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Abstract: Garutiite (Ni,Fe,Ir) is a new hexagonal polymorph of native Ni discovered in chromitite from Loma Peguera, Dominican
Republic. The mineral was identified in heavy mineral concentrates obtained through the use of electric pulse disaggregation (EPD)
and hydroseparation (HS) techniques. It forms as anhedral, botryoidal grains typically 10–60 mm in size (maximum of 110 mm).
Grains are single or composite, frequently porous and zoned, and occasionally display an unusual lamellar internal texture. Associated
minerals include hexaferrum, ferrian chromite, chlorite-group minerals, serpentine-group minerals, awaruite, irarsite, laurite, native
Ru and unidentified species including Ru–Os–Ir-Fe and Pt–Ni–Fe–Ir compounds, Pt(Ni,Fe)3, (Fe,Ru,Ni,Os,Ir,Co)2S and RhNiAs.
The mineral is megascopically grey to grey-black with a metallic luster. In plane-polarized light, garutiite is white in color, exhibits a
very weak anisotropy, and no pleochroism, bireflectance or internal reflections were observed. No cleavage was noted and the
hardness could not be determined owing to the porous nature of the mineral. The calculated density is 11.33 (1) g/cm3. Reflectance
values (%) in air are: 63.8 at 470, 65.9 at 546, 67.0 at 589 and 68.0 at 650 nm. The average result of electron microprobe analyses (n¼
42 from 27 grains) is: Ni 27.91, Fe 19.94, Ir 43.78, Pt 6.98, Co 0.55, Cu 0.43, Ru, 0.50, Rh 0.74, Os 0.67, total 101.51 wt%,
corresponding to (Ni0.421Fe0.316Ir0.202Pt0.032Co0.008Cu0.006Rh0.006Ru0.004Os0.003)P1 or the simplified formula, (Ni,Fe,Ir). Garutiite is
the Ni analogue of hexaferrum, osmium and ruthenium and is classified as belonging to the osmium group. As such, the mineral is
considered to be hexagonal, crystallizing in space group P63/mmc with a 2.6941(4) and c 4.2731(6) Å, V ¼ 26.86(1) Å3, Z ¼ 2. The
strongest lines of the X-ray powder diffraction pattern [d(in Å)(I)(hkl)] are: 2.330(50)(100), 2.136(30)(002), 2.046(100)(101),
1.576(30)(102), 1.3470(40)(110), 1.2155(40)(103). Based on its morphology, internal texture, and the associated minerals, garutiite
is interpreted to be secondary in origin, i.e., having formed at low temperatures during post magmatic processes, such as
serpentinization and/or lateritization. The name honors Prof. Giorgio Garuti, in recognition of his contributions to the understanding
of the mineralogy of platinum-group elements.

Key-words: garutiite, new mineral species, native nickel, platinum group elements, reflectance data, crystal structure, X-ray
diffraction data, osmium group, chromitite, electronic pulse disaggregation, hydroseparation, Loma Peguera, Dominican Republic.

1. Introduction

The earliest reference to native Ni as a mineral species is
provided by Ramdohr (1967) who described it as a product
related to the low-temperature serpentinization of ophio-
lites from the Bogota peninsula, near Canala, New

Caledonia. Native Ni is a relatively rare mineral that has
been identified from only a handful of localities world-
wide. In most cases, it appears to be genetically related to
the alteration of ultramafic rocks (frequently the process of
serpentinization; Hudson & Travis, 1981), more rarely as a
product related to meteorite impact events (Jones et al.,

0935-1221/10/0022-2007 $ 5.40
DOI: 10.1127/0935-1221/2010/0022-2007 # 2010 E. Schweizerbart’sche Verlagsbuchhandlung, D-70176 Stuttgart

Eur. J. Mineral.

2010, 22, 293–304

Published online February 2010



2004) or as a possible high-pressure phase (Van Roermund
et al., 2001). Where associated with serpentinization,
native Ni is frequently intimately intergrown with heazle-
woodite or located in close proximity to this mineral,
suggesting that it is the product related to the oxidation or
desulfidation of the precursor heazlewoodite (or possibly,
pentlandite, awaruite). Native Ni is generally considered to
have cubic symmetry (space group Fm3m), a feature con-
sistent with its occasional occurrence in idiomorphic crys-
tals exhibiting ‘‘cubic’’ forms [possibly the
hexaoctahedron {321} and octahedron {111}]. Other
occurrences describe the mineral as occurring in flakes
and grains (Challis, 1975; Dekov, 2006), with confirma-
tion of the species relying solely on chemical data.
Analyses required to ascertain the crystallographic proper-
ties of these minerals (e.g., single-crystal X-ray diffracto-
metry) were not conducted. It cannot be stressed strongly
enough that the reliable identification of any mineral can
only be accomplished through a combination of mineral-
chemical and crystallographic data. In this present study,
we report on the discovery of a new hexagonal polymorph
of native Ni, garutiite, [(Ni,Fe,Ir)].

The mineral is named for Prof. Giorgio Garuti (born
1945) in recognition of his contributions to the understand-
ing of the mineralogy of platinum-group elements (PGE).
Prof. Garuti has been very active in the investigation of ore
deposits related to mafic-ultramafic rocks. The mineral and
name have been approved by the Commission on New
Minerals, Nomenclature and Classification of the
International Mineralogical Association (IMA 2008-055).
The type specimen is housed in the Mineralogical Museum
of Leoben, Austria (catalogue number 8241). The holotype
(the crystal chosen for the X-ray powder diffraction work)
is housed at the Canadian Museum of Nature (CMNMC
86089).

2. Occurrence and sample preparation

The Loma Peguera chromitites are found in the central part
of Loma Caribe peridotite in the Cordillera Central of the
Dominican Republic (Proenza et al., 2007; Zaccarini et al.,
2009). Most of the ultramafic rocks consist of harzburgite,
dominantly clinopyroxene-rich harzburgite with small
amounts of dunite and lherzolite, and are considered to
represent the mantle sequence of an ophiolite (Lewis &
Jimenez, 1991; Lewis et al., 2006). They have been heavily
serpentinized with a well-developed nickel-rich laterite
having developed over them. The Ni-laterite deposits
occur in the saprolite horizon below a relatively thin
cover of ‘‘limonite’’. They are considered to be of the
hydrous silicate-type, with the main Ni-bearing minerals
being hydrated Mg-Ni silicates (serpentine and ‘‘garnier-
ites’’; Lewis et al., 2006; Proenza et al., 2008).

In the mid-90’s, during exploration and mining activity
in the area of Loma Peguera, relatively small lensoidal
bodies (,2 m) of chromitite were found associated. They
are randomly distributed, typically occurring as

discontinuous pods or lenses within small masses of ser-
pentinized dunite that are in turn hosted by serpentinized
harzburgite.

The chromitite (.95 vol% chromite) displays massive
textures with individual chromite grains showing evidence
for development of thin rims of ferrian chromite. No traces
of primary silicate minerals were preserved in the matrix of
the chromitites and intergranular minerals consist primar-
ily of chlorite-with minor serpentine-group minerals
(Proenza et al., 2007).

The chromitite is characterized by relatively high Cr2O3

(Cr# ¼ 0.75–0.78), Fe2O3 (av. 7.8 wt%), TiO2 (av. ¼
0.84 wt%) and total PGE (up to more than 3 ppm) contents,
compared with values typical of ophiolitic chromitites
hosted in mantle peridotites (Proenza et al., 2007). All
serpentinized ultramafic rocks around the chromitite
bodies have been saprolitized, a process characterized by
the preservation of the primary fabric, a marked reduction
in the quantity of primary minerals present and the exclu-
sive formation of alteration minerals in the most fractured
zones.

To better understand the platinum-group mineralogy of
the chromitite and to investigate the broader role that
lateritic weathering can play in the formation of secondary
PGM, heavy mineral separates were produced via a com-
bination electric pulse disaggregation (EPD; e.g.,
Rudashevsky et al., 1995), and hydroseparation (HS) tech-
niques (Rudashevky et al., 2001a and b, 2002; Cabri et al.,
2005a; Rudashevsky & Rudashevsky, 2006, 2007).
Whereas HS has been used to concentrate minerals for a
number of years, (e.g., Rudashevsky et al., 2004; Cabri
et al., 2005b; McDonald et al., 2005, 2008), only a few
studies have used EPD and HS in combination (e.g., Cabri
et al., 2008a and b; Oberthür et al., 2008). This is the first
report of a new mineral having been found after the com-
plementary use of EPD and HS techniques.

Fig. 1. Chromitite pod in laterite, Loma Peguera, Dominican
Republic.
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A sample (�3.3 kg) of massive chromitite (Fig. 1) was
collected from an area located approximately 10 km SE of
the town of Bonao (coordinates: latitude 18.9900523�,
longitude �70.322982�), Dominican Republic. The sam-
ple was processed at the St. Petersburg laboratory of CNT
Mineral Consulting Inc. (CNT-MC) first using EPD, a
technique that liberates accessory minerals from their
host matrix using high voltage without breakage of the
crystals and a low production of dust. Subsequently, the
heavy-mineral components of the sample were concen-
trated using a CNT-HS11 hydroseparator, a process that
uses a controlled water flow to simulate the action of waves
on natural beach placers. The combination of these two
techniques resulted in the liberation and concentration of
more than 300 individual heavy-mineral grains ranging
from 20 to 120 mm in size. The PGM, dominated by Ru-,
Os- and Ir-bearing minerals, predominantly occur in the
25–50 mm size fraction. They can be divided into two
broad categories: (1) PGM within chromite, including
(Rh,Os,Ir)S2 (laurite-erlichmanite?), (Ir,Ru,Rh,Pt)AsS
(irarsite?) and an undetermined phase, (Rh,Ir)3As2 and
(2) PGM not encapsulated within the chromite, including
several unidentified Pt–Fe–Ni–Ir (isoferroplatinum? tetra-
ferroplatinum?) and Ru–Os–Ir–Rh phases, as well as
native Ru (Proenza et al., 2007). The non-PGM constitu-
ents include a silicate-mineral assemblage, primarily of
serpentine- and chlorite-group minerals with minor olivine
and quartz and a non-silicate assemblage, including ferrian
chromite, magnetite, goethite and awaruite, as well as

hexaferrum (hexagonal native Fe), and alloys of Fe–Cr
along with native Cu, Sn, Pb and garutiite.

Approximately 20 grains of garutiite were discovered.
They typically occur in complex intergrowths with other
PGM, along with awaruite, ferrian chromite and chlorite-
group minerals and only rarely as single-phase grains. The
specific PGM assemblage intimately associated with gar-
utiite includes native Ru and several unidentified phases,
including porous and potentially oxygenated compounds
of (Ru–Os–Ir–Fe), and two minerals characterized by the
stoichiometries (Fe,Ru,Ni,Os,Ir,Co)2S and RhNiAs
(Zaccarini et al., 2009). Grains of garutiite are anhedral
and botryoidal, frequently porous, zoned and occasionally
display an unusual lamellar internal texture (e.g., Fig. 2d).
In light of the associated mineralogy, the internal morphol-
ogy (high porosity, zonation) of individual crystals and its
environment of formation, garutiite is interpreted to be
secondary in origin, i.e. formed at low temperatures during
alteration of the ophiolitic host rock.

3. Physical and optical properties

Garutiite forms anhedral, botryoidal grains that are gener-
ally 10–60 mm in size, with a maximum of 110 mm. As
noted above, the mineral most frequently occurs inter-
grown with other PGM and intermetallic phases (Fig. 3),
a feature making detailed physical analyses on garutiite
difficult. Megascopically, the mineral is grey to grey-black
in color with a metallic luster. In plane-polarized reflected

(Ru,Fe)S2

Fig. 2. Back scattered electron images of garutiite associated with native Ru, chromite, unknown RhNiAs and unknown
(Fe,Ni,Ru,Os,Co)2S. Scale bar ¼ 10 mm.
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light, it is white with a very weak anisotropy. No bireflec-
tance, pleochroism or internal reflections were observed. It
is rather difficult to generalize on the optical properties of
garutiite since it is far from being an end-member. To
summarize, it has very weak (not measurable on the only
grain from which meaningful results could be obtained)
bireflectance, which is not dissimilar to that reported for
hexaferrum and osmium. Iridian osmium has somewhat
greater bireflectance and measurable pleochroism. The
properties of hexaferrum are quite variable, depending on
its chemistry: Ru-rich hexaferrum is strongly anisotropic,
with polarization colors ranging from blue-grey to muddy-
brown yellow, while both the Os- and Ir-rich varieties are
both weakly anisotropic and show no bireflectance
(Mochalov et al., 1998). Whereas osmium and hexaferrum
should appear white in color, as reflected in the low dis-
persion of their spectra, garutiite appears white to slightly
cream, but again, the dispersion is weak and the observed
color is more likely to be influenced by the other minerals
surrounding it. No twinning or cleavage was observed. The
density could not be directly measured owing to the com-
plex intergrowth nature of the mineral and its small grain
size. The calculated density is 11.33 (1) g/cm3, based on
the empirical formula and unit-cell parameters acquired
from X-ray powder diffraction data. No micro-hardness
measurements were made. Garutiite was investigated by
Raman spectroscopy, using a LABRAM (ISA Jobin Yvon)
instrument and a frequency-doubled 100 mW Nd-YAG
laser with an excitation of wavelength l ¼ 532.6 nm.

The obtained Raman spectrum shows no discernible
absorption bands over the range of 150–2000 cm�1.
Reflectance data over the range 400–700 nm (Table 1;
for grain LP 126 gr9) were obtained in air using a Zeiss
Axiotron microscope equipped with a Crystal Structures
(Lanham) specimen–standard leveling superstage and a J
& M Tidas diode array spectrometer. Measurements were
made relative to a Zeiss WTiC standard using Cavendish
Instruments Onyx software at intervals of 0.823 nm from
400–700 nm, following the procedure described by Stanley
et al. (2002). The reflectance data and color values of
garutiite are listed in Tables 1 and 2, respectively.

4. Chemical composition

Electron-microprobe analyses of garutiite were obtained
both on a Superprobe JEOL JXA 8200 (Laboratory Eugen
F. Stumpfl, University of Leoben, Austria, operating with
an accelerating voltage of 20 kV, a beam current of 10 nA
and a beam diameter of 1 mm) and a Cameca SX50 (Serveis
Cientificotècnics, University of Barcelona, Spain, operat-
ing with an accelerating voltage of 25 kV, a beam current
of 20 nA and a beam diameter of 2 mm). In both cases,
analyses were made in WDS mode. For analyses made on
the JEOL JXA 8200, synthetic NiS (NiKa) and natural
chalcopyrite (SKa, FeKa, CuKa) were used as standards,
along with pure metals for the platinum group elements

A B

C D

Garutiite

Garutiite
RhNiAs

RhNiAs

Hexaferrum

Garutiite
Aw

Fe-O?

RuFeS2 (?) 

RuFeO  (?) 

RuFeO (?)

RhNiAs

Garutiite

Chl

Fig. 3. Back scattered electron images of garutiite associated with native Ru, hexaferrum, awaruite, a chlorite-group mineral, chromite,
an unidentified Fe oxide (‘‘Fe–O’’), unknown RhNiAs and unknown (Fe,Ni,Ru,Os,Co)2S. Scale bar ¼ 10 mm.
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(IrLa, RuLa, RhLa, PtLa, OsMa). The analyzing crystals
employed were: PETJ for S, PETH for Ru, Os, Rh, LIF for
Cu and LIFH for Ni, Ir and Pt. Automatic on-line correc-
tions were performed for interferences involving Ru-Rh,
Ir-Cu and Rh-Pd. On the Cameca SX50 instrument, pure
metals were used as standards for Os (OsLa), Ir (IrLa), Ru
(RuLa), Rh (RhLa), Pt (IrLa), Co (CoLa) and Pd (PdLb),
Cr2O3 for Cr (CrLa), NiO for Ni (NiKa), FeS2 for Fe
(FeKa) and S (SKa), CuFeS2 for Cu (CuKa) and GaAs
for As (AsLb). The interferences RuLb!RhLa,
IrLa!CuKa and CuKb!OsLa were corrected on-line.
The average (range) from electron microprobe analyses
(n ¼ 42 from 27 grains) is: Ni 27.91 (22.28–39.20), Fe
19.94 (16.54–22.51), Ir 43.78 (28.98–58.35), Pt 6.98 [b.d.
(below detection)�24.56], Co 0.55 (b.d.�0.82), Cu 0.43
(0.12–0.86), Ru 0.50 (b.d.�1.36), Rh 0.74 (0.21–4.66), Os
0.67 (b.d.�1.35), total 101.51 wt%, corresponding to the
empirical formula, (Ni0.421Fe0.316Ir0.202Pt0.032Co0.008

Cu0.006Rh0.006Ru0.004Os0.003)P ¼ 1 and the simplified for-
mula, (Ni,Fe,Ir). The presence of appreciable amounts of Pt
(up to 24.56 wt%) and Rh (up to 4.66 wt%) in some analyses
are noteworthy. The average (range) from electron-microp-
robe analyses (n ¼ 8 from 3 grains) for associated hexafer-
rum is: Fe 23.26 (20.35–28.22), Ni 12.42 (3.41–20.81),

Ir 58.07 (50.35–67.94), Pt 0.31 (b.d.�0.43), Cu 0.58
(0.37–0.85), Ru 1.24 (0.16–36.1), Rh 3.46 (b.d.�7.32), Os
0.54 (b.d.�0.71), total 99.88 wt%. The average (range) from
electron-microprobe analyses (n ¼ 16 from 4 grains) for
unidentified Pt–Ir–Ni–Fe alloys associated with garutiite is:
Pt 52.39 (23.73–63.20), Ir 0.86 (b.d.�22.41), Ni 27.44
(15.77–33.44), Fe 17.55 (15.87–20.47), Cu 1.03
(b.d.–1.65), Ru 1.24 (b.d.–0.47), Rh 0.48 (0.25–4.42), total
99.75 wt%.

5. Crystallographic data and crystal-structure
implications

Initially, the chemical formula for garutiite was considered
to be Ni3Ir and that it might represent a new intermetallic
structure type. To investigate this further, a grain of garutiite
(LP-6-125-gr9) measuring�40� 50 mm was extracted and
studied by single-crystal X-ray diffraction methods
(Gandolfi X-ray camera with a diameter of 114.6 mm and
CoKa radiation). X-ray data were collected using an image
plate and the integration method of Matsuzaki & Shinoda
(2004). This use of image plates offers several advantages,
including production of results that are at least an order of
magnitude more precise than those obtained through tradi-
tional methods (Nakamuta, 1993; Stachs & Gerber, 2000).
The resulting powder pattern of garutiite gave an excellent
spread of X-ray diffraction lines to below d¼ 1 Å (Table 3).
Although the observed lines were clearly evident, they are
rather diffuse, due either to a high-degree of disorder or
microstrain effects. A careful analysis of the resulting X-
ray powder diffraction pattern indicated it to be similar to
that of hexaferrum, the hexagonal polymorph of native Fe.
Hexaferrum is a member of the osmium group that also
includes native Os and Ru, all of which isostructural, crys-
tallizing in the space group P63/mmc (Table 4). The simi-
larity in X-ray powder patterns for these minerals along with
that of garutiite, both in terms of X-ray line intensities and
observed d-spacings (Table 5) indicate the mineral is a new
member of the osmium group, a new hexagonal polymorph
of native Ni, which must also crystallize in the space group
P63/mmc. On this basis, the X-ray powder pattern for gar-
utiite was indexed, leading to the refined unit-cell dimen-
sions, a 2.6941(4) and c 4.2731(6) Å, V¼ 26.86(1) Å3, Z¼
2. It should be noted that two additional reflections of
moderate intensity at d ¼ 2.523 (I ¼ 30) and 1.607 Å (I ¼
20) were also observed, neither of which is consistent with
the symmetry and unit cell proposed for garutiite. They do
correspond well with two of the strongest lines for hematite,
but as the strongest line for hematite (�d¼ 2.70 Å) was not
observed, their true nature remains unresolved. Given the
observed X-ray powder diffraction pattern and chemical
composition of garutiite, the possibility that the mineral
might represent other forms of intermetallics, including
native Ni (cubic) or ferronickelplatinum (Pt2FeNi; tetrago-
nal), was also considered. However, comparison of the X-
ray powder diffraction patterns for these minerals and gar-
utiite indicates that this is not the case (Table 5).

Table 1. Reflectance data for garutiite.

l(nm) R(%)

400 61.9
420 62.3
440 62.9
460 63.5
470 63.8
480 64.1
500 64.8
520 65.3
540 65.8
546 65.9
560 66.3
580 66.8
589 67.0
600 67.2
620 67.6
640 67.8
650 68.0
660 68.1
680 68.3
700 68.6

Values given in bold are those recom-
mended by COM, the IMA Commission
on Ore Mineralogy.

Table 2. Color values for garutiite.

A illuminant C illuminant

x 0.452 0.316
y 0.409 0.322
Y% 66.5 66.2
ld 587 578
Pe % 4.3 2.9
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Minerals of the osmium group possess only one crystal-
lographic site in their crystal structures. The implication is
that the complex empirical chemical formula established
for garutiite most accurately represents solid solution
amongst several end-members rather than uncertainty in
the chemical formula or crystal structure of the mineral.
Each end-member of the group is therefore defined by a
single dominant constituent. This fact, along with the
empirical formula for garutiite, also indicates the possibi-
lity of there being previously unrecognized hexagonal
forms of native Ir and possibly, native Pt.

6. Results and their interpretation

The electron-microprobe analyses of garutiite indicate
that the crucial elements involved in its composition are
Ni, Fe, Ir and Pt. Since the X-ray diffraction pattern indi-
cates a crystal structure with only one atomic position,
a classification on the basis of the possible substitution
in the Ni–Fe–Ir–Pt system and the 50 % rule can be
proposed. Our data presented in the Ni–Fe–Ir ternary
(Fig. 4a) show a solid solution between hexaferrum and
garutiite, which is to be expected. This substitution is more
linear if Pt is added to Ir (Fig. 4b). While no PGE are
therefore essential to garutiite, it is not clear what role (if
any) such elements might play in stabilizing the existence
of the mineral.

Several analyses show that in some grains the Pt content
is higher than Ir. These analyses have been plotted in the
ternary diagrams of Ni–Fe–(Ir þ Pt) (Fig. 4 c, d and e).
These suggest that there is limited substitution between Pt
and Ir, whereas the substitution is clear between Pt and (Ni
þ Fe). However, based on the chemical data presented, it is
possible that the hexagonal polymorphs of native Ir and Pt
may be found in nature.

It is well known that Raman spectroscopy is very sensi-
tive to the presence of covalent bonding. Actually, if the
covalent bond is present in the analyzed material, an
interaction between the material and the Raman beam
produces a very well-defined and visible spectrum. The
Raman spectrum obtained on garutiite is flat, suggesting
that the possible bonds present in the new PGM are metal-
lic or ionic in character.

Table 3. Powder X-ray data for osmium-group minerals, including garutiite.

Garutiitea Hexaferrum (PDF 54-0704) Osmium (PDF 00-041-0601) Ruthenium (PDF 00-06-0663)

Imeas dmeas(Å) dcalc(Å) hkl Imeas dmeas(Å) hkl Imeas dmeas(Å) hkl Imeas dmeas(Å) hkl

50 2.330 2.333 100 50 2.28 100 80 2.363 100 40 2.343 100
30 2.136 2.136 002 60 2.10 002 30 2.166 002 35 2.142 002
100 2.046 2.048 101 100 2.006 101 100 2.071 101 100 2.056 101
30 1.576 1.576 102 30 1.549 102 40 1.594 102 25 1.5808 102
40 1.3470 1.3471 110 30 1.316 110 60 1.364 110 25 1.3530 110
40 1.2155 1.2157 103 30 1.195 103 20 1.232 103 25 1.2189 103
10 1.1669 1.1666 200 10 1.180 200 6 1.1715 200
20 1.1391 1.1395 112 20 1.118 112 50 1.153 112 25 1.1434 112
20 1.1256 1.1254 201 20 1.108 201 40 1.039 201 20 1.1299 201
5 1.0680 1.0683 004 5 1.080 004 4 1.0705 004
5 1.0239 1.0239 202 10 1.035 202 5 1.0278 202
5 0.9715 0.9713 104 5 0.9835 104 6 0.9738 104

40 0.9135 203 16 0.9056 203
10 0.8929 210 6 0.8857 210
50 0.8737 211 25 0.8673 211
20 0.8472 114 18 0.8395 114
20 0.8252 212 10 0.8185 212
20 0.8123 105 16 0.8043 105

5 0.7974 204
10 0.7866 300

aPattern also includes two lines at d ¼ 2.523 and 1.607 Å of moderate intensity (Iest ¼ 30 and 20, respectively) that are attributed to the
presence of an unidentified phase.

Table 4. Comparative data for osmium-group minerals, including
garutiite.

Garutiite Hexaferruma Osmiumb Rutheniumc

Chemical
Formula: (Ni,Fe,Ir) (Fe,Os,Ru,Ir) (Os,Ir,Ru) (Ru,Ir,Os)
Crystal
System: Hexagonal Hexagonal Hexagonal Hexagonal
Space
Group: P63/mmc P63/mmc P63/mmc P63/mmc
Unit cell:
a 2.6939(5) 2.64(1) 2.726 2.7058
c (Å) 4.2732(6) 4.20(2) 4.326 4.2819
V (Å3) 26.86(1) 25.35 27.84 27.15
Z 2 2 2 2

aMochalov et al. (1998). Note: Data presented are for Ru-rich
hexaferrum
bSwanson et al. (1955).
cUrashima et al. (1974).
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7. Synthesis of hexagonal Ni

The structures of 3d metals are generally face-centred cubic
(fcc) under most conditions (Pearson & Williams, 1979).
While the fcc structure for synthetic Ni (a ¼ 3.52 Å, space
group Fm3m) is common, the existence of hexagonal-clo-
sest packed (hcp) Ni has been known for several decades
(Hemenger & Weik, 1965), being attributed to epitactic
growth, incorporation of impurities, or a low-temperature
phase transformation from an amorphous phase (Illy et al.,

1999). There are two proposed mechanisms by which it can
be synthesized: chemical reduction and epitactic over-
growth. In the former, Ni2þ is reduced with a K/B alloy to
produce hcp Ni powder (Carturan et al., 1988). Mi et al.
(2005) synthesized hcp Ni by reduction of NiCl2 by KBH4

in ethylenediamine at 300 �C to produce nanoclusters of Ni
particles. Importantly, they demonstrated that in the pre-
sence of toluene and benzene, only fcc Ni was obtained
and concluded that impurities in ethylenediamine and
organic molecules could be key factors in the stabilization
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of nanocrystalline hcp Ni. The second mechanism involves
epitactic growth of hcp Ni on a chemically similar or dis-
similar substrate. Meyer et al. (1995) were able to produce
films of hcp Ni on the (001) face of hcp Ru. In another study,
Tian et al. (2005) synthesized hcp Ni through deposition and
heteroepitactic growth on the (001) face of MgO at 120 pC.,
producing ‘‘nanosized’’ islands of hcp Ni crystallites with
a thickness of �2.5 nm and a lateral size of �5 nm. They
also found that fcc Ni adopted the same surface structure of
the substrate, but argued that the oriented hcp Ni was ener-
getically more favorable, owing to a smaller lattice mis-
match with the substrate relative to fcc Ni, and to a small
difference in the lattice energies between the hcp and fcc
polymorphs of Ni. While synthetic hcp Ni may be produced
through reduction of Ni2þ, the relatively high temperatures
(�300 �C) and complex K/B compounds required suggest
that garutiite is unlikely to have formed through this process.
Rather, epitactic nucleation and growth, easily accom-
plished at relatively low temperatures (�120 �C), seems
more plausible. If the results of Tian et al. (2005) are
considered, then garutiite may have developed as a highly
strained hcp polymorph of Ni that, through heteroepitactic
growth on a precursor phase, was stabilized. Evidence for
such a high-degree of strain could be reflected in broad or
diffuse X-ray diffraction lines, as is observed for garutiite.
Further, if this is indeed the case, then it may be reasonable
to conclude that garutiite developed as unstable nanoparti-
cles that were stabilized by epitactic growth. The nature of
the precursor phases is unknown but it is interesting to note
that there are many experiments involving the formation
of thin films of hcp Fe (Prieto et al., 1994; Geng et al.,
2004) and Ni (Meyer et al., 1995) on Ru and Rh substrates.
It is thus interesting to note that the PGM assemblage asso-
ciated with garutiite includes several Ru- and Rh- bearing
phases, including native Ru, and these may have provided
the important substrates required to stabilize garutiite.

8. Mineral paragenesis and genetic implications

The discovery of garutiite was initiated during a broader
investigation of platinum group minerals associated with

ophiolitic chromitites. In general, these PGM can be
grouped into one of two types: (1) primary and (2) second-
ary (cf., Zaccarini et al., 2005). Primary PGM (e.g., laurite,
irarsite; Fig. 5) develop during the magmatic stage, prior to
and during precipitation of chromite. They occur enclosed
by fresh chromite crystals and form small (,10 mm)
sub- to euhedral grains. Secondary PGM (e.g., native Ru,
intermetallic compounds of Ni, Fe and PGE; Fig. 5) form
or were modified at relatively low temperature during
some post magmatic stage, possibly oceanic serpentiniza-
tion or weathering (Zaccarini et al., 2009). These are
always associated with typical alteration assemblages,
including chlorite- and serpentine-group minerals and
ferrian chromite. Grains of such PGM tend to be relatively
large (�80–100 mm) and are anhedral. It is in association
with secondary PGM that garutiite was discovered. Based
on its observed morphology, internal texture and associa-
tion with alteration minerals, it is postulated that garutiite
is also secondary in origin, i.e., having formed at low
temperatures during post-magmatic processes, such as
serpentinization and/or lateritization.

The paragenesis and evolution of PGM and intermetallic
phases related to ophiolitic chromitites is both intriguing
and complex and has been previously discussed (Garuti &
Zaccarini, 1997; Garuti et al., 1999). One of the earliest
stages appears to involve the desulfidation or oxidation of
existing sulfides, including both primary PGM as well as
Fe–Ni sulfides such as pentlandite (Garuti & Zaccarini,
1997). Examples of awaruite overgrowing (replacing?)
pentlandite in a veinlet of a serpentine-group mineral
have been previously observed at Loma Peguera (Fig. 6).
This suggests the possible desulfidation of pentlandite
along with a concomitant, preferential release of Fe (via
oxidation?) to produce awaruite. It has also been pre-
viously proposed that awaruite may arise through the
desulfidation of heazlewoodite (Ramdohr, 1967).
Desulfidation of primary laurite and irarsite may be col-
lectively responsible for the release of Ru, Ir and Os, and to
a lesser extent Rh and Pt (González-Jiménez et al., 2009).
Native Ru has been found to occur in intimate intergrowths
with awaruite (Fig. 6) and Ir can be found in relatively high
concentrations in later-stage minerals like garutiite. It may
be significant that such desulfidized minerals are
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Fig. 5. Back scattered electron image of: (a) primary PGM and (b) secondary PGM in chromite. Loma Peguera, Dominican Republic.
Scale bar ¼ 10 mm. Proenza et al. (2007).
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frequently found surrounded by serpentine-group miner-
als, suggesting that the process of serpentinization may be
directly linked to formation of such minerals. Lastly, in
rare instances, garutiite has been observed in association

with awaruite and hematite (?). It has been previously
proposed that native Ni (cubic) may be produced through
the oxidation of awaruite, along with a preferential leach-
ing of Fe (Challis, 1975). Furthermore, some strongly
weathered chromitites are found to be associated with
chlorite-group minerals, ferrian chromite and abundant
‘‘limonite’’ (Garuti & Zaccarini, 1997), implying that oxi-
dation plays an important role in the alteration of chromi-
tites. Considering all these lines of evidence, a plausible
paragenetic scenario of (laurite, irarsite) þ pentlandite!
awarutite þ oxygen-bearing (Ru–Ir–Os) alloys ! native
(Ru,Ir,Os) þ garutiite þ hematite may be proposed, i.e., a
process of desulfidation followed by oxidation. Since the
process of serpentinization liberates considerable H2 dur-
ing the hydration of olivine (Eckstrand, 1975), resulting in
a relative decrease in both Eh and pH, it is highly likely that
this process may be a critical step not only in the alteration
of primary PGM and sulfides, but also in the production of
secondary PGM and intermetallic minerals, the latter
including garutiite.
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