolds (1989), and Reynolds
et al. (1992) have demonstrated, using calculated
diffraction patterns, that this effect is produced by
diffraction from a random interstratification of ser-
pentine and chlorite.

In order to understand the nature of the interstrati-
fication, we used the program NEWMOD (Reynolds &
Reynolds 1996) to estimate the relative abundance of
lizardite and clinochlore and the nature of the inter-
stratification. The program was modified, as instructed
in the manual, to adjust for the nickel content, vacan-
cies, and lack of iron in the structure, although this did
not profoundly affect the results. Use of the Reichweite
routine of the program indicated that the lizardite and
clinochlore are randomly interstratified. When a series
of calculated diffraction patterns were compared to the
recorded diffraction patterns, the maximum clinochlore
content recorded was on the order of 25%. We found
that the NEWMOD program is not sensitive to clinochlore

contents of less than 10%. However, some of the
microbeam diffraction patterns of the Group-A poly-
type (Table 2) revealed an absence of clinochlore; the
clinochlore content thus seems to vary from near 0 up
to 25% among the various samples.

In most of the natural occurrences cited by
Reynolds (1988), chlorite is the dominant phase. The
mineral dozyite has a regular interstratification of
amesite and clinochlore occurring in equal amounts
(Bailey et al. 1995). However, the Ruorka Ranch vein
material seems to be unusual in that lizardite, the
serpentine component, is the dominant phase. In order
to further understand this problem, we used transmis-
sion electron microscopy.

Transmission electron microscopy

An attempt was made to thin two vein fragments by
ion milling, but the material tended to break away rather
than thin. One sample survived milling, but it had thick
edges and was of limited use for our study. Two
additional samples of grains, picked from the vein center
and from the vein margin, were crushed and the dispersed
fragments were mounted on holey carbon films on Cu
specimen grids for transmission electron microscopy
(TEM). A Philips CM12 scanning-transmission electron
microscope (STEM) fitted with a Kevex Quantum solid-
state detector for analytical electron microscopy (AEM)
was used for this study.

Crushing and dispersing the samples produced a
range of fragments from anhedral composite grains to
smaller elongate grains (Fig. 4). The larger grains are
an assemblage of smaller grains, some of which
occasionally have what might be partially and weakly
developed crystal outlines. The features of the grains
seen by TEM (Fig. 4) bear little resemblance to the
original pseudomorphic textures seen in thin section
(Fig. 1). The elongate grains tend to be smaller than the

FIG. 4. A low-magnification transmission electron microscope
image of crushed and dispersed composite grains of the
lizardite-clinochlore fragments deposited on a holey carbon
film.
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composite grains and probably come from the elongate
parts of the pseudomorphs after amphibole, but this is
speculation.

The diameter of the individual grains that make up
the larger composite grains is approximately 200 Å.
This fine grain-size explains the broad reflections of the
X-ray diffraction patterns, the high level of the low-
angle scattering, the high content of adsorbed H2O, and
the lower and broader-than-normal range of decom-
position temperatures during TGA-EGA.

Numerous selected-area electron-diffraction patterns
were examined. We found that lizardite is dominant in
the samples examined by TEM. Most of the selected-area
electron-diffraction patterns are in a classic, although rarely
perfectly oriented, hexagonal array, showing that most of
the lizardite-clinochlore particles are lying on the 001 basal
cleavage plane with the c axis parallel, or nearly parallel, to
the electron beam (Wicks 1979, Fig. 1.34). Closely spaced
pairs of diffraction spots and occasional arcs associated with
the diffraction spots indicate that successive cleavage
packets of lizardite are slightly rotated with respect to one
another. The grinding and dispersion of the sample have not

only fractured the lizardite-clinochlore particles in the
pseudomorphic textures, but have also cleaved them along
the basal cleavage plane to produce thin platy particles.
Within these thin platy particles, adjacent cleavage packets
are slightly rotated within the cleavage plane with respect to
adjacent cleavage packets.

Selected-area electron-diffraction patterns from the
elongate particles were less frequently recorded and have
the c axis of lizardite-clinochlore perpendicular to the axis
of elongation, and either the a or b axes parallel to the
direction of elongation (see Wicks 1979, Fig. 1.32, for the
basic orientation of these patterns; note that these are fiber-
diffraction patterns, and the diffraction spots from the
cylindrical fibrous structure should be ignored). One pattern
had the a axis parallel to the axis of elongation and the c
and the b axes perpendicular to it. The diffraction patterns
were rarely well oriented, showing tilting, as might be
expected from an irregular elongate particle. These electron-
diffraction patterns generally show streaking of reciprocal
lattice rows with k a 3n, indicating interlayer disorder.

Eight 00l structural fringe images were recorded
from elongate particles that are probably from the

FIG. 5. A transmission electron microscope image of a slightly elongate grain with long slim arms extending from the corners. Well-
developed 7 Å structural fringes occur throughout, with 14 Å fringes mainly occurring in the marginal zones and less frequently
within the grain. This is probably a part of the randomly interstratified Ni-bearing lizardite-clinochlore pseudomorphs after the
original amphibole. The outlined area is Figure 6.
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elongate parts of the amphibole pseudomorphs. The
areas of fringes is usually small. The largest area is
shown in Figure 5. This blocky, slightly elongate grain
has slim arms of variable length extending from the
corners. The fringes show that the sample is dominated
by the lizardite layers, but that interstratified clino-
chlore or packets of clinochlore layers also are present
(Figs. 5, 6), although not in all images. The lizardite
and clinochlore structures often pass from one structure
to the other laterally (Fig. 6), two layers of lizardite
becoming one of clinochlore (Cressey et al. 2008a).
The TEM results provide direct evidence (along with
the X-ray data) that the material is randomly inter-
stratified and lacks long-range periodicity.

Numerous areas examined by AEM show that the
material has a heterogeneous composition. The nickel
content of most particles varies from 2 to 8 wt.% NiO, and
one contained 12 wt.% NiO (discussed below), but on
average is close to the average value, 3.4 wt.% NiO,
obtained by electron-microprobe analysis. Iron is, in
general, absent or present at less than 1 wt.% FeO in most
grains, but a few grains contain significant amounts of iron,

corresponding to 2 to 12 wt.% FeO. One unusual grain has
a Mn content of 11 to 12 wt.% MnO. This grain also has
the highest Ni content, 12 wt.% NiO, and 0 to 3 wt.% FeO.
In general, the composition determined by AEM confirms
the composition determined with the electron microprobe,
but also illustrates the heterogeneous chemical composition
of the material on the very fine scale. This latter point was
not obvious in the electron-microprobe study.

A single grain of chlorite was identified and analyzed
with the AEM. This grain produced sharp electron-
diffraction spots, is Fe-rich and Ni-poor, has some edges
typical of a hexagonal crystal, and is slightly coarser than
the associated lizardite-clinochlore mixture. In contrast to
the composition of the interstratified lizardite-clinochlore,
this chlorite is a Mg-bearing chamosite with almost no
nickel. This chamosite is an extraordinary grain, possibly
associated with the contact zone of the vein. It is not
interstratified with the lizardite, and its Fe-rich, Ni-poor
composition does not represent the chlorite in the Ni-rich,
Fe-poor interstratified lizardite-clinochlore.

The difficulty in finding clinochlore in the two samples
examined by TEM confirms the X-ray microbeam results,

FIG. 6. A closer view of the structural fringes in the transmission electron microscope image in Figure 5. Clinochlore (14 Å)
dominates across the bottom of the image, and lizardite (7 Å) dominates in the central area and across the top. Two layers of
lizardite that pass into a single layer of clinochlore can be seen in several places throughout the image as well as at the
transition labeled in the center of the image.
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and indicates that the clinochlore content is variable
and may be nil, at least in the volume sampled in the
50 mm diameter beam of the microbeam X-ray-diffraction
camera.

DISCUSSION AND CONCLUSIONS

‘‘Maufite’’ is discredited as a mineral name. The
Ruorka Ranch vein material is a Ni-bearing lizardite of
Group A (Bailey 1969, Bailey 1988a, 1988b) with a
variable amount, 0 to 25%, of randomly interstratified
clinochlore polytype Ia (Bailey 1988a, 1988c).
The average formula for the interstratified lizardite-
clinochlore mixture (Mg1.74Al0.88Ni0.13&0.25)S3.00
(Si1.60Al0.40)S2.00O5(OH)4, can be calculated from the
electron-microprobe results based on 14 negative
charges. An alternative average formula, (Mg1.68Al0.78
Ni0.13&0.41)S3.00(Si1.55Al0.45)S2.00O4.51(OH)4.49 based
on nine atoms of oxygen, can be calculated from the
electron-microprobe analytical results combined with
the TGA-EGA results (14.6 wt.% H2O

+). This is
probably the more accurate formula, but the first
formula is helpful for researchers using microprobe
analyses. Although the AEM results indicate that the
composition of individual grains is variable, both
formulae, in a general way, represent the essential
features of the randomly interstratified Ni-bearing
lizardite-clinochlore. Aluminum is the principal minor
element substituting in both the sheets of octahedra and
tetrahedra; the distribution of this trivalent ion requires
that some vacancies occur in the sheet of octahedra,
although the material is essentially trioctahedral. There
is no significant amount of iron present; the bright
emerald green color may be a result of the minor and
variable nickel content. The variable nature of the
composition of grains suggests that differences among
or within grains may be greater than differences between
adjacent 7 Å and 14 Å structures within a grain. All
evidence indicates that this is a poorly crystalline, non-
equilibrium product of serpentinization.

It is not possible to determine whether or not the
clinochlore composition differs significantly from the
lizardite composition. The interstratification is at too fine a
scale (Figs. 5, 6) to test for differences with the AEM.
Although Al is essential for the clinochlore structure, it is
not essential for the lizardite structure. The crystal
structure of a practically Al-free, end-member lizardite
has been refined by Mellini et al. (2010), demonstrating
that lizardite can crystallize without Al. It would appear
that clinochlore does incorporate Al at the expense of
lizardite in an Al-poor system.

It is important to note that where the serpentine-
chlorite solid-solution system is Al-rich, the serpentine
mineral that forms is the Al-rich serpentine amesite,
Mg2Al(SiAl)O5(OH)4. In fact, the amesite is more
aluminous than the associated clinochlore (Bailey et al.
1995). Where the system is Al-poor, the serpentine
mineral that forms is the relatively Al-poor lizardite,

and the clinochlore is more aluminous than the lizardite
(Cressey et al. 2008a).

The dominance of lizardite over clinochlore in the
‘‘maufite’’ material is the reverse of most other
interstratified serpentine-chlorite described in the lit-
erature (Reynolds 1988, Moore & Reynolds 1989,
Banfield et al. 1994, Bailey et al. 1995, Banfield &
Bailey 1996). The lizardite-dominant interstratification
thus is rare, but Cressey et al. (2008a) have proposed
that small amounts of clinochlore (2 to 5%) inter-
stratified with lizardite may be common within lizardite
but simply goes unrecognized. Thin packets of clino-
chlore would not coherently diffract X-rays. This infe-
rence is supported to some degree by 14 Å structures
associated with lizardite occasionally found in an
extensive microbeam X-ray camera study of serpentine
textures after olivine and pyroxene (Wicks 1969, Wicks &
Plant 1979). Note, however, that these 14 Å structures
have not been characterized in detail.

The study of this material provides an example of the
difficulties encountered in the study of fine-grained
materials. If the identification had been based only on the
X-ray powder-diffraction study and electron-microprobe
results, an erroneous conclusion would have been drawn.
The microbeam X-ray diffraction and TEM/AEM study
provided the basis for a quite different conclusion.

ACKNOWLEDGMENTS

It is a pleasure to dedicate this article to John Jambor, a
mineralogist who was respected and admired by many.
I (FJW) met John when I worked at the Geological Survey
of Canada (GSC) Ottawa as a summer assistant to Fabrizio
Aumento in the Mineralogy Section fromMay to December
1967. I was in the middle of my D. Phil. research on
serpentine minerals at Oxford and came to study the
serpentine minerals in the ultramafic collection assembled at
the GSC and their recently acquired ocean-floor serpen-
tinites. Although I did not work directly with John, I had
time in the lab and at coffee breaks to get to know him and
appreciate his broad knowledge of, and wide interest in,
minerals. In the following years, after John moved down the
street to the Mines Branch and I was at the ROM, The
Canadian Mineralogist, MAC business, and minerals
brought us into frequent contact. His stimulating discussions
over beers at meetings were not to be missed. It is with
sadness that I think of him and realize that he has gone.

We thank Emeritus Professor D.R. Peacor for providing
access to and instruction at the electron microscope facility
in the Department of Geological Sciences, University of
Michigan, Ann Arbor. Yen-Hong Shua and Wei-Teh
Jiang, University of Michigan, kindly provided instruction,
refined the AEM data and made some of the TEM
observations. Dr. Mati Raudsepp, then at the University of
Manitoba, obtained the step-scan X-ray-diffraction pattern
in the Crystallography Laboratory of the Department of
Geological Sciences. Ms. Doris Chin, Toronto, assisted
with various aspects of the study. The support of the

918 THE CANADIAN MINERALOGIST



Natural Sciences and Engineering Research Council
of Canada (NSERC), through an operating grant
and an equipment grant to FJW, and the National
Science Foundation, through a grant to D.R. Peacor,
is gratefully acknowledged. We thank Bob Martin
for his useful suggestions and meticulous editing,
and the anonymous reviewers for their helpful
suggestions.

REFERENCES

BAILEY, S.W. (1969) Polytypism of trioctahedral 1:1 layer
silicates. Clays and Clay Minerals 17, 355–371.

BAILEY, S.W. (1988a) X-ray identification of the polytypes of
mica, serpentine and chlorite. Clays and Clay Minerals 36,
193–213.

BAILEY, S.W. (1988b) Polytypism in 1:1 layer silicates. In
Hydrous Phyllosilicates (Exclusive of Micas) (S.W. Bailey,
ed.). Reviews in Mineralogy 19, 9–27.

BAILEY, S.W. (1988c) Chlorites: structure and crystal chem-
istry. In Hydrous Phyllosilicates (Exclusive of Micas)
(S.W. Bailey, ed.). Reviews in Mineralogy 19, 347–403.

BAILEY, S.W. & RILEY, J.F. (1977) An unusual chlorite from
western Australia. Mineralogical Magazine 41, 541–544.

BAILEY, S.W., BANFIELD, J.F., BARKER, W.W., & KATCHAN, G.
(1995) Dozyite, a 1:1 regular interstratification of serpen-
tine and chlorite. American Mineralogist 80, 65–77.

BANFIELD, J.F. & BAILEY, S.W. (1996) Formation of regularly
interstratified serpentine-chlorite minerals by tetrahedral
inversion in long-period serpentine polytypes. American
Mineralogist 81, 79–91.

BANFIELD, J.F., BAILEY, S.W., & BARKER, W.W. (1994)
Polysomatism, polytypism, defect microstructures, and
reaction mechanisms in regularly and randomly interstra-
tified serpentine and chlorite. Contributions to Mineralogy
and Petrology 117, 137–150.

BAYLISS, P. (1975) Nomenclature of the trioctahedral chlorites.
Canadian Mineralogist 13, 178–180.

BRINDLEY, G.W. & DE SOUZA, J.V. (1975) Nickel-containing
montmorillonites and chlorites from Brazil, with remarks
on schuchardite. Mineralogical Magazine 40, 141–152.

BURKE, E.A.J. (2006) A mass discreditation of GQN minerals.
Canadian Mineralogist 44, 1557–1560.

CRESSEY, G., CRESSEY, B.A., & WICKS, F.J. (2008a) The
significance of the aluminium content of a lizardite at the
nanoscale: the role of clinochlore as an aluminium sink.
Mineralogical Magazine 72, 818–825.

CRESSEY, G., CRESSEY, B.A., & WICKS, F.J. (2008b) Polyhedral
serpentine: a spherical analogue of polygonal serpentine?
Mineralogical Magazine 72, 1229–1242.

CRESSEY, G., CRESSEY, B.A., WICKS, F.J., & YADA, K. (2010) A
disc with five-fold symmetry: the proposed fundamental
seed structure for the formation of chrysotile asbestos
fibres, polygonal serpentine fibres and polyhedral lizardite
spheres. Mineralogical Magazine 74, 29–37.

FOSHAG, W.F. (1930) Maufite (New Mineral Names).
American Mineralogist 15, 275.

KEEP, F.E. (1930a) Notes on nickel occurrences in the Great
Dyke of Southern Rhodesia. Transactions of the Geolo-
gical Survey of South Africa (for 1929) 32, 103–110.

KEEP, F.E. (1930b) The geology of the chromite and asbestos
deposits of the Umvukwe Range, Lomagundi and Mazoe
Districts. Southern Rhodesia Geological Survey Bulletin 16.

LIGHTFOOT, B. (1947) Obituary - Herbert Brantwood Maufe
(Director of the Geological Survey of Southern Rhodesia).
Proceedings of the Geological Society, Quarterly Journal
of the Geological Society 103, lvi–lviii.

MACKENZIE, R.C. (1970) Differential Thermal Analysis.
Volume 1, Academic Press, London, England.

MELLINI, M., CRESSEY, G., WICKS, F.J., & CRESSEY, B.A. (2010)
The crystal structure of Mg end-member lizardite-1T
forming polyhedral spheres from the Lizard, Cornwall.
Mineralogical Magazine 74, 277–284.

MOORE, D.M. & REYNOLDS, R.C., JR. (1989) X-ray Diffraction
and the Identification and Analysis of Clay Minerals.
Oxford University Press, Oxford, England.

NICKEL, E.H. & GRICE, J.D. (1998) The IMA Commission
on new minerals and mineral names: Procedures and
guidelines on mineral nomenclature, 1998. Appendix II.
Changes in nomenclature, Discreditation, 1987–1997.
Canadian Mineralogist 36, 913–926.

REYNOLDS, R.C., JR. (1988) Mixed layer chlorite minerals. In
Hydrous Phyllosilicates (Exclusive of Micas) (S.W. Bailey,
ed.). Reviews in Mineralogy 19, 601–629.

REYNOLDS, R.C., JR. & REYNOLDS, R.C., III. (1996) Newmod
for WindowsTM. Program for the calculation of one
dimensional X-ray diffraction patterns of mixed layered
clay minerals. Hanover, New Hampshire.

REYNOLDS, R.C., JR., DISTEFFANO, M.P., & LAHANN, R.W.
(1992) Randomly interstratified serpentine/chlorite: Its
detection and quantification by powder X-ray diffraction
methods. Clays and Clay Minerals 40, 262–267.

SPENCER, L.J. (1947) Obituary - Herbert Brantwood Maufe.
Mineralogical Magazine 28, 209.

WICKS, F.J. (1969) X-Ray and Optical Studies on Serpentine
Minerals. D. Phil. Thesis, Oxford University, Oxford, England.

WICKS, F.J. (1979) Mineralogy, chemistry and crystallography
of chrysotile asbestos. In Mineralogical Techniques of
Asbestos Determination (R.L. Ledoux, ed.). Mineralogical
Association of Canada, Short Course 4, 35–78.

“MAUFITE”: AN INTERSTRATIFIED Ni-BEARING LIZARDITE + CLINOCHLORE 919



WICKS, F.J. & PLANT, A.G. (1979) Electron microprobe and
X-ray microbeam studies of serpentine minerals. Canadian
Mineralogist 17, 785–830.

WICKS, F.J. & RAMIK, R.A. (1990) Vacuum thermogravimetric
analysis and evolved gas analysis by mass spectrometry.
In Thermal Analysis in Clay Science (J.W. Stucki, D.L.
Bish, & F.A. Mumpton, eds.). Clay Mineral Society,
Workshop Lectures 3, 159–189.

WICKS, F.J. & WHITTAKER, E.J.W. (1977) Serpentine textures
and serpentinization. Canadian Mineralogist 15, 459–488.

WICKS, F.J. & ZUSSMAN, J. (1975) Microbeam X-ray diffrac-
tion pattens of the serpentine minerals. Canadian Miner-
alogist 13, 144–258.

WICKS, F.J., CORBEIL, M.C., BACK, M.E., & RAMIK, R.A. (1995)
Microbeam X-ray diffraction in the analysis of minerals and
materials. Canadian Mineralogist 33, 313–322.

Received December 3, 2014. Revised manuscript accepted
February 11, 2015.

920 THE CANADIAN MINERALOGIST


	title_link
	Introduction
	Investigations
	Optical&#146;study
	Chemical&#146;composition

	Fig. 1. Interstratified lizarditehyphenclinochlore pseudomorphs formed after elongate, bladed amphibole lpararpar and euhedral plagioclase grains lparprpar. As no primary minerals survived serpentinization, their identification is based on the morphology 
	Fig. 2. Thermal gravimetric curve lpararpar and total pressure curve, principally H2O lparbrpar, of randomly interstratified lizarditehyphenclinochlore. The total pressure curve is in arbitrary units
	Fig. 3. An Xhyphenray powderhyphendiffraction pattern of the 14 Å lpar6.1deg 2thgrrpar peak of interstratified lizarditehyphenclinochlore recorded in a step scan from 4deg to 9deg 2thgr. The experimental conditions are given in the text
	Table  TABLE 1. CHEMICAL COMPOSITION OF ''MAUFITE'', LIZARDITE-CLINOCHLORE
	Xhyphenray&#146;diffraction

	Table  TABLE 2. XhyphenRAYhyphenDIFFRACTION DATA FOR ''MAUFITE'', LIZARDITEhyphenCLINOCHLORE
	Transmission electron&#146;microscopy

	Fig. 4. A lowhyphenmagnification transmission electron microscope image of crushed and dispersed composite grains of the lizarditehyphenclinochlore fragments deposited on a holey carbon film
	Fig. 5. A transmission electron microscope image of a slightly elongate grain with long slim arms extending from the corners. Wellhyphendeveloped 7 Å structural fringes occur throughout, with 14 Å fringes mainly occurring in the marginal zones and less fr
	Fig. 6. A closer view of the structural fringes in the transmission electron microscope image in Figureemsp145. Clinochlore lpar14 Årpar dominates across the bottom of the image, and lizardite lpar7 Årpar dominates in the central area and across the top. 
	Discussion and&#146;Conclusions
	Acknowledgments

	REFERENCES
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [630.000 810.000]
>> setpagedevice




