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ABSTRACT

Carbonate ores of cobalt are a significant but under-recognized fraction of the global Co resource. Cobalt forms
spherocobaltite (CoCOs, calcite group), whose complete solid solution with isostructural magnesite, MgCO;, is described
here for the first time. Cobalt-rich dolomite, Ca(Mg,Co)(COs3),, and Co-rich calcite, (Ca,Co)CO;3, can accommodate up
to 20 mol.% Co and up to 2 mol.% Co, respectively. Cobalt has also been reported as a minor substituent of other
calcite-group carbonates and as a major constituent of the non-rhombohedral carbonates comblainite, Ni,Co**,
(OH),(C0O5)-3H,0 (hydrotalcite supergroup), and kolwezite, (Cu,Co),(CO3)(OH), (poorly understood, possibly rosasite
group).

Cobalt carbonates are most common in the supergene zones of Cu-Co sulfide ore deposits, especially the Central African
Copperbelt. A study focused on the Tenke-Fungurume district (TFM) in the Copperbelt found Co-rich dolomite, Co-rich
magnesite, spherocobaltite, and kolwezite. Cobalt-rich dolomite occurs as Co-rich bands in supergene dolomite and as indi-
vidual Co-rich dolomite crystals filling void spaces. Members of the magnesite-spherocobaltite solid solution occur as crystals
filling void spaces in rocks and as microscopic inclusions with kolwezite in supergene chalcocite (Cu,S) replacing primary
carrollite (CuCo,S,).

The formation of Co-rich carbonates remains enigmatic. Evidence from Bou Azzer indicates that they can form under spe-
cific hypogene conditions, but in general Co-rich carbonates form from supergene processes. Dedolomitization has been pro-
posed as a mechanism of formation for the analogous Zn carbonates, but there is no evidence of dedolomitization in the
TFM cobalt carbonates. Most of them appear to have precipitated directly from pockets of Co-(Mg)-(Cu)-carbonate-enriched
solution trapped within oxidizing hypogene sulfides.

Cobalt carbonates pose a serious metallurgical problem. Most carbonate ores are processed by solvent extraction
using acid. Solubility calculations indicate that the Co in carbonates is less soluble than Mg, Fe, and Ca by 3 to 4
orders of magnitude. Thus, acid leaching will liberate all other ions from carbonate ores before releasing appreciable Co.
Furthermore, many of the Mg-rich spherocobaltites in this study were initially misidentified as Co-rich dolomite, which
is far more soluble than spherocobaltite. This may cause Co recoveries to be lower than predicted at many Central
African Copperbelt mines.
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INTRODUCTION

Cobalt worldwide

Cobalt is a strategic metal used in high-temperat-
ure steels, magnets, lithium-ion batteries, and other
industrial applications. It also has medical uses: cobalt
is the central atom in vitamin B12 (cobaltamine), and
radioactive Co® is the chief radiation source in can-
cer therapies.

The world’s identified Co resource totals about
15 million metric tons, most of which is accessory in
Ni-laterite deposits (Shedd 2013). Historical produc-
tion has come chiefly from mafic- and ultramafic-
hosted PGE deposits in Russia and Australia, but in
recent years the Congolese deposits of the Central
African Copperbelt have come to produce more than
half the annual global supply of cobalt (Shedd 2013).
Other contributions come from Pfibram (Czech
Republic), Tsumeb (Namibia), Bou Azzer (Morocco),
the Flinders Range (Australia), and the Santa Rosalia
district (Mexico) (Table 1).

Cobalt in rhombohedral carbonates

Crystal chemical factors determining cation
substitution in carbonates

The carbonate structure consists of chains of cation
coordination polyhedra sharing O ions. Thus, either
each cation polyhedron must be of a shape and size to
link up easily with its neighbors, or the neighboring
polyhedra must distort to reach it. Highly distorted
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structures are unstable, so no carbonate can form unless
its cation polyhedra require little distortion.

The formation of a stable, undistorted structure is
most easily achieved in one-cation carbonates such
as pure CaCO;z or FeCO;. In these, all the cation
coordination polyhedra are the same size and shape
and they do not have to distort to link into a chain.
However, this is the ideal case: most naturally occur-
ring carbonates contain multiple cation types, and
each cation type has a different coordination polyhed-
ron. If all the cation types have coordination poly-
hedra of similar shape and size, they can link to one
another with very little distortion. In this case, the
various cation types are distributed over the octahed-
ral sites at random. This is the disordered or calcite
structure, in which any cation present can occur at
any cation site along the chain (Reeder 1983). But if
the cation types have coordination polyhedra of very
different sizes and shapes, they cannot link without
distorting to a degree that makes the structure
unstable. In this case, the carbonate must be stabilized
by adopting the ordered or dolomite structure, in
which the different cation types are sorted onto differ-
ent, alternating sites. This alternation accommodates
the necessary distortion by distributing it evenly over
the chain of polyhedra, such that each polyhedron is
stretched a little and none is stretched too much
(Navrotsky & Loucks 1977).

Cobalt substitution in carbonates

In charge and ionic radius (O.74§ A), Co™ is most
similar to octahedral Mg?* (0.72 A), Fe** (0.78 A),

TABLE 1. REPORTED OCCURRENCES OF COBALT CARBONATE MINERALS

Location

Reported species

Reference

Tenke-Fungurume,
D.R. Congo
Przibram, Bohemia
Peramea, Spain
Durango, Colorado
Kakanda, D.R. Congo
Mashamba West and
Mindingi, D.R. Congo
Tantara, D.R. Congo
Kamoto, Musonoi, and
Kabolela, D.R. Congo
Mupine, D.R. Congo
Kambove, D.R. Congo

Cobaltoan dolomite
Cobaltoan calcite
Kolwezite

Cobaltoan calcite

Cobaltoan calcite

Cobaltoan dolomite
Spherocobaltite
Konkola, Zambia Cobaltoan dolomite

Chibuluma, Zambia

spherocobaltite
Tsumeb, Namibia Cobaltoan dolomite
Shinkolobwe, D.R. Congo Comblainite

Magnesite-spherocobaltite,
spherocobaltite, cobaltoan dolomite

Cobaltoan dolomite, spherocobaltite

Spherocobaltite, kolwezite

Spherocobaltite, cobaltoan calcite

“Cobaltocalcite” — probably

This work

Minceva-Stefanova 1997
Reeder et al. 1999
Daltry 1992

Gauthier & Deliens 1999
Gauthier & Deliens 1999

Gauthier & Deliens 1999

Gauthier & Deliens 1999;
Pirard & Hatert 2008

Gauthier & Deliens 1999

Van Langendonck et al. 2013;
Gauthier & Deliens 1999

Sweeney et al. 1986

Whyte & Green 1971

Hurlbut 1957
Daltry 1991
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and Mn>* (0.83_A) (Shannon 1976). The Co** ion
has a low-spin d’ configuration and degeneracy in the
ty, orbital (Rosenberg & Foit 1979). Distorting the
coordination octahedron removes the degeneracy,
reducing the energy of the complex (Jahn-Teller
effect). Thus, the Co>" coordination octahedron
is compressed relative to the Mg>" octahedron
(Rosenberg & Foit 1979). The Co-bearing carbonates
stable in nature (Table 1) reflect these crystal-chemical
factors.

Cobalt forms a stable calcite-structured carbonate
(spherocobaltite, CoCOs; also sphaerocobaltite or
cobaltocalcite). Cobalt-rich calcite [(Ca,Co)COs] is
also a recognized mineral, but it cannot contain much
Co: Goldsmith & Northrop (1965) found a maximum
of 15 mol.% Co in calcites at 800 °C, which dropped to
less than 5 mol.% by 600 °C. Katsikopoulos et al.
(2008) achieved 16 mol.% Co in low-temperature cal-
cite only by dint of extreme Co-oversaturation in the
fluid and mixture with silica gel. Such conditions are
not very realistic in the supergene zones of ore depos-
its, where most Co-carbonates form. Simmonds (1980)
observed calcites in the Central African Copperbelt
with Co only up to 1.6 mol.%.

The transition metal carbonates have extensive
solid solutions. The published analytical data for
spherocobaltite solid solutions are scanty, but Clissold
et al. (2003) detected minor Co in some gaspéite
samples. Goldsmith & Northrop (1965) indicated a
theoretical complete solid solution between spheroco-
baltite and magnesite at 600 °C and 15 kbar; this
study is the first report of (Mg,Co)COj in nature. The
solid solutions of magnesite are better documented:
magnesite has complete solid solutions with siderite
at 250 °C (Anovitz & Essene 1987); with rthodochros-
ite at and above 500 °C and 10 kbar, and possibly at
lower temperature (Goldsmith & Graf 1960); and
with otavite at 800 °C and 1 GPa (Bromiley et al
2007). At lower temperatures, however, a Cd-
dolomite limits the extent of magnesite-otavite solid
solution (Bromiley et al. 2007). Other partial solid
solutions of magnesite include calcite (Goldsmith &
Graf 1960, Mackenzie et al. 1983), gaspéite
(Goldsmith & Northrop 1965), and smithsonite (Boni
et al. 2011). However, there is no work up to the
present on the magnesite-spherocobaltite solid solu-
tion below the conditions (600 °C and 15 kbar) at
which Goldsmith & Northrop (1965) documented
complete solid solution.

Cobalt does not form a stable dolomite-structured
carbonate, either with other transition metal ions or
with Ca**. All the transition metal ions, including
Co*, have coordination octahedra of similar shape
and size, so they can link into a chain with little dis-
tortion and have no need to assume any specific order
(Reeder 1983). In the case of Ca**-rich dolomite-
structured carbonates, the large Ca* ion is near the
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maximum size for octahedral coordination, and the
Ca** polyhedron does not distort easily and will not
form dolomite-structured carbonates with Co>* and
some of the other transition metals (Rosenberg &
Foit 1979).

Cobalt may also occur in kolwezite [(Cu,Co),
(CO3)(OH),, rosasite group] and in comblainite
[Ni4Co,(OH)»(CO3)-3H,0, quintinite group]. Comb-
lainite is notable as the only carbonate in which
cobalt is trivalent. However, these are rare and poorly
understood minerals, and their possible Co concentra-
tions and even their crystal systems remain uncon-
strained (Perchiazzi & Merlino 2006, Frost et al.
2007). Calcite- and dolomite-group carbonates contain
the world’s entire economically significant Co car-
bonate resource.

This study began as part of a broader examination
of the geology of the Tenke-Fungurume Cu-Co dis-
trict (TEM) and other deposits on the Congolese side
of the Central African Copperbelt. Research there
includes work on the mineralogical controls on ore
processing, so the metallurgy as well as the mineral-
ogy of the ores are of interest to the overarching geo-
logical investigation.

COBALT CARBONATES IN THE CENTRAL
AFRICAN COPPERBELT

Overview: Geological background

The Central African Copperbelt of northern
Zambia and southeastern D.R. Congo (Fig. 1) is one
of the world’s largest Cu and Co resources (Selley
et al. 2005) and is a major source for Co-rich carbon-
ate mineral specimens (Gauthier & Deliens 1999).
Most Co-rich carbonates are produced during super-
gene alteration of cobalt sulfide ores, and the Co-
carbonates of the Central African Copperbelt are no
exception. The Co was originally a part of carrollite
(CuCo,S,4), which precipitated along with chalcopyrite
(CuFeS,), bornite (CusFeS,), and digenite (CuySs) in
a Neoproterozoic basinal carbonate-clastic sequence
(the Mines Series of the Roan Group, < 887 Ma;
Cailteux 1994). Textural relationships are somewhat
ambiguous but tend, overall, to indicate that carrollite
precipitated before the Cu-Fe sulfides. However, all
the sulfide ores seem to have precipitated during a
single alteration episode sometime during diagenesis,
accompanied by voluminous dolomitic alteration
(Oosterbosch 1951, Schuh et al. 2012). Post-ore
quartz replaced some of the dolomite. Further altera-
tion occurred as thin-skinned Pan-African (570-
510 Ma) deformation broke the mineralized rocks into
separate “écailles” and pushed them northward into
their present arcuate arrangement (Selley ez al. 2005).
Dating of the Copperbelt’s large, coarsely crystalline,
high-angle dolomite veins indicate that they formed
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during this period (Barra 2005). Some of the ore sul-
fides were remobilized into these veins, presumably
as the orogeny proceeded (Selley et al. 2005).

After the orogeny, erosion exposed the Mines
Series rocks to meteoric waters, which dissolved the
sulfides and dolomite near the surface. Some of the
metals from the sulfides combined with the carbonate
from the dolomite to form malachite (Fig. 2).
Chrysocolla, heterogenite, pseudomalachite, and rare
cornetite, brochantite, and libethenite are also present
among the supergene minerals nearest the surface (De
Putter et al. 2010, Fay & Barton 2012). At greater
depths, the supergene Cu minerals are native copper,
chalcocite, and cuprite, and the supergene Co miner-
als are carbonates. These carbonate ores persist to
great depths, in some places >750 m below the sur-
face (Fay & Barton 2012).

Description

Cobalt-rich dolomite and calcite form euhedral
crystals up to a few centimeters long, with either
rhombic morphology or crest habits. Both carbonates
also occur as fine disseminated crystals. Cobalt-rich
dolomite is most common as Co-rich bands in other-
wise normal dolomite, optically continuous with
the rest of the dolomite crystal. Members of the

Map of the Central African Copperbelt, showing the Tenke-Fungurume district.

spherocobaltite-magnesite solid solution (Mg,Co)CO5
form elongate and prismatic crystals with hexagonal
cross sections. At up to 1 mm in length, such crystals
are the largest and the most noticeable occurrence of
(Mg,Co)CO3, which also occurs as inclusions <5
microns across. These inclusions typically consist of
magnesian spherocobaltite and kolwezite (Fig. 3).
These are common in supergene chalcocite and create
the characteristic texture visible in Figure 3.

Their pink color distinguishes the Co-bearing from
other rhombohedral carbonates (Fig. 3). In hand sam-
ples of cobaltoan carbonates, the color is intense even
in specimens with less than 5 wt.% Co. In dolomites
and calcites the pink tinge is much subtler in thin sec-
tion, where all but the most Co-rich crystals are only
pale pink in plane-polarized light and look no differ-
ent from ordinary dolomites and calcites with the
polars crossed. By contrast, spherocobaltite and com-
positions along the join towards magnesite retain their
intense pink color in thin section. Even in cross-
polarized light they have a rosy cast. This intensity of
color, and the lack of effervescence even in powdered
specimens, distinguishes members of the magnesite-
spherocobaltite solid solution from the cobaltoan
dolomites.

All the Co-carbonates are uniaxial, optically
negative, and highly birefringent (maximum & = 0.18).
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FiG. 2. Schematic cross sections showing processes of ore formation at Tenke-Fungurume: hypogene sulfide deposition dur-
ing diagenesis (A) and supergene alteration of the sulfide ores to oxides and carbonates (B).

Their Mohs hardnesses are 3.5-4. The presence of
Co, and in many cases of Fe, quenches the normally
bright cathodoluminescence of a carbonate.

Occurrence patterns and abundance

Cobalt-rich carbonates are not stable at the surface
over most of the Central African Copperbelt but are
sometimes present on freshly dug surfaces at a depth
of a few meters. The tops of Copperbelt deposits con-
tain Co mostly as heterogenite. The lower depths of
deposits contain Co entirely as carrollite. Although
minor Co-carbonate concentrations persist some way
into the shallow heterogenite and deep -carrollite
zones, the vast majority of Co-rich carbonate occurs

in the middle depths between them. Cobalt carbonate
occurrences do not correlate with stratigraphy or with
type of gangue, and most of them may be associated
with any of the sulfide or oxide ore minerals. The
exception is the inclusion type of (Mg,Co)CO3, which
follows the distribution of the supergene chalcocite
that hosts it.

Core loggers and most research geologists gener-
ally consider Co-rich dolomite the most abundant of
the Co-carbonates in the Copperbelt by far. However,
more than a dozen samples recorded as Co-rich dolo-
mite during fieldwork and petrography have proven
on reexamination to be Co-rich magnesite or Mg-rich
spherocobaltite. Thus, it is likely that much of the
pink carbonate recorded in core logs and maps as
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Fig. 3. Typical occurrence of Co-rich carbonates at TEM. (A) Kolwezite-cored inclusions of Mg-rich spherocobaltite in a
chalcocite grain replacing carrollite, sample F23R-347.05; cc = chalcocite. (B) Crystalline variety of (Mg,Co)COj3 in thin
section, plane-polarized transmitted light, sample F65-113.5. (C) The same, in cross-polarized transmitted light. (D)
Typical occurrence of Co-carbonate in hand sample F12-200.8.
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Co-rich dolomite is in fact (Mg,Co)COj3. This makes
it impossible to judge which Co carbonates are most
abundant, how abundant they are, and where each
may be distributed, except for their collective restric-
tion to the middle depths of ore deposits.

Textural relationships to other minerals

Cobalt carbonates overgrow or crosscut most of
the other minerals in the Copperbelt host rocks and
also occupy void spaces left by dissolution of preexist-
ing minerals. Malachite, heterogenite, native copper,
chrysocolla, pseudomalachite, brochantite, kolwezite,
and libethenite are the only minerals not crosscut or
overgrown by the Co-carbonates; they have the same
textural relationships as the Co-carbonates and appear
to have formed at the same time. This mineral associ-
ation and textural relationships indicate that the Co-
carbonates and other minerals crystallized late in the
paragenesis of alteration, probably during supergene
circulation.

Electron microprobe analyses of TFM
Co-rich carbonates

Table 2 shows representative compositions of
the Co-rich carbonates analyzed in this study using
a Cameca SX100 electron probe microanalyzer
(EPMA) at the University of Arizona. Table 3
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summarizes the analytical conditions, and Table 4
gives the compositions of the standards used during
analysis. The analytical results were normalized to a
total of 7.0 atoms per formula unit for dolomites and to
5.0 apfu for magnesite-spherocobaltite.

These results show that the magnesite-spherocobal-
tite solid solution is complete even in the low-temperature
supergene specimens in this study. The measured com-
positions range from Cogg;Mgp 15CO;3 (Table 2, sam-
ple F9-135.9jv) to Mgy 75C0¢24CO3 (Table 2, sample
cp-4) with Fe, Mn, and Ca making up the balance of
the cation content. Much of this compositional range is
present even in single crystals: backscatter imaging
with a JEOL 6010LA SEM showed strong com-
positional zoning concentric around the c-axis of sev-
eral crystals (Fig. 4). One of them varied from a
core of Mg0_49C00_48CO3 to a rim of Mg()_g4CO()_15CO3
(Fig. 5).

Most of the Co-rich dolomite specimens analyzed
in this study contain less than 2 mol.% Co (Table 2).
This is typical for the Copperbelt (Simmonds 1980),
although experimental data obtained at high temperat-
ure suggest that Co-rich dolomites may contain up to
20 mol.% Co (Goldsmith & Northrop 1965). Minceva-
Stefanova (1997) reported a specimen from an
unknown location with 35 mol.% Co. The analyses
from TFM include no specimen with such high Co
and only a few with significantly elevated Co: for

TABLE 2. REPRESENTATIVE CHEMICAL ANALYSES OF CARBONATE MINERALS
FROM TENKE-FUNGURUME

F137-  F140-
Sample; F65-113.5-1; F65-113.5-2; F65-113.5-4; F65-113.5-5; F65-113.5-6; F65-113.5-7; 239.5; 540.9;
mineral’ mg-sp ss mg-sp ss mg-sp ss mg-sp ss mg-sp ss mg-sp ss dol dol
MgO (wt.%) 19.85 20.60 32.46 30.88 31.40 29.66 2166 21.38
Ca0o 0.94 0.84 0.12 0.14 0.12 0.40 30.65 30.47
MnO 0.27 0.20 <0.05% <0.05 <0.05 0.15 0.05 BDL
FeO 0.23 0.21 0.27 0.24 0.13 0.81 0.16 0.09
CoO 36.08 34.40 19.60 21.95 21.12 23.38 0.03 BDL
NiO <0.02 <0.02 0.03 0.02 0.03 0.04 0.03 BDL
ZnO 0.06 0.09 <0.01 0.01 <0.01 0.09 0.04 BDL
SrO <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 BDL
CO,* 43.94 43.66 47.25 46.92 46.91 47.09 4790 47.34
total 101.37 100.00 99.73 100.17 99.71 101.61 100.53 99.27
Mg apfu 0.493 0.515 0.750 0.719 0.731 0.688 0.987 0.986
Ca 0.017 0.015 0.002 0.002 0.002 0.007 1.004 1.010
Mn 0.004 0.003 0.001 0.000 0.001 0.002 0.001  0.001
Fe 0.003 0.003 0.003 0.003 0.002 0.011 0.004 0.002
Co 0.482 0.463 0.244 0.275 0.264 0.292 0.001  0.000
Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.001  0.000
Zn 0.001 0.001 0.000 0.000 0.000 0.001 0.001  0.000
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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TABLE 2 (CONTINUED). REPRESENTATIVE ANALYSES OF CARBONATE MINERALS
FROM TENKE-FUNGURUME

Sample; F177- F177- F177- F178- F178- F178- F184-65. F184-
mineral’ 53.9-1; dol 53.9-2; dol 53.9-3; dol 75.9-1; dol 75.9-2; dol 75.9-3;dol  9-1; dol  65.9-2; dol
MgO (wt.%) 18.12 21.89 20.96 21.74 20.93 14.39 21.82 21.54
CaOo 29.26 29.90 29.00 30.66 29.80 29.30 30.53 30.31
MnO 0.81 <0.05 0.16 <0.05 0.08 0.06 0.10 0.1
FeO 0.93 0.08 0.66 0.05 <0.05 <0.05 0.27 0.22
CoO 4.34 0.09 0.55 <0.02 1.74 11.41 <0.02 0.71
NiO 0.02 <0.02 BDL <0.02 <0.02 <0.02 <0.02 <0.02
ZnO 0.02 <0.01 BDL <0.01 0.03 0.02 <0.01 <0.01
SrO 0.06 0.02 0.90 0.02 <0.01 0.01 0.01 0.02
CO,* 46.41 47.49 46.86 47.87 47.33 45.46 48.01 47.94
total 99.96 99.46 99.09 100.34 99.91 100.65 100.74 100.86
Mg apfu 0.853 1.007 0.977 0.992 0.966 0.691 0.992 0.981
Ca 0.989 0.988 0.971 1.005 0.988 1.012 0.998 0.992
Mn 0.022 0.001 0.004 0.001 0.002 0.002 0.002 0.003
Fe 0.025 0.002 0.017 0.001 0.000 0.000 0.007 0.006
Co 0.110 0.002 0.014 0.000 0.043 0.295 0.000 0.017
Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Zn 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000
Sr 0.001 0.000 0.016 0.000 0.000 0.000 0.000 0.000

TABLE 2 (CONTINUED). REPRESENTATIVE ANALYSES OF CARBONATE MINERALS
FROM TENKE-FUNGURUME

Sample; F192- F264- F264- F41- F62R-  F65-113.5- F65-113.5- F65-113.5-10;
mineral’ 53.2; dol 167.3B; dol 176.3; dol 66.8; dol 2854; dol 8; dol 9; dol mg-sp ss
MgO (wt.%)  21.47 21.45 21.58 21.82 19.75 20.22 21.74 19.72
CaO 30.51 30.35 30.47 30.34 30.02 29.87 30.60 0.91
MnO 0.27 0.12 0.08 0.08 0.90 0.47 <0.05 0.24
FeO 0.57 0.63 0.24 0.06 2.47 0.67 0.07 0.21
CoO <0.02 <0.02 <0.02 0.03 <0.02 1.78 <0.02 36.05
NiO <0.02 <0.02 <0.02 <0.02 0.01 <0.02 <0.02 <0.02
ZnO 0.04 0.02 0.01 <0.01 0.05 <0.01 <0.01 0.07
SrO 0.02 0.02 0.02 0.02 0.02 <0.01 <0.01 <0.01
COy* 47.93 47.72 47.69 47.76 47.24 47.27 47.82 43.74
total 100.79 100.32 100.09 100.13 100.46 100.28 100.23 100.95
Mg apfu 0.978 0.982 0.988 0.998 0.913 0.934 0.993 0.492
Ca 0.999 0.998 1.003 0.997 0.997 0.992 1.004 0.016
Mn 0.007 0.003 0.002 0.002 0.024 0.012 0.001 0.003
Fe 0.015 0.016 0.006 0.002 0.064 0.017 0.002 0.003
Co 0.000 0.000 0.000 0.001 0.000 0.044 0.000 0.484
Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Zn 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.001
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

example, Ca; 01 (Mgo.69C00.29)(CO3), (Table 2, sample TFM were the kolwezite-magnesian spherocobaltite
F178-75.9) and Ca; 0(Mgy76C0021)(CO3), (Table 2, inclusions, in which the kolwezite proved too small
sample Kw364-218.4B). to analyze. No kolwezite amid the inclusions meas-

No data exist on the composition of kolwezite in  ured more than 10 microns long, and most of them
the Copperbelt, and the only specimens available at  were less than 3 microns in length.



COBALT IN THE RHOMBOHEDRAL CARBONATES 661

TABLE 2 (CONTINUED). REPRESENTATIVE ANALYSES OF CARBONATE MINERALS
FROM TENKE-FUNGURUME

Sample; F65-113.5-11; F65- F9-114.3; F9-135.9jv; Fw82- Fw82- K2365- Kf284-
mineral’ mg-sp ss 60.8; dol dol mg-sp ss  139.8; dol 145A; dol 125.3; dol 524; mg
MgO (wt.%) 16.66 21.49 21.56 5.14 21.65 21.46 20.56 48.07
Ca0o 0.85 30.19 30.25 0.55 30.23 30.32 30.68 0.04
MnO 0.20 0.13 0.1 0.10 0.14 0.09 0.13 0.10
FeO 0.30 0.63 0.32 1.66 0.46 0.49 0.59 0.14
CoO 39.61 <0.02 <0.02 53.09 <0.02 <0.02 0.02 <0.02
NiO <0.02 <0.02 <0.02 0.63 <0.02 <0.02 0.02 <0.02
ZnO 0.02 0.10 <0.01 0.01 <0.01 <0.01 0.04 <0.01
SrO <0.01 0.04 <0.01 BDL 0.01 0.02 0.03 <0.01
CO,* 42.44 47.68 47.56 38.68 47.74 47.60 47.03 52.66
total 100.08 100.24 99.80 99.86 100.23 99.97 99.11 101.01
Mg apfu 0.429 0.984 0.990 0.145 0.990 0.985 0.955 0.997
Ca 0.016 0.994 0.998 0.011 0.994 1.000 1.024 0.001
Mn 0.003 0.003 0.003 0.002 0.004 0.002 0.004 0.001
Fe 0.004 0.016 0.008 0.026 0.012 0.013 0.015 0.002
Co 0.548 0.000 0.000 0.806 0.000 0.000 0.001 0.000
Ni 0.000 0.000 0.000 0.010 0.000 0.000 0.001 0.000
Zn 0.000 0.002 0.000 0.000 0.000 0.000 0.001 0.000
Sr 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000

TABLE 2 (CONTINUED). REPRESENTATIVE ANALYSES OF CARBONATE MINERALS
FROM TENKE-FUNGURUME

MgCo2 T158-
Sample; Kw300- Kw364- Kw364- Kw365- core; mg- MgCo2 mid; MgCo2 rim; 159.8B;
mineral’ 1584B; dol 218.4B-1; dol 218.4B-2; dol 154.3A; dol sp ss mg-sp SS  mg-sp Ss dol
MgO (wt.%)  21.69 21.65 15.91 21.40 32.66 32.04 28.74 21.75
CaO 30.17 29.95 29.80 30.49 0.63 0.09 0.44 30.33
MnO 0.15 0.19 0.05 0.10 0.17 <0.05 <0.05 0.17
FeO 0.52 0.51 0.10 0.40 0.22 0.28 0.12 0.36
CoO 0.02 <0.02 8.10 BDL 19.81 20.02 25.25 <0.02
NiO <0.02 <0.02 <0.02 BDL <0.02 0.02 0.04 <0.02
ZnO 0.03 0.10 <0.01 0.03 0.08 <0.01 0.01 0.02
SrO 0.01 0.04 <0.01 0.01 <0.01 <0.01 <0.01 0.03
CO,* 47.81 47.65 45.62 47.63 48.08 47.03 46.68 47.90
total 100.40 100.08 99.59 100.06 101.64 99.48 101.28  100.56
Mg apfu 0.991 0.992 0.762 0.981 0.742 0.744 0.672 0.991
Ca 0.990 0.986 1.025 1.005 0.010 0.002 0.007 0.994
Mn 0.004 0.005 0.001 0.003 0.002 0.001 0.000 0.004
Fe 0.013 0.013 0.003 0.010 0.003 0.004 0.002 0.009
Co 0.001 0.000 0.209 0.000 0.242 0.250 0.318 0.000
Ni 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Zn 0.001 0.002 0.000 0.001 0.001 0.000 0.000 0.000
Sr 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001

'Mineral abbreviations: mg-sp ss = magnesite-spherocobaltite solid solution; dol = dolomite; mg = magnesite.

*CO, calculated from stoichiometry.

*“<”values for the oxides are based on and calculated from 3c elemental detection limits: Ca 250 ppm; Mn 349
ppm; Fe 348 ppm; Co 134 ppm; Ni 100 ppm; Zn 74 ppm; and Sr 78 ppm. A few Mn apfu values ostensibly below
detection limit appear as 0.001 due to rounding errors.
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TABLE 3. ANALYTICAL CONDITIONS FOR
ELECTRON PROBE MICROANALYZER ANALYSES,
CAMECA SX100

Beam Avg. det.

current Dwell Voltage Limit
Element (nA) time (s) (keV) Detector (ppm)
Mg 10 20 20 TAP 459
Ca 10 20 20 LPET 250
Fe 10 20 20 LLIF 348
Mn 10 20 20 LLIF 349
Co 100 60 20 TAP 134
Ni 100 60 20 LPET 100
Zn 100 60 20 LLIF 74
Sr 100 60 20 LLIF 78

Cobalt-rich calcite was not detected in any TFM
sample.

X-ray diffraction and Raman spectrum of
(Mg,Co)COs

An 80 pm-long crystal of Co-rich magnesite
(Mg .63C0037CO5 based on SEM-EDS analysis) was
examined with single-crystal X-ray diffraction using
a Bruker X8 APEX2 CCD X-ray diffractometer
equipped with graphite-monochromatized MoK radi-
ation. This yielded unit cell parameters a = b =
4.6537(4), ¢ = 15.003(DA, and V = 281.38(4) A’.
This unit cell volume is 1.58 A® larger than the corre-
sponding weighted average of 63% of the MgCO;
(279.05 A% and 37% of the CoCO; (281.07 A%) unit
cells, which was calculated as 279.80 A’. However,
this volume difference is probably not large enough
to destabilize the (Mg,Co)COj3 solid solution at high
pressures. The structure determination demonstrates
that this Co-magnesite possesses the calcite-type
structure (space group R-3c).
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The Raman spectrum of the same Co-rich magne-
site crystal was then collected in a random orientation
with a Thermo Almega microRaman system using a
532 nm solid-state laser with a thermoelectric-cooled
CCD detector. The laser is partially polarized with
4 cm™! resolution and a spot size of 1 pm. Comparison
with the Raman spectra for magnesite (R050443) and
spherocobaltite (R060497) in the RRUFF database
(http://rruff.info) reveals that the Raman bands
obtained from the Co-magnesite crystal lie intermedi-
ate between magnesite and spherocobaltite and have
no extraneous peaks (Fig. 6). Similar results have
been observed for the magnesite-siderite solid solu-
tions (Boulard er al. 2012), indicating that Co affects
the structures of calcite-type carbonates in a way sim-
ilar to Fe and other transition metals in carbonate
solid solution.

DiscussioN

Inferred Mg—Ca—Co carbonate phase relations
atlow T

The only existing chemical data for the MgCO;—
CoCO; system are from samples synthesized at 600—
800 °C and 15-25 kbar and these indicate complete
solid solution (Goldsmith & Northrop 1965). The
Raman spectrum, X-ray diffraction data, and chem-
ical compositions in this study (Fig. 7) show that
a complete solid solution between magnesite and
spherocobaltite persists to the pressure-temperature
conditions of the supergene environment—probably
near-surface pressure and temperature < 50 °C.
Figure 8 shows the inferred phase relations among
Mg, Co, and Ca carbonates in this pressure-temperat-
ure regime. The maximum possible concentration of
Co in dolomite is uncertain, but the present study
analyzed dolomites with as much as 8.9 mol.% Co
(11.41% CoO; Table 2, sample F178-75.9).
Goldsmith & Northrop (1965) calculated a theoretical
limit of 20% Co.

TABLE 4. COMPOSITIONS OF ELECTRON MICROPROBE STANDARDS USED IN ANALYSES (wt.%)

Element/ Mg/ Ca/ Fe / Mn / Ni/Ni- Co/Co- Zn/ Sr/

Standard MgCO; CaCO; FeCO; MnCO; Si Al diopside diopside ZnO SrCO; C O
Mg 28.44 0.04 0.68 0.02 14.19 56.74
Ca 40.09 12.01 48
Fe 45.92 2.28 10.34 41.36
Mn 0.57 0.02 0.17 46.66 10.51 42.02
Co 10.49 16.8 24.68 4.91 43.06
Ni 8.62 17.87 0.12 2491045 5.06 43.01
Zn 1.13 79.45 19.77
Sr 1.36 5722 825 3297
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FiG. 4. Crystalline variety of magnesite-spherocobaltite solid solution, in backscatter, showing zoning within crystals.
Sample F65-113.5, BSE image of Figure 3B-3C.
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Fig. 5. Comparison of backscatter image of Co-rich magnesite (mag-sphc) with compositions determined by EPMA at

marked points 1-7. Sample F65-113.5-1 through F65-113.5-7 in Table 2; F65-113.5-3 was excluded from the Table due
to a poor total.
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Formation of Co-bearing carbonates

The textural evidence cited above renders it vir-
tually certain that the Co-carbonates at TFM formed
in the supergene environment as circulating met-
eoric fluids dissolved dolomite and oxidized the

CaMg(COs),
(dolomite)

(Mg,Fe,Mn)CO,
(magnesite)

Ca—Co-Mg-carbonate ternary diagram showing compositions of species analyzed in this study.

sulfide ores, releasing metal ions. Some of the lib-
erated Co was oxidized Co>*, which formed hetero-
genite; some of the Co remained divalent and
bonded with the carbonate in the fluid, precipitating
dolomite, Co-rich dolomite, Co-rich magnesite, and
magnesian spherocobaltite. The following section
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will focus on the potential precipitation mechanisms
of each of these in turn.

Dolomite precipitation at low temperature is a
vexed issue in the geochemical and geological literat-
ure (e.g., Baker & Kastner 1981, Land 1998, Warren
2000), and most explanations of low-temperature
dolomite formation involve dolomitization of a preex-
isting calcite during diagenesis of sedimentary rock
(e.g., Hardie 1987). However, this is not a viable
mechanism for producing the supergene Co-rich dolo-
mite as observed at TFM. Cobalt would be evenly
distributed through dolomite crystals produced by
dolomitization of a calcite, whereas in the TFM sam-
ples, Co-rich dolomite occurs as high-Co bands in
normal Ca-Mg dolomites. Primary precipitation of a
variably Co-rich dolomite offers the best explanation
for this banded character, even though primary pre-
cipitation of dolomite remains problematic from a
kinetic standpoint (Lovering 1969). Under this hypo-
thesis, the high-Co bands represent transient episodes
of Co enrichment in the dolomite-precipitating fluid,
probably a result of dissolution of nearby carrollite.
Such a fluid must also have been considerably
enriched in Mg relative to Ca, as dolomite cannot
precipitate from a fluid with Mg/Ca < 5.2 (Warren
2000). The possible mechanisms for supergene origin
of such an Mg-enriched fluid are enigmatic.

Potential formation mechanisms of the magnesian
spherocobaltites are even less clear. Boni er al
(2011) have textural evidence that Mg-rich smithso-
nite in the Jabali deposit (Yemen), analogous to the
Mg-rich spherocobaltites at TFM, formed by dedolo-
mitization of a Zr-rich dolomite. Dedolomitization is
a common geological phenomenon, especially in the
supergene environment (Dockal 1988). It consists of
ion exchange:

CaMg(C03), + Ca*™ = 2CaC0s; + Mg®" (1)

or

CaMg(C03), +Mg*" = 2MgCO3; + Ca?"  (2)

Dedolomitization by Equation (1) occurs at low
aMg**/aCa** (Rosenberg et al. 1967) and produces
calcite plus an Mg-enriched fluid. Dedolomitization by
Equation (2) is less common and, for a pure Ca-Mg
dolomite, produces magnesite plus a Ca-enriched fluid.
If, however, the dolomite contains appreciable trans-
ition metals at the Mg site, dedolomitization by
Equation (2) generates magnesite solid solutions rather
than end-member magnesite (Boni et al. 2011). Thus,
analogy with the Zn-carbonate system would suggest
that (Mg,Co)CO;5 can form by dedolomitization of a
cobaltoan dolomite:

665

10Ca(Mgy 9C09.1)(CO3), + 5Co*" 4+ 5Mg**
= 10Ca?* 4 20Mg, ;Co03C03

The added Co and Mg might come from dissol-
ving nearby carrollite and dolomite. Significantly,
Equation (3) demonstrates that adding equal propor-
tions of Co and Mg results in Co enrichment in the
magnesite relative to the parent Co-rich dolomite. The
composition of the magnesite produced by Equation
(3) is similar to the composition of many or most of
the cobaltoan magnesites observed at TFM (Table 2).

From a geochemical point of view, Equation (3)
offers a plausible explanation for the formation of the
magnesite-spherocobaltite solid solution at TFM.
However, the textural evidence contradicts it: the
(Mg,Co)CO;5 crystals at TEM occur on dolomite
grains that show no evidence of dissolution (Fig. 4).
Still, dedolomitization might have been very loca-
lized, or might have occurred elsewhere and the com-
ponents transported to the site of supergene
magnesite-spherocobaltite. Figure 8 shows a possible
pathway for fluid and crystal following dedolomitiza-
tion of a cobaltoan dolomite.

The kolwezite-(Mg,Co)CO3 inclusions common in
supergene chalcocite are more likely to have formed
by direct precipitation from pockets of Mg-Cu-Co-
carbonate fluid trapped within the chalcocite grain as
it replaced carrollite. The observation that kolwezite
is invariably at the centers of the inclusions and
(Mg,Co)COs5 is invariably at the edges suggests that
(Mg,Co)CO; precipitated first. Crystallization of mag-
nesian spherocobaltite proceeded either until Mg was
exhausted or until Cu reached saturation in the
remaining fluid, which then crystallized kolwezite
(Fig.3). A possible reaction is:

CaMg(COe,)Z + CuCo3S4 + 4H,0 + CO; +7.50,
= 3H,S04 + CuCo(C03)(OH)2 + Z(Mg7 Co)COs3
+ CaSO4(aq) (4)

Equation (4) is balanced for Mgy s5CogsCOs3,
although the compositions of the inclusions are typic-
ally closer to spherocobaltite. An equation for end-
member spherocobaltite might be:

3CuCo,S4 + 6C0; + 12H,0 + 200,= CuCo(CO3)(OH), s)
+ 5C0C03 + CuzS + 11H,S04

Equations (3)—(5) are all potentially viable meth-
ods for producing magnesite-spherocobaltite solid
solution in the supergene environment, although there
are objections to Equation (3) based on the textural
evidence cited above. Any or all of the processes
represented by these equations may have contributed
to forming magnesite-spherocobaltite solid solution at
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Ternary diagram showing the inferred phase relations among Ca-Mg-Co carbonates at supergene pressure-temperature

conditions, the minerals stable in fluids of different compositions, and one potential way to form magnesite-spherocobaltite

solid solution by dedolomitization of a Co-rich dolomite.

TFM, and the present evidence is not enough to judge
their relative roles.

Although they are best known from the supergene
zones of Central African Copperbelt deposits, Co-rich
carbonates can form in the hypogene environment.
A specimen from Bou Azzer (Morocco) contains Co-
rich dolomite intergrown with primary skutterudite
(CoAss;). This indicates that Co carbonates can pre-
cipitate under hypogene conditions. Hypogene Co-
carbonate precipitation is probably limited to systems
that are deficient in As and S relative to Co and COs;
otherwise, Co sulfides, arsenides, and arsenates pre-
cipitate. This is consistent with the finding of Markl
et al. (2014) that spherocobaltite and cobaltoan
calcite are unstable with respect to erythrite
(Co3As04-8H,0) if even the tiniest amount of As is
present in solution.

Solubility and metallurgical implications

The solubilities of rhombohedral carbonates are
highly variable (Railsback 1999). Solubility calculations
for dolomite, calcite, magnesite, and spherocobaltite

show that spherocobaltite is insoluble compared to the
Ca and Mg carbonates. Furthermore, in members of car-
bonate solid solutions such as (Mg,Co)COs, the cations
present are not all liberated at the same rate when the
mineral begins to dissolve; some cations enter solution
more readily than the others. Solubility calculations for
dolomite, magnesite, calcite, and spherocobaltite show
that in all of them, Ca** and Mg* enter solution more
readily than Co?*; the difference is three to four orders of
magnitude (Fig. 9). Any acid added to a mixed Ca-Co or
Mg-Co carbonate will liberate all the available Ca or Mg
before it liberates almost any of the Co. This is unfortu-
nate from a metallurgical standpoint: it means that pro-
cessing acid will dissolve every Ca-Mg carbonate in the
vicinity and every other major cation in the Ca-Co or
Mg-Co carbonate before it liberates appreciable Co.
Cobalt recoveries from carbonate ores in the
Copperbelt are predicted with the assumption that
the ore is Co-rich dolomite. As detailed above,
reexamination of supposed Co-rich dolomite samples
from TFM demonstrated that many of them are
(Mg,Co)CO:s. It is reasonable to think that members of
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FiG. 9. Graph showing the log of the concentrations of the ions produced in reactions among the various carbonates. Cobalt
is by far the least soluble ion in every reaction involving it. Calculated based on log K values from Robie & Hemingway
(1995). cc = calcite, cdol = cobaltoan dolomite, dol = dolomite, mag = magnesite, sphc = spherocobaltite.

the magnesite-spherocobaltite solid solution may be
present at other Copperbelt deposits and may have
been recorded as Co-rich dolomite there, too. Inasmuch
as Co in Mg-rich spherocobaltite is less amenable
to acid leaching than Co in Co-rich dolomite, such
misidentification could cause Co recoveries from
Copperbelt ores to be significantly lower than pre-
dicted. Without more data on the occurrence and
abundance of magnesite-spherocobaltite solid solution,
however, it is impossible to say whether this represents
a major cause of low recovery. Additional and
regional-scale work on the distribution and abundance
of the various Co carbonate species is needed.

CONCLUSIONS

Several carbonates of the calcite and dolomite
groups contain appreciable Co: Co-rich dolomite, Co-
rich calcite, spherocobaltite, and the solid solution
of spherocobaltite and magnesite-spherocobaltite.
Though they can form under hypogene conditions,
Co-rich carbonates are more common in the super-
gene zones of Co ore deposits, where Cu-Co sulfides
oxidize. In some cases, Co-rich dolomite and magne-
sian spherocobaltite are almost surely the products of
primary precipitation; however, dedolomitization of

Co-dolomite is another potential mechanism for creat-
ing (Mg,Co)COj3. Solubility calculations suggest that
Co carbonate ores will release all their contained Ca,
Mg, and Fe ions before any significant Co when pro-
cessed by acid leaching.
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