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FIGURES.9

Example of a card from Criddle and Stanley (1993), showing complete reflec-

tance. Vickers microhardness. and quantitative color data for arsenopyrite. Additional infor-
mation on X-ray data and chemical composition are provided. (Reproduced with per-
mission.)
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FIGURE 5.9

Example of a card from Criddle and Stanley (1993), showing complete reflec-

tance, Vickers microhardness, and quantitative color data for arsenopyrite. Additional infor-
mation on X-ray data and chemical composition are provided. (Reproduced with per-
mission.)






























































































122 ORE MINERAL TEXTURES

additional textures found in specific ore associations are illustrated in Chap-
ters 9 and 10. It is worth noting that many textures are still inadequately
understood and that experienced ore microscopists still disagree as to their
precise origin. Clearly, there remains much to be learned in the realm of tex-
tural interpretation.

FIGURE 7.2 (a) Skeletal crystals of ilmenite in basalt from Hawaii (width of field =
150 um). (b) Sulfide dropletin Mid-Atlantic Ridge basalt,composed of (Fe,Ni),_,S mon-
osulfide solid solution (medium gray) and (Cu, Fe)S,., intermediate solid solution
(light gray), with rims and flames of pentlandite (bright) (width of field = 250 pm).
(Reproduced from G. K. Czamanskie and J. G. Moore, Geol. Soc. Amer. Bull. 88, 591,
1977, with permission.)
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FIGURE 7.3 (a) Well-developed freestanding crystals such as these 1-2 cm diameter
sphalerites are generally good evidence of growth in open spaces, Elmwood, Tennessee
(centimeter scale). (b) The face of the first generation of sphalerite (containing nu-
merous dark fluid inclusions) cuts across from the upper left to the lower right portion
of the photograph. The second generation of sphalerite, which fills the upper portion of
the photograph, contains few inclusions and a much lower level of trace constituents.
Doubly polished thin section; Elmwood, Tennessee (width of field = 1,400 pm).

these textures may be developed on a scale ranging from macroscopic to
microscopic, and their recognition is important if one is trying to reconstruct
the entire paragenetic history of a deposit. Open-space filling is exemplified by
the Cu-Pb-Zn(-Ag) vein deposits (discussed in Section 9.6) composed of
pyrite, sphalerite, galena, chalcopyrite, and silver-bearing sulfosalts, and by
some Pb-Zn ores in carbonates (discussed in Section 10.7). Pyrite in these ores
generally forms as isolated cubes, more rarely as octahedra or pyritohedra, or
as aggregates of interfering crystals along the walls of fractures. Sphalerite
may occur as honey-yellow to black crystals or radiating colloform aggregates,



FIGURE 7.4 Growth zoning in a single crystal of sphalerite (from Creede, Colorado)
viewed in transmitted light through a doubly polished thin section. Trails of fluid
inclusions are visible cutting across the growth zones (width of field = 1,200 um).

FIGURE7.5 (a)Concentric growth bandingin sphalerite (from Austinville, Virginia)
viewed in transmitted light through a doubly polished thin section. Black areas are
pyrite; white areas are dolomite (width of field = 4 cm). (b) Colloform growth banding
in sphalerite (from Pine Point, North West Territories, Canada) seen in reflected light
(width of field = 2 cm). (¢) Growth zoning in pyrite showing radial and concentric
development (from Ainai Mine, Japan) seen in reflected light (width of field =
2,000 um).
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FIGURE 7.5 (Continued)

which often contain a well-developed growth banding or zoning (Figure 7.4);
this structure is clearly visible in doubly polished thin sections but is difficult
to see in polished sections (see Section 2.5 and Figure 2.9). Darker sphalerite
colors generally indicate higher iron content, but this correlation is by no
means consistent and is especially unreliable if iron content is below 5%.
Galena, commonly observed as anhedral intergranular aggregates in many






FIGURE 7.8 Compositionally zoned crystals of bravoite (Fe,Ni,Co)S, from Mau-
bach, Germany (width of field = 60 um).

FIGURE 7.9 (a) Radiating fibrous crystals of the manganese oxide mineral chal-
cophanite infilling an open fracture, Red Brush Mine, Virginia (width of field = 2,000
um). (b) Radiating clusters of fibrous goethite crystals forming a botryoidal aggregate
in a weathering zone, Giles Co., Virginia (width of field = 2,000 pm).
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FIGURE 7.9 (Continued)

Sequential deposition from cobalt- and nickel-bearing solutions may re-
sult in the development of concentrically growth-zoned pyrite-bravoite crys-
tals (Figure 7.8), which often reveal changing crystal morphology. (cube,
octahedron, pyritohedron) during growth. A similar process of sequential
deposition from metal- and sulfur-bearing fluids circulating through the
intergranular pore spaces in sediments may leave concentric sulfide coatings
on the sediment grains.

Iron and manganese oxides and hydroxides often form botryoidal or even
stalactitic structures in open fractures as a result of meteoric water circulation.
These minerals (e.g., goethite, lepidocrocite, pyrolusite, cryptomelane) may
form concentric overgrowths inward from vein walls or complex masses of fib-
rous (brush-like) crystals (Figures 7.9a and 7.9b) radiating from multiple
growth sites along an open fracture.

“Colloform” textures (see Figure 7.5b) have often been cited as evidence for
initial formation by colloidal deposition; however, Roedder (1968) has shown
that many colloform sphalerites in Pb-Zn ores (see Section 8.2.3) grew as tiny
fibrous crystals projecting into a supersaturated ore fluid.

7.4 SECONDARY TEXTURES RESULTING FROM REPLACEMENT
(INCLUDING WEATHERING)

Replacement of one ore mineral by another or by a mineral formed during
weathering is common in many types of ores. However, a major problem in
textural interpretation is the recognition of replacement when no vestige of the
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replaced phase remains. Probably the most easily recognized replacement
textures are those in which organic materials, such as wood fragments
(Figures 7.10a and 10.7) or fossil shells have been pseudomorphed by metal
sulfides (commonly pyrite, marcasite, chalcocite) or oxides (commonly hema-
tite, goethite, “limonite,” uranium minerals) (Figure 7.10b). Pyrite cubes and
marcasite laths that have been replaced by iron oxides during weathering
(Figure 7.10c) are also readily identified.

Replacement may result from one or more of the following processes: (1)
dissolution and subsequent reprecipitation, (2) oxidation, and (3) solid state
diffusion. The resulting boundary between the replaced and the replacing
mineral is commonly either sharp and irregular (a careous, or corroded tex-
ture) or diffuse.

Edwards (1947), Bastin (1950), and Ramdohr (1969) have described a wide
variety of replacement geometries—rim, zonal, frontal, and so on—but they
all appear to represent variations of the same process. Replacement textures
depend chiefly for their development on three features of the phase being
replaced: (1) the surfaces available for reaction, (2) the crystal structures of the

FIGURE 7.10 (a) Cellular structure in coal material replaced by pyrite, Minnehaha
Mine, Illinois (width of field = 270 pm). (Reproduced from F. T. Price and Y. N. Shieh,
Econ. Geol. 74, 1448, 1979, with permission of the authors and the publisher.) (b)
Pseudomorphous replacement of euhedral marcasite (white) crystals by goethite (light
gray), Northern Pennine Orefield, England (width of field = 500 um). (¢) Pyrite cubes
have been converted into goethite during weathering with the formation of a relatively
solid outer rim and a porous interior, Morning Star Mine, California (width of field =
1,200 um). (Photograph by R. W. Sheets.)



SECONDARY TEXTURES RESULTING FROM REPLACEMENT (INCLUDING WEATHERING) 131

(c)
FIGURE 7.10 (Continued)

original and secondary minerals, and (3) the chemical compositions of the
original mineral and the reactive fluid.

7.4.1 Crystal Surfaces

Replacement is the result of a surface chemical reaction; hence, any channel
between grains or through grains is a prime site for initiation of the replace-
ment process. Replacement along grain boundaries or internal channel ways
very often appears in the form of thin laths or equant crystals of the replacing




FIGURE 7.11 (a) Covellite replacing chalcopyrite (white) along grain boundaries,
Great Gossan Lead, Virginia (width of field = 520 um). (b) Chalcocite (medium gray)
replacing galena (light gray) along grain boundaries and cleavages, Alderley Edge,
Cheshire, England (width of field = 500 pm). (¢) Galena (white) replaced by cerussite
(PbCO,;, light gray) from the margins of the original grain, Northern Pennine Orefield,
England (width of field = 500 pm). (d) Fine-grained pyrite and marcasite (white)
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pseudomorphously replacing elongated crystals of pyrrhotite. Some remnants of pyr-
rhotite (po) remain in the cores of these pseudomorphs. Sphalerite (sl) and siderite (sd)
comprise the matrix (width of field = 3,000 um). (Reproduced from W.C.Kellyand F.S.
Turneaure, Econ. Geol. 65, 620, 1970, with permission of the authors and the pub-
lisher.)

133
















138 ORE MINERAL TEXTURES

’

- o e
8% B}
FIGURE 7.16 Boxwork texture of laths of hematite and goethite with residual pyrite
in a gossan, Elba, Italy (width of field = 500 pm).

7.5 SECONDARY TEXTURES RESULTING FROM COOLING

Many ores form at elevated temperatures and have undergone cooling over
temperature ranges that may be, for example, less than 100°C for many Pb-Zn
ores in carbonates but as much as 1000°C for Fe-Ni-Cu ores in ultramafic
rocks. As suggested by Figure 7.1, refractory minerals such as magnetite,
chromite, pyrite, sphalerite, and some arsenides often retain their original
composition and texture through the cooling episode, whereas many sulfides,
sulfosalts, and native metals re-equilibrate compositionally and texturally
during cooling. The textural effects resulting from cooling include those dis-
cussed below.

7.5.1 Recrystallization

Re-equilibration of ores on cooling is usually accompanied, to some degree,
by recrystallization of the primary minerals, an effect that may or may not
leave any vestige of the original texture. Thus, many massive chromite seams,
which no doubt accumulated as well-formed octahedra settling from an
igneous melt, have been modified by prolonged annealing, as discussed in
Section 7.7.






FIGURE 7.17 (a) Exsolution of chalcopyrite lamellae (light gray) within bornite
(dark gray). Later alteration has resulted in the development of chalcocite (medium
gray)alongthe edgesof the fractures and as rims on the chalcopyrite lamellae, Grayson
County. Virginia (width of field = 520 pm). (b) Fine lamellae of matildite (white and
black) within a matrix of galena. This texture has resulted from the decomposition (on
cooling) of an initially homogeneous phase; crossed polars, oil immersion; Leadville,
Colorado (width of field = 265 pm). (¢) “Allemontite,” a myrmekitic texture of native
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arsenic (black due to oxidation) and stibarson (white), which has resulted from the
decomposition of an initially homogeneous phase (width of field = 520 pm). (d)
Exsolution in coexisting FeTi oxides. Flanking grains of hematite-ilmenite solid solu-
tion have separated into hematite (white) and ilmenite (medium gray), and a central
grain of Ti-magnetite has exsolved lamellae of ulvospinel (width of field = 2,000
um).
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An example of the confusion that can arise in the interpretation of ore tex-
tures is provided by sphalerite-chalcopyrite intergrowths. In many types of
ores, sphalerite contains chalcopyrite in the form of randomly dispersed or
crystallographically oriented rows of blebs and rods, each of which may be 1-
20 pm across (Figure 7.18). This form of chalcopyrite, appropriately termed
“chalcopyrite disease” by Barton and Bethke (1987), has commonly been
ascribed to exsolution on the cooling of the ores after emplacement. The
detailed work of these authors and the supporting evidence of experimental
studies (Wiggins and Craig, 1980; Hutchison and Scott, 1981) have demon-
strated, however, that chalcopyrite will not dissolve in sphalerite in significant
amounts unless temperatures are above 500°C. These data, and the observa-
tion of chalcopyrite-bearing sphalerites in Zn-Pb ores in carbonates (which
form at 100-150°C) and in unmetamorphosed volcanogenic ores (which form
at 200-300°C) suggest that temperature-dependent exsolution is not the
means by which these intergrowths form. Furthermore, detailed studies of
doubly polished thin sections of these ores (Barton, 1978; Barton and Bethke,
1987; and Figure 3.2) reveal that some of the chalcopyrite is actually present at
myrmekitic worm- or rod-like bodies that may extend up to several hundred
microns. The most detailed study of these features, by Barton and Bethke

FIGURE 7.18 Grains and rods of chalcopyrite oriented within sphalerite. This as-
semblage often has been interpreted as the result of exsolution, but experimental
studies reveal that sphalerite could not dissolve sufficient copper to form this texture by
exsolution. See text for additional discussion. Great Gossan Lead, Virginia (width of
field = 520 pm).
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FIGURE 7.19 (a) Growth twin of wolframite. (b) Polysynthetic twinning developed in
synthetic acanthite that has inverted from argentite on cooling from initial formation
at 400°C; crossed polars, oil immersion (width of field = 190 pm).

Breaking of specimens by hammering or damage caused during grinding
oreven in careless polishing can induce local pressure twinning in some very
soft phases, such as native bismuth (Figure 7.20b), argentite, and molybdenite.
The cause of such twinning is usually recognizable because of its local dis-




'ﬂL =R

- a \

\

FIGURE 7.20 (a) Deformation twins in pyrrhotite, Great Gossan Lead, Virginia;
crossed polars (width of field = 520 um). (b) Polysynthetic twinning developed in native
bismuth as a resultof deformation, Nipissing Mine, Cobalt, Ontario; crossed polars, oil
immersion (width of field = 210 ym). (¢) Kinkbanding in pyrrhotite accentuated by thin
layers of micas, Cherokee Mine, Ducktown, Tennessee (partially crossed nicols; width
of field = 0.24 mm). (d) Deformation twinning induced in specular hematite, Rana
Gruber, Norway (width of field = 1,200 pm).
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FIGURE 7.20 (Continued)

tribution or association with scratches; it can often be induced in native bis-
muth by merely drawing a needle point across a polished surface.

7.6.2 Curvature or Offset of Linear Features

Deformation of ores is often evidenced by the curvature or offset of normally
linear or planar features, such as crystal faces, cleavages, fractures, twins,
exsolution lamellae, and primary mineral layering or veining. The triangular
cleavage pits in galena, so diagnostic in identification, commonly serve as a
measure of deformation. Although the boundary of a single pit may exhibit
curvature, the effects are most often seen in the curvature of a row of such
cleavage pits (Figure 7.22). Deformation-induced twin lamellae in pyrrhotite,
ilmenite, chalcopyrite,and many other minerals frequently exhibitsignificant
curvature and commonly extend across several grains, whereas growth or
inversion twins are usually confined within individual grains.




FIGURE 7.21 Complex pressure lamellae developed in stibnite as a result of defor-
mation: the wide variety of colors results from different crystallographic orientations of
the lamellae; crossed polars (width of field = 520 pm).

FIGURE 7.22 Curved cleavage pits that have developed in galena as a result of
postdepositional deformation, Austinville, Virginia (width of field = 520 um).
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FIGURE 7.23 Despite intense deformation, much of the pyrite in the pyrite-pyrtho-
tite ores of Ducktown, Tennessee, show no fracturing, because the softer interstitial
pyrrhotite has deformed. Here, however, pyrite grains show localized fracturing, be-
cause they have impinged upon one another (width of field = 1,200 pm).

morphism, there may be pulverization of ore and gangue minerals, complete
randomness of fragment orientation, the development of “ball textures,” in
which fragments of foliated gangue are rounded into “balls,” and extensive
development of the deformational features previously described. Injection of

1_.1 I||h'|1 |I1\11|| hHlilsriiil‘lmlllli’illl
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FIGURE 7.24 Durchbewegung texture developed in intensely deformed pyrrhotite.
Theblacksilicate inclusions were stretched and rotated as the pyrrhotite matrix flowed
under pressure, Great Gossan Lead, Virginia. The scales are in centimeters and

inches.
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softer ore minerals into fractures and cleavages in more brittle ore minerals
and gangue minerals is common (Figure 10.27).

7.7 SECONDARY TEXTURES RESULTING FROM ANNEAL!NG AND
METAMORPHIC CRYSTAL GROWTH

Afterinitial formation, many ores have been subjected to slow cooling or have
passed one or more times through metamorphic cycles in which they were
subjected to prolonged periods of slow heating and slow cooling. The textural
effects of this treatment may be indiscernible, or may lead to distinctive
annealed grain boundaries or even to the growth of porphyroblastic crystals.

7.7.1 Annealing

The annealing effects of the slow cooling of ores after deposition or slow heat-
ing during metamorphism can significantly alter the original textures. Since
both cooling and metamorphism are prolonged annealing processes, the
effects discussed here may produce similar textures to those discussed in Sec-
tion 7.2. The most characteristic feature of anneallng is recrystallization to
minimize the areas of grain surfaces and interfacial tension through the
development of roughly equant grains with 120° interfacial (or dihedral)
angles (Figure 7.25). The interfacial angles observed at triple junctions of
annealed monomineralic aggregates tend toward 120°, whereas those of poly-
mineralic aggregates vary as a function of the mineralogy. The interfacial
angles of some equilibrated pairs of common sulfide minerals include galena-
sphalerite (103° and 134°), chalcopyrite-sphalerite (106-108°),and pyrrhotite-

FIGURE 7.25 Annealed texture of recrystallized monomineralic pyrite sample.
Note the common development of near 120° triple junctions, Mineral District, Virginia
(width of field = 520 pm).
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sphalerite (107-108°) (Stanton, 1972). Since the surface of the polished section,
cut at random through the polycrystalline mineral aggregate, yields only
apparent angles that can range from 0° to 180°, it is necessary to measure
many interfacial angles in a given section in order to determine statistically
the true angle. If a large number of angles are measured, the one most fre-
quently observed will represent the true angle. During the annealing process,
small grains are resorbed at the expense of larger ones; however, small grains
of minor phases may remain trapped as lens-like bodies along the grain boun-
daries of larger grains (Figure 10.27d).

The re-equilibration that results from annealing can produce either zoned
overgrowths on grains or the homogenization of grains containing primary
growth zoning. For example, pyrite overgrowths on primary pyrite or the
remains of primary growth zoning may be visible in normal polished sections
but often require etching to become evident (Figure 2.10). Residual primary
growth zoning in sphalerite or tetrahedrite is rarely evident in polished sec-
tions but can be observed in transmitted light using doubly polished thin sec-
tions (Figure 2.9).

7.7.2 Metamorphic Crystal Growth

Recrystallization during annealing, especially during metamorphism, usu-
ally results in an increase in grain size and may also result in the growth of

FIGURE 7.26 Annealed texture of recrystallized pyrite euhedra (light gray) within a
matrix of sphalerite (dark gray), and minor chalcopyrite (medium gray). Mineral Dis-
trict, Virginia (width of field = 520 pym).
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euhedral, sometimes porphyroblastic crystals, of such phases as pyrite (Figure
7.26), arsenopyrite, magnetite, and hematite. The growth of these minerals,
like the well-known examples among metamorphic gangue minerals (e.g., gar-
net and staurolite), depends on the conditions of annealing and the bulk com-
position of the mineralized zone. Though commonly only a few millimeters in
diameter, porphyroblasts may exceed 25 cm across, as observed in the pyrite-
pyrrhotite ores of Ducktown, Tennessee (Figure 7.27). Porphyroblastic growth
or overgrowth complicates paragenetic interpretation, because there may be
no unequivocal means of distinguishing porphyroblasts from early formed
euhedral crystals. Frequently, however, porphyroblasts contain different
amounts and types of inclusions compared to the corresponding primary
minerals in the ore. Furthermore, the types of inclusions may be indicative of
the timing of crystal growth. Hence, the inclusion of high-grade metamorphic
minerals (e.g., amphiboles, garnets, etc.) indicates that overgrowth occurred
after metamorphism had reached a grade sufficient to form those meta-
morphic minerals.

Detailed studies of the large, generally euhedral pyrite crystals of the Duck-
town, Tennessee, ores (Brooker, Craig, and Rimstidt, 1987; Craig, Vokes, and
Simpson, 1991; Craig and Vokes, 1993) have revealed two principal types of
inclusion patterns. The most common type is that of concentrically arranged
inclusions of silicates (usually quartz, amphiboles, and carbonates) and sul-
fides (usually sphalerite, pyrrhotite, and chalcopyrite; see Figure 7.28). Such a
pattern may indicate concentric growth outward in all directions from a cen-
tral point, or it may indicate “snowball-type” growth that has been cut parallel
to the axis of rotation. The other type of growth pattern is that of a spiral
(Figure 7.29), much like that observed in rotated garnets. Both types of inclu-
sion patterns may represent “snowball” growth, in which the difference in
appearance results from the orientation of the cut. Hence, cutting a snowball-

FIGURE 7.27 Ten-cm pyrite cube in the amphiholite grade regionally metamor-
phosed ores of the Ducktown, Tennessee, deposits.




FIGURE 7.28 Five-mm pyrite crystal displaying a concentric pattern of amphibole
inclusions incorporated during growth; gray phase is pyrrhotite. This is a composite
image made up of 16 photomicrographs, Cherokee Mine, Ducktown, Tennessee.

sion pattern indicative of pyrite rotation of 360° relative to the enclosing pyrrhotite
during growth, Cherokee Mine, Ducktown, Tennessee. (Reproduced from Craig et al,
1991, Econ. Geol. 86, 1743; with permission.)
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type grain perpendicularto its axis of rotation presents a spiral pattern instead
of a concentric pattern. This relationship is illustrated in Figure 7.30.

The absolute amounts of the ore minerals probably change very little dur-
ing most metamorphic episodes, despite significant changes in grain sizes and
shapes. Exceptions to this would occur if there were significant oxidation or
reduction reactions or if there were significant solubility of one phase in
another as a function of temperature or pressure. Hence, the proportions of
pyrite to pyrrhotite may change during a metamorphic cycle, and the propor-
tions of pyrrhotite to sphalerite (and the sphalerite composition in terms of
FeS content) may change as a function of pressure. (See Section 10.10 for an
additional discussion of these points.)

7.8 TEXTURES OF PLACER GRAINS

Placer deposits are composed of the grains of ore minerals that have been
weathered out of pre-existing rocks. Consequently, the mineral grains gen-
erally contain internal textures that reflect their initial origins but marginal
and external textures that reflect the abrasion and weathering to which they
have been subjected. Although nearly any ore mineral could, under some cir-
cumstances, be liberated from its host rock or ore and thus appear in a placer
deposit, only a few actually occur with any frequency (see Section 10.5). Few
sulfide minerals survive weathering without being completely oxidized. One
notable exception appears to be the rounded pyrite grains in Precambrian
conglomeratic deposits (see Section 10.6), which escaped oxidation appar-
ently because of the lack of oxygen in the early atmosphere. In contrast, the
oxide minerals cassiterite (SnO;), ilmenite (FeTiO;), rutile (TiO,), and mag-
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FIGURE 7.30 Schematic representation of how the inclusion patterns would ap-
pear in sections cut across (A) and parallel to (B), the rotation axis in a crystal that
rotated as it grew.
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netite (Fe;O4), and native gold (Au to AuAg) generally survive weathering
quite well. Despite the varied original sources of these minerals, there are only
a relatively few textures that are commonly encountered.

The weathering and erosional processes rapidly round and smooth the
exterior surfaces of most placer grains, as is apparent in Figure 7.31. Other fre-
quently observed marginal effects include the conversion of rutile grains into
leucoxene around their margins, the oxidation of magnetite grains to hematite
or goethite, especially along cleavage planes (Figure 7.34). This leads to the
formation of “martite.”

IImenite is particularly resistant to weathering and is the most abundant
heavy mineral in many areas. It may display a wide variety of textures in placer
grains, ranging from single crystals to polycrystalline aggregates. Commonly,
ilmenite grains contain variable quantities of hematite as oriented lamellae,
as shown in Figure 10.12. During weathering and erosion, selective dissolu-
tion of the more soluble hematite proceeds from the margins of the grains
inward. The result, as shown in Figure 7.32, is that many ilmenite grains are
left with hematite dissolved from around the edges or with only oriented holes
where the hematite lenses used to be.

Placer gold grains (many are actually electrum in which the silver content
exceeds 20 wt %) may possess a wide variety of initial shapes as the grains are
liberated during weathering. Because of the softness and malleability of the
gold, the grains readily undergo mechanical deformation that results in rounded
to flattened nuggets. Although they have been long considered as relatively
homogeneous materials that might include some fragments of original host or
inherited detrital material, it is now widely recognized that many, if not most,
placer gold grains develop rims of very high purity gold (Figure 7.33). The
mechanisms by which these rims form are not completely understood, but
they may occur as small localized patches or as complete surrounding layers.

FIGURE 7.31 Placer ilmenite and rutile grains in a heavy mineral concentrate from
Green Cove Springs, Florida, display a typical rounded to elongated shape (width of
field = 1,200 pm).
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FIGURE7.32 Placerilmenite grains. The grains on the lower left and on the right are
entirely ilmenite. The round central grain, originally an ilmenite with hematite lamel-
lae (see Figures 7.17d and 9.11), has had all of the hematite dissolved out during
weathering, Lilesville, North Carolina (width of field = 600 pum). Compare also with
Figure 10.12.

The thicknesses range from less than 1 um to more than 100 uym, but their
boundaries with the underlying core gold or electrum are always very sharp.
Because the rims are usually of very high fineness (usually more than 95%
gold), they are a more deep yellow color than the lower fineness interiors; this
is easily seen especially by use of oil immersion. Gentle etching with dilute
cyanide solutions can enhance the appearance of these rims.

FIGURE 7.33 Placerelectrum grain with a well-developed and sharply bounded rim
(darker) of high-purity gold. Such rims, which may be very delicate or more solid (see
Figure 10.14), are common on placer gold grains; Lilesville, North Carolina (width of
field = 600 pm).
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FIGURE 7.34 “Martite” in which hematite (white) has developed along crystal-
lographically preferred planesin magnetite as a result of oxidation (width of field = 240
um).

7.9 SPECIAL TEXTURES
A number of the textures observed in ore minerals are sufficiently distinctive

or widely observed to have been given special names. Amongst primary
depositional textures are framboids (Figure 10.5b), the aggregates of spherical

FIGURE 7.35 Well-developed “bird’s-eye” texture composed of pyrite and marcasite,
formed along a fracture during weathering of pyrrhotite, Great Gossan Lead, Virginia
(width of field = 1,200 um).
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FIGURE 7.36 Sphalerite “star” in chalcopyrite, Mineral District, Virginia (width of
field = 330 pm).

particles often seen in pyrite and in uraninite. Similar to these primary tex-
tures are the oolitic textures familiar from carbonate rocks but also found in
iron and manganese ores (see Section 10.2). Among replacement textures, the
replacement of magnetite by hematite along cleavage (111) directions is
termed martitization (Figure 7.34), and the characteristic alteration of pyr-
rhotite to a fine mixture of pyrite and marcasite results in birds eye texture
(Figure 7.35). Some exsolution textures are particularly characteristic, such as
the flames of pentlandite in pyrrhotite (Figure 8.8b) and the stars of exsolved
sphalerite found in some chalcopyrite (Figure 7.36).

7.10 CONCLUDING STATEMENT

Rarely does a single texture provide unequivocal evidence regarding the
origin or history of an ore deposit. Commonly, a variety of textures represent-
ing different episodes in the development and subsequent history of a deposit
are observed. This chapter has not provided an exhaustive discussion of the
great variety of textures seen in ores, but it has introduced some of the most
commonly encountered types. With careful observation, common sense, and
a little imaginative interpretation that incorporates whatever is known of the
geological setting of a deposit, much can be learned about the origin and
postdepositional history of an ore from the study of ore textures.
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FIGURE 8.1 Euhedral crystals of covellite formed through unobstructed growth into
open space. These crystals are embedded in clear epoxy, with the edges of some
exposed at the surface of the polished section, Creede, Colorado (width of field = 1
cm).

general, euhedral crystals have been interpreted as forming early and growing
unobstructed; grains with convex faces have been interpreted as forming
earlier than those with concave faces. Such simplistic interpretations are often
correct but must be used with caution. Indeed, for many minerals, euhedral
crystal morphology is an indication of growth into open space, especially in
vein deposits. For example, calcite, quartz, fluorite, sphalerite, cassiterite,
galena, covellite, and sulfosalts usually form well-developed euhedral crystals
only in directions in which growth is unobstructed (Figure 8.1). The existence
of such crystals, mixed with, or overgrown by, other minerals, indicates that
the euhedra were the first formed; furthermore, it usually indicates the direc-
tion of general growth (i.e., in the direction of the euhedral crystal faces).
However, certain minerals (e.g., pyrite, arsenopyrite) tend, through their force
of crystallization, to form well-developed crystals regardless of their position
in the paragenetic sequence. For example, early pyrite in Cu-Pb-Zn veins
occurs as isolated euhedra or intergrown subhedra with many well-developed
faces; secondary pyrite formed as a result of exsolution from primary pyr-
rhotite in Fe-Cu-Ni ores often occurs as well-formed cubes; pyrite that forms
as a result of metamorphic recrystallization commonly occurs as perfectly
developed cubic or pyritohedral porphyroblasts up to several centimeters in
diameter (Figure 8.2). Furthermore, as discussed in Section 7.7, retrograde
metamorphic re-equilibration can result in the release of sulfur by pyrrhotite
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FIGURES8.2 Porphyroblasts of pyrite grown in a matrix of pyrrhotite during regional
metamorphism, Cherokee Mine, Ducktown, Tennessee (centimeter scale).

to form euhedral pyrite crystals. In such a case, the most euhedral crystals were
the last, not the first, to form.

Sometimes the evidence of crystal morphology rather than the crystal itself
aids in paragenetic interpretation. Thus, in some Pb-Zn ores of the Mis-
sissippi Valley, dissolution has removed euhedral 1 cm galena crystals that
had grown on the surfaces of open fractures. The evidence of the galena is pre-
served because, prior to its dissolution, fine-grained pyrite and marcasite were
precipitated on top of itin a 2-3 mm thick band. Now the ore specimens reveal
the following sequence of events: (1) fracturing of wall rock, (2) formation of
sphalerite and euhedral galena, (3) formation of colloform overgrowths of
pyrite and marcasite that faithfully record the galena morphology on their
undersurface, and (4) leaching, leaving euhedral voids once occupied by
the galena.

Mutual grain boundaries (equal degrees of penetration) (Figure 8.3) must
be interpreted with care and with the recognition that the ore microscopist has
only a two-dimensional viewof a three-dimensional material. The equal inter-
penetration of minerals, the absence of characteristic first-formed crystals,
and the absence of replacement features usually prevent determination of any
paragenetic sequence and may indicate simultaneous crystallization of the
minerals.

8.2.3 Colloform Banding and Growth Zoning

Colloform banding, a concentric botryoidal overgrowth of fine radiating crys-
tal (Figure 8.4a), is a texture that is commonly encountered in open-space fill-
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FIGURE 8.3 Mutually interpenetrating grains of sphalerite (medium gray) and
galena (white), Montezuma, Colorado (width of field = 520 pym).

ing ores. Itis especially common in iron and manganese oxides (Figure 8.4b),
including manganese nodules, uranium minerals, arsenides, and in pyrite
and sphalerite. Although colloform banding has often been attributed to for-
mation from a gel, Roedder (1968) has shown that typical colloform sphaler-
ites owe their origin to direct crystallization of fine fibrous crystals from a
fluid. The colloform bands are actually composed of radiating masses of crys-
tals growing from many adjacent sites along a vein wall, the surface of a wall-
rock fragment, or previously formed ore minerals. Although generally forming a
smooth or undulating surface, colloform growth may occur locally as stalac-
tites. Several Mississippi Valley and vein-type Zn-Pb deposits have also
yielded well-developed sphalerite stalactites, complete with the hollow central
tube. The colloform structures grow from some substrate outward, with se-
quential growth periods evidenced by overlying bands. Individual bands are
often distinguished by interlayering with other minerals (or even organic
inclusions), by change in the size, shape, or orientation of crystals, or by color
zoning, each of which represents some change in the ore fluid or the con-
ditions of precipitation. Minor chemical changes, as evidenced by micron-
scale color banding in colloform sphalerites (only seen in doubly polished
thin sections in transmitted light), do not disturb crystal growth, since in-
dividual crystals exhibit continuity for 1-2 cm and may contain hundreds of
bands growing across them.

Growth zoning in individual crystals is a common feature in many types of
ore minerals and in a wide variety of deposits. Magmatic precipitates, such as



FIGURE 8.4 (a) Colloform banding illustrating sequential growth of sphalerite
inward from the walls of a fracture; transmitted light photomicrograph of doubly
polished thin section. Early pyrite (black) has been successively overgrown by banded
sphalerite and dolomite (white), Austinville, Virginia (width of field = 2,000 pm). (b)
Concentric growth banding, showing sequential development of hematite and goethite
in pisolitic iron ore, Schefferville, Quebec (width of field = 2,000 um).

169



170 FLUID INCLUSION GEOTHERMOMETRY OF ORES

chromites and magnetites, may display zonal compositional and color vari-
ations, reflecting changes in the magma from which they precipitated. Several
hydrothermally deposited vein minerals may contain distinct color bands
(Figure 7.4), which also record a changing environment of formation. Such
bands often contain fluid or solid inclusions trapped at the time of precipita-
tion and thus can yield considerable paragenetic information.

The existence of the same, or at least portions of the same, color or com-
positional zonal sequence in adjacent sphalerite crystals or in crystals grow-
ing simultaneously along a fracture provides the basis for sphalerite stratigraphy
(aterm coined by Barton et al., 1977). McLimans, Barnes, and Ohmoto (1980),
have applied sphalerite stratigraphy in the Upper Mississippi Valley District
by correlating individual color bands in colloform sphalerite over a few hun-
dred meters and certain bands over several kilometers (Figure 8.5). Sphalerite
stratigraphy is a powerful technique in paragenetic studies but requires care-
fully collected, preferably oriented specimens, and their examination in
doubly polished thin sections.

AMELIA - HENDRICKSON

FIGURE 8.5 Polished thin sections of sphalerite showing stratigraphic zones A
(early), B (middle), and C (late), and correlation of stratigraphy over 23 km northeast
from the Amelia orebody, Illinois (left), to the Hendrickson orebody, Wisconsin (right).
(Reproduced from R. K. McLimans et al., Econ. Geol. 75, 354, 1980, with permission of
the authors and the publisher.)
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FIGURE 8.6 The use of cathodoluminescence in defining growth banding in calcite:
(a) a thin section with a calcite-filled vug as viewed in transmitted plane polarized light;
(b) the same area under cathodoluminescence reveals the delicate growth zoning as
defined by differing brightness of the bands (width of field = 4,400 um).
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with the ease of obtaining valuable information, has made this technique a
routine tool in many laboratories.

8.2.5 Crosscutting Relationships

In mineralogical examination, just as in geological field studies, crosscutting
relationships are a key to paragenetic interpretation. The veinlet or other feature
that crosscuts another is younger than that which it cuts across, except when the
older phase has been replaced, or when both features result from meta-
morphic remobilization. Therefore, the veinlet that cuts across another veinlet
(Figure 8.7), or crystal, is later in the paragenetic sequence, whether it repre-
sents simple open-space filling or replacement. Deformational episodes are
often indicated by the presence of microfaults (Figure 8.4a), which offset
bands or veins of earlier-formed minerals, or by the crushing of earlier grains
that may have been subsequentlyinfilled by later minerals. Detailed studies of
some syngenetic ores (i.e., those in which ore and host rock minerals are
believed to have formed at the same time) have revealed crosscutting rela-
tionships in the form of scour marks, channels, soft sediment slumping, and
crossbedding, some of which may be observed on the microscale.

FIGURE 8.7 Crosscutting relationships shown in a manganese oxide ore in which
early chalcophanite is cut by a later veinlet of the same mineral. Red Brush Mine,
Virginia (width of field = 2,000 um).















FIGURE 8.8 Nickel-copper ore from Sudbury, Ontario, Canada, illustrating the
paragenesis of the ore. (@) Early-formed subhedral grains of magnetite (dark gray)
within coarse granular pyrrhotite (medium gray). rimmed by granular pentlandite that
has coalesced after exsolution. Also present are two anhedral grains of chalcopyrite
(width of field = 1.700 pm). (b) Exsolutlon “flames™ of pentlandite (light gray) in a
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pyrrhotite matrix (width of field = 330 um). (¢) Irregular areas and lamellae of cubanite
(dark gray) within chalcopyrite produced by exsolution on breakdown of iss (crossed
polars) (width of field = 330 um). (d) A veinlet of violarite retaining the blocky fracture
pattern of the pentlandite thatithas replaced. Itis surrounded by altered pyrrhotite that
exhibits a single cleavage direction. (width of field = 520 um).
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FIGURE 8.11 Tin-tungsten ores from Bolivia illustrating paragenesis of the ore. (a)
Early cassiterite (cs,) overgrown by needle-like cassiterite crystals (cs,). Both genera-
tions of cassiterite are enclosed in, and veined by quartz (qz), which also surrounds
euhedral pyrite crystals (white); Milluni Mine (width of field = 2,260 um). (b) Early
stannite concentrated along contacts of pyrrhotite (white) with older cassiterite (black).
The distribution of stannite (gray) is controlled by the basal parting in pyrrhotite;
Huanuni Mine (oil immersion, width of field = 1,600 um). (¢) Later sulfides (py =
pyrite, po = pyrrhotite, sl = sphalerite, cp = chalcopyrite) occurring between grains of
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FIGURE 8.14 Figure summarizing the paragenesis of ore mineralization stages of
the Mashan deposits of Anhui Province, China. In the diagram, h and m indicate hex-
agonal and monoclinic pyrrhotite. The brackets in the last stage indicate that the
phases already present were modified by the fluids.

resented by local occurrences of magnetite. The coarse pyrite stage is charac-
terized by the presence of pyrite crystals ranging from 1 to 10 cm in diameter;
these may contain rare, isolated inclusions of gold. The pyrite-arsenopyrite
stage consists of coarsely intergrown pyrite and arsenopyrite, and subhedral to
euhedral pyrite that exhibits concentric growth zones defined by different
abundances of inclusions. This stage was followed by a period of brittle defor-
mation that locally produced cataclastic textures, as shown in Figure 8.15a.
The “gel pyrite” stage, which is volumetrically the most important stage, is
represented by concentrically banded colloform masses of intimately inter-
grown pyrite and quartz (Figure 8.15b). The gel pyrite occurs in several forms,
ranging from a matrix for coarse pyrite crystals to thin veinlets interstitial to
crushed pyrite and arsenopyrite. The base metal sulfide and telluride stage is
present as masses and grains of chalcopyrite, sphalerite, and galena, intersti-
tial to crystals and fragments of earlier stages. The sphalerite commonly dis-
plays “chalcopyrite disease,” and the galena locally contains inclusions of
silver,lead, and bismuth tellurides (Figure 8.15c). The final stage of ore forma-
tion, the quartz-carbonate-gold stage, is evidenced by thin quartz and siderite
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b)
FIGURE 8.15 Gold-bearing base-metal sulfide ores of the Mashan District of Anhui Province, China:
(@) cataclastically deformed pyrite and arsenopyrite (width of field = 1,200 pm): (b) colloform banding of
the gel pyrite consists of layers of pyrite, marcasite, and quartz (width of field = 1,200 um); (¢) scattered
grains of altaite (PbTe, white) and hessite (Ag,Te, gray) occur within galena (width of field = 600 um); (d)
crosscutting veinlets where late fluids have recrystallized gel pyrite into pyrite and marcasite and have
deposited small grains of gold (left center) width of field = 1,200 pm).
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FIGURE 8.16 Late hydrothermal fluids have altered sphalerite in a narrow zone be-
tween unaltered iron-rich (7 wt % Fe) sphalerite on the left and pyrite on the right. The
oxidizing fluids resulted in raising the activity of sulfur such that iron was removed
from the sphalerite, leaving it iron-poor (0.5 wt % Fe) and precipitating the iron as thin
veinlets of pyrite and marcasite, Mashan, China (width of field = 1,200 um).

veinlets that crosscut the earlier stages of mineralization. The mineralizing
fluids precipitated small grains of gold (Figure 8.15d) in, and adjacent to, the
veinlets and caused recrystallization of the gel pyrite and pyrrhotite to form
pyrite and marcasite. The fluids also locally altered the sphalerite by raising
the sulfur activity, thus forcing the iron out of the structure as delicate veinlets
of pyrite and marcasite (Figure 8.16).

8.4 ORE FORMATION CONDITIONS AND THE APPLICATION OF
PHASE EQUILIBRIA DATA

Reference to relevant phase diagrams can help in (1) anticipation and recog-
nition of phases; (2) recognition of trends in ore chemistry (i.e., the character of
the ore fluid and its variation in time or space); (3) understanding of reactions
and some textural features (e.g., exsolution); (4) understanding of the correla-
tion or antipathetic relationships between phases: (5) recognition of equilib-
rium or disequilibrium mineral assemblages: (6) interpretation of the nature
of the ore-forming fluid and the mechanisms that were operable during
mineralization; and (6) estimation of the temperature and pressure during ore
formation or subsequent metamorphism.

It is impossible to present more than a few of the many relevant phase

diagrams, but the following systems are discussed, at least in part, in this
book:

Fe-S Figure 8.18
Cu-S Figure 10.8
Cu-Fe-S Figure 7.14 and 8.17
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Fe-Ni-S Figures 9.6 and 9.7
Fe-Zn-S Figure 10.28
Fe-As-S Figure 8.19
FeO-Fe,05-TiO, Figures 9.12 and 9.13
Cr,05-(Mg,Fe)O-SiO, Figure 9.4
Au-Ag-Te Figure 9.25
Ca-Fe-Si-C-O Figure 10.31
Cu-0-H-5-Cl Figure 10.11
U-0,-CO,-H,0 Figure 10.9
NaCl-KCI-H,O Figure 8.24
H,O(P-T) Figure 8.25

Iron Minerals (Eh-pH) Figure 10.3

For additional information on these and other systems, the reader is referred
to Mineral Chemistry of Metal Sulfides (Vaughan and Craig, 1978), “Sulfide
Phase Equilibria™ (Barton and Skinner) in Geachemistry of Hvdrothermal Ore
Deposits (1979), Sulphide Minerals: Crystal Chemistry Paragenesis and Systematics
(Kostov and Mincheeva-Stefanova, 1981), Sulfide Minerals (Ribbe, 1974), and
Oxide Minerals (Rumble, 1976; Lindsley, 1991). Most diagrams in the literature
are “equilibrium™ diagrams and may be cautiously applied to the natural ores,
which also represent. at least locally, conditions of equilibrium. For example,
in Cu-Fe-sulfide ores. assemblages such as pyrite-pyrrhotite-chalcopyrite,
pyrite-chalcopyrite-bornite. or even pyrite-digenite-bornite are common. be-
cause they are stable (see Figure 8.17), whereas pyrrhotite-covellite or cuba-
nite-chalcocite assemblages are unknown and are not expected. because they
are not stable. It is important to note that. although most ore mineral assem-
blages do represent equilibrium. disequilibrium assemblages are not uncom-
mon. This is especially true in weathering zones in which reaction kinetics are
slow because of the low temperatures involved.

Phase diagrams are important in providing geothermometric and geo-
barometric data. The geothermometers are of two types—sliding scale and fixed
point. The sliding-scale type is based on the temperature dependence of the
composition of a mineral or a pair of minerals when it is part of a specified
assemblage (e.g.. the composition of pyrrhotite in equilibrium with pyrite in
Figure 8.18a). Ideally. determination of the composition of pyrrhotite coexist-
ing with pyrite would uniquely define the temperature of equilibration: in
practice, however, it has been found that nearly all pyrrhotites have re-
equilibrated during cooling, some to near room temperature conditions (see
Figure 8.18b). Unfortunately, the rapid rates of sulfide re-equilibration proc-
cesses have limited the usefulness of many sliding-scale geothermometers.
Two notable exceptions involve refractory minerals that retain their high-
temperature compositions during cooling and thus are applicable as sliding-
scale geothermometers, namely,

1. Arsenopyrite when equilibrated with pyrite and pyrrhotite (and some
other less common assemblages), as shown in Figure 8.19.
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2. Coexisting magnetite-ulvospinel and ilmenite-hematite. The com-
positions of these minerals, if equilibrated together, uniquely define
both the temperature and the oxygen activity of equilibration, as shown
in Figure 9.13.

Fixed-point geothermometers are minerals or mineral assemblages that
undergo a reaction (e.g.. melting. inversion, reaction to form a different assem-
blage) at a defined temperature. For example, crystals of stibnite must have
formed below its melting point (556°C), and the mineral pair pyrite plus
arsenopyrite must have formed below 491°C. The fixed points thus do not

Alomic percent
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10 20 300 40 S0 60
Iron ——
(b)

FIGURE 8.17 Phase relations in the central portion of the Cu-Fe-S system: (a)
schematic relations at 300°C: (b) possible phase relations at 25°C. Abbreviations are as
follows: cc. chalcocite: dj. djurleite; di, digenite; al, anilite; cv, covellite; bn, bornite; id,
idaite; cp, chalcopyrite: tal, talnakhite; mh, mooihoekite; he, haycockite; cb, cubanite:
mpo, monoclinic pyrrhotite: hpo, hexagonal pyrrhotite; tr, troilite; py, pyrite; iss, inter-
mediate solid solution. (From Vaughan and Craig, 1978; used with permission.)
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FIGURES8.18 Phaserelations amongcondensed phases in the Fe-S system: (a) above
400°C; (b) in the central portion of the system below 350°C. The notations 2C, 1C, 6C,
4C, 11C, and mC refer to c-axis superstructure dimensions, and nA to a-axis super-
structure dimensions in pyrrhotites. (From Vaughan and Craig, 1978:; used with per-
mission.)
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and gangue minerals. sometimes occurring in quantities of a billion or more
per cubic centimeter. Their volumes are often less than 10 um? but may reach
as much as a cubic millimeter or more. However. despite their widespread
occurrence and abundance. fluid inclusions are seldom recognized in con-
ventional polished sections. because so little light actually enters most ore
minerals: even among the most transparent of ore minerals, inclusions are
rarely recognized as anything except internal reflections. However. when
transparent ore and gangue minerals are properly prepared and observed in
transmitted light. as described later. they are often found to contain abundant
tiny inclusions. commonly oriented along well-defined crystallographic
planes (Figure 8.20) and having a wide variety of shapes. Some inclusions
(Figure 8.21) may contain visible bubbles or mineral grains that precipitated
at the time of trapping or that precipitated from the fluid after trapping
(daughter minerals).

Primary inclusions, those trapped during growth of the host mineral. may
be samples of the ore-forming fluid and may reveal important information
regarding the conditions of ore transport and deposition. Bodnar and Sterner
(1987). as well as several subsequent studies. have demonstrated through the
development of synthetic fluid inclusions that the fluids do, in fact. reveal
accurate information on entrapment conditions. Roedder (pers. commun..
1980). however. has pointed out that there has been alternation of ore and
gangue mineral deposition in many ores without simultaneous deposition. If
this has occurred, fluid inclusions in gangue minerals may not represent the
fluids from which the ore minerals formed.

Secondary inclusions must be used with care. because they represent fluids
passing through the rocks after the crystallization of the minerals in which
these inclusions are found. Accordingly. they may contain fluids from a later
stage of ore formation. a postore fluid related to the ore-forming episode. a
metamorphic fluid, or even a late deuteric alteration or weathering fluid. If
their position in the paragenesis can be established. they may still provide
valuable information on the ore-forming process. Unfortunately. the distinc-
tion between primary and secondary inclusions is often not unequivocal.
Roedder (1984) has offered the empirical criteria listed in Table 8.1 to help in
interpretation: clearly, understanding the paragenesis of an ore. as discussed
in the beginning of this chapter, helps in the interpretation of fluid inclusions,
and vice versa. The reader is directed to Roedder’s book for additional dis-
cussion.

Commonly. the fluids trapped along growing crystal faces are homo-
geneous; however, sometimes two or more immiscible liquids (i.e.. water and
oil or water and CO»), liquids and gases (i.e.. boiling water and steam), or
liquids plus solids (i.e., water plus salts or other minerals) may be trapped
together. Such inclusions (termed multiphase inclusions) are difficult to inter-
pret geothermometrically but may provide considerable data on the nature of
the ore-forming fluid. Typical host minerals in which fluid inclusions are
observed include sphalerite, cassiterite, quartz, calcite, dolomite, fluorite, and
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FIGURE 8.20 Fluid inclusions in cassiterite, Oruro District, Bolivia. (@) Inclusions
lying along a healed cleavage plane. The gas phase fills the inclusions at 424-434°C. (b)
Needle-like inclusions, some with double bubbles due to constriction of the chamber.
(Reproduced from W. C. Kelly and F. S. Turneaure, Econ. Geol. 65, 649, 1970, with per-
mission of the authors and the publisher.)
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FIGURE 8.21 Fluid inclusions that contain daughter inclusions. (a) Inclusion in
quartz, with a large halite cube and unidentified daughter salts at @ and b. The total
salinity is approximately 47%, and the fluid fills the inclusion at430°C: Gigante Chica,
Laramcota Mine, Bolivia. (b) Inclusion in apatite having an irregular form suggestive
of necking down. A grain of an opaque inclusion at s lies in front of a small halite cube.
The inclusion fills with liquid at 350°C; Lallaqua Mine, Bolivia. (Reproduced from W.
C. Kelly and F. C. Turneaure, Econ. Geol. 65, 651, 1970, with permission of the authors

and the publisher.)
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TABLE 8.1 Criteria for Recognition of the Origin of Fluid Inclusions
(revised from Roedder 1976, 1979)

Criteria for Primary Origin

Single crystals with or without evidence of direction of growth or growth zonation.

Occurrence as a single inclusion (or isolated group) in an otherwise inclusion-
free crystal

Large size of inclusion(s) relative to enclosing crystal (e.g., 1/10 of crystal) and of
equant shape

Isolated occurrence of inclusion away from other inclusions (e.g., > inclusion
diameters)

Random three-dimensional occurrence of inclusions in crystal

Occurrence of daughter minerals of the same type as occur as solid inclusions in the
host crystal or contemporaneous phases

Single Crystals Showing Evidence of Directional Growth

Occurrence of inclusion along boundary between two different stages of growth (e.g.
contact between zone of inimpeded growth and zone containing extraneous
solid inclusions)

Occurrence of inclusion in a growth zone beyond a visibly healed crack in earlier
growth stages

Occurrence of inclusion at boundary between subparallel growth zones

Occurrence of inclusion at intersection of growth spirals

Occurrence of relatively large flat inclusions in the core or parallel to external
crystal faces

Occurrence of inclusion(s) at the intersection of two crystal faces

Single Crystals Showing Evidence of Growth Zonation
(on the Basis of Color, Solid Inclusions, Clarity, etc.)

Occurrence of different frequencies or morphologies of fluid inclusions in adjacent

growth zones
Occurrence of planar arrays outlining growth zones (unless parallel to cleavage

directions)

Crystals Evidencing Growth from Heterogeneous (i.e., Two-Phase) or Changing Fluid

Occurrence of inclusions with differing contents in adjacent growth layers (e.g., gas
inclusions in one layer, liquid in another layer, or oil and water in another layer,
etc.)

Occurrence of inclusions containing some growth medium at points where host crystal
has overgrown and surrounded adhering globules of an immiscible phase (e.g.,
oil droplets)

Occurrence of primary-appearing inclusions with “unlikely” growth medium (e.g.,
mercury in calcite, oil in fluorite or calcite, etc.)

Hosts Other Than Single Crystals

Occurrence of inclusions at growth surfaces of nonparallel crystals (these have often
leaked and could be secondary)
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important to be ever watchful for the unexpected and unusual minerals. In the
identification of minerals other than those included in Appendix 1, we recom-
mend that students refer to encyclopedic works such as Ramdohr’s The Ore
Minerals and Their Intergrowths, Uytenbogaardt and Burke's Tables for the
Microscopic Identification of Ore Minerals, Picot and Johan'’s Atlas des Mineraux
Metalliques, and Ixer’s Atlas of Opaque and Ore Minerals in Their Associations.

9.2 CHROMIUM ORES ASSOCIATED WITH MAFIC AND
ULTRAMAFIC IGNEOUS ROCKS

Mineralogy

Major Chromite (ideally FeCr,Oy, although always containing signifi-
cant MgO, Al,03, Fe,03)

Minor Sulfides of nickel, copper, and iron (pentlandite, pyrrhotite,
chalcopyrite, gersdorffite, bornite, valleriite)

Trace Platinum group minerals (ferroplatinum, cooperite, laurite, sti-

biopalladinite, sperrylite, nickeliferous braggite), and rutile
Mode of Occurrence There are two distinct modes of occurrence:

1. In layered basic intrusions as magmatic sediment layers

2. In peridotite or serpentinized peridotite masses associated with oro-
genic belts (sometimes termed “podiform™ or “Alpine-type” chromites)

Examples Aclassic exampleofachromite deposit associated with a layered
basic intrusion is the Bushveld Complex, South Africa; other examples in-
clude the Stillwater Complex, Montana (United States), and the Great
Dyke (Rhodesia).

“Podiform™ chromites occur in many orogenic belts and are generally
much smaller deposits; important examples include deposits in Turkey, the
Ural Mountains (Russia), the Philippines, and Cuba.

9.2.1 Mineral Associations and Textures

The few, isolated (although economically important) layered intrusions that
can be regarded as chromium deposits occur in tectonically stable environ-
ments. The layers of the intrusive complexes can be regarded as magmatic
“strata,” which may be of considerable lateral extent. Within these, the chro-
mite bands may range from a few millimeters to over 20 m in thickness and
may show many features analogous to those shown in sedimentary rocks
(Iensing or wedging out, intraformational contortion, scour and fill struc-
tures). Pure chromite rocks (chromitites) may grade through various amounts
of chromite + silicate (olivine, pyroxene) to normal dunites, peridotites, and
so on. While commonly occurring in the olivine-rich layers, the chromite may

|




CHROMIUM ORES ASSOCIATED WITH MAFIC AND ULTRAMAFIC IGNEOUS ROCKS 21

occurin significantamounts in any association that is basic in terms of overall
composition. Although chromite itself'is virtually the only ore mineral, it may
show considerable differences in composition within deposits and between
deposits of the “layered” and “podiform” types:

1. MgO/FeO ratios tend to be greater in podiform chromites (1-2.3) thanin
layered chromites (0.6-1).

2. Fe,O;contents tend to be lower (<8 wt %) and Cr/Fe ratios higher (~1.5-
4.5) in podiform chromites than in layered chromites (~10-24 wt %
Fe,O; and 0.75-1.75 Cr/Fe ratios, respectively).

3. AlO; and Cr,O; have reciprocal relations (Cr,O; being ~6.5-16 wt %,
AlLO3 ~6-52 wt %) in podiform chromites and vary widely in layered
chromites. The overall Al,O3;/Cr,0; ratio tends to be higher in podi-
form chromites.

In the layered intrusives, chromite commonly occurs as well-developed
octahedral crystals (Figure 9.1), particularly when associated with larger
amounts of interstitial material. In cases in which there is less interstitial
material, the crystals develop polygonal interference boundaries (see Sec-
tion 7.2).

The “podiform” or “Alpine-type” chromite ores occur in highly unstable
tectonic environments, so that, in addition to the compositional differences

FIGURE 9.1 Euhedral grains of chromite (light gray) in a matrix of mafic silicate,
Bushveld Complex, South Africa (width of field = 2,000 pm).
































































































































































































































































296 ORE MINERAL ASSEMBLAGES

FIGURE 10.21 Intergrowth of bornite (dark gray) and chalcocite (light gray), which
has formed as a result of exsolution of an originally homogeneous solid solution,
Kolwezi, Katanga, Zaire (width of field = 300 um).

sequence of copper, chalcocite, bornite, chalcopyrite, pyrite is observed
(Brown, 1971). In certain Zambian deposits, a sequence bornite — chalco-
pyrite — pyrite has been related to syngenetic sulfide concentrations in shales
deposited in progressively deeper water (Fleischer, Garlick, and Haldane,
1976).

Metamorphism of stratified synsedimentary ores often results in their re-
crystallization while preserving their intimate stratified nature. This is evi-
denced by the development of coarser equigranular annealed textures in the
sulfides and the growth of micas (Figure 10.22). Intense metamorphism results
in disruption of the finely laminated structure and the development of the tex-
tures described in Section 10.10.

10.8.2 Origin of the Ores

Ore deposits of this type are still among the most controversial with regard to
their origin. The pronounced bedded character of the ores has led authors to
propose that they are directly deposited sulfide-rich sediments (i.e., are syn-
genetic) and that euxinic conditions in the depositional basin were combined
with an influx of metals from an erosional source to produce the ores and their
zonal distribution. Problems of introducing sufficient metals have commonly
led to suggestions of submarine volcanic springs as a source.

The opposing view regarding origins is that the ores were introduced by
mineralizing solutions after formation of the sediments (i.e., the ores are
epigenetic) and were selectively precipitated to replace and pseudomorph
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FIGURE 10.22 Primary depositional banding retained through metamorphism.
Recrystallization of the ores, primarily galena, but with minor pyrrhotite and sphaleri-
te in the band shown, has been accompanied by the growth of micas (dark laths), Sul-
livan Mine, British Columbia (width of field = 2,000 um).

characteristically sedimentary structures. Commonly, the metals in this case
have been regarded as derived through leaching of associated rocks by saline
solutions derived from associated evaporite sequences. Thus, Brown (1971)
has suggested that the copper mineralization in the Nonesuch Shale of the
White Pine deposit results from replacement of pre-existing iron sulfides by
copper-rich solutions that migrated upward from the underlying Copper Har-
bor Conglomerate. Detailed arguments for and against the various theories,
which incorporate almost every possibility between the two extremes, can be
obtained from the relevant literature (e.g., Fleischer, Garlick, and Haldane,
1976; Bartholomé, 1974; Jung and Knitzschke, 1976; Brown, 1971; Sweeney,
Binda, and Vaughan, 1991). There is little reason to suspect that all deposits of
this group have the same origin, although it is worth noting that, in even the
most apparently undisturbed ores of this type, an appreciation of the role of
chemical transformation and replacement during diagenesis is growing (e.g.,
Turner, Vaughan, and Whitehouse, 1978; Vaughan et al., 1989).

10.9 COPPER-IRON-ZINC ASSEMBLAGES IN
VOLCANIC ENVIRONMENTS

Mineralogy
Major Pyrite, sphalerite, chalcopyrite; in some examples, pyrrhotite
or galena
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Minor Bornite, tetrahedrite, electrum, arsenopyrite, marcasite, cuba-
nite, bismuth, copper-lead-bismuth-silver-sulfosalts, cassi-
terite, plus many others in trace amounts

Mode of Occurrence Massive to disseminated stratiform sulfide ores in
volcanic-sedimentary sequences ranging from ophiolite complexes (Cyprus-
type deposits), felsic tuffs, lavas and subseafloor intrusions (Kuroko-type
deposits), to mudstones and shales with little immediately associated, recog-
nizable volcanic material (Besshi-type deposits).

Examples Kuroko- and Besshi-type deposits of Japan; Timmins, Ontario;
Bathurst, New Brunswick; Sullivan, British Columbia; Flin-Flon, Manitoba-
Saskatchewan; Noranda, Quebec; Mt. Lyell, Australia; Rio Tinto, Spain;
Scandinavian Calidonides; Avoca, Ireland; Parys Mountain, Wales; Troodos
Complex deposits, Cyprus; Bett’s Cove, Newfoundland; Modern Red Sea and
East Pacific Rise deposits.

10.9.1 Mineral Associations and Textures

The deposits range from ores in thick volcanic sequences, such as the Kuroko
ores of Japan and ores directly associated with a volcanic vent (Vanna Levu,
Fiji), to ores associated with ophiolitc sequences (Cyprus; Bett's Cove, New-
foundland) to distal ores that are emplaced in dominantly sedimentary se-
quences (Besshi deposits of Japan) and sequences containing no recognizable
volcanics (Sullivan, British Columbia). They thus grade into ores of the type
described in Section 10.8. In spite of the different settings in which these ores
are found, there are similarities among the ore types observed. Zoning within
many of these deposits is recognizable, and three major ore types occur; the
distribution of the primary minerals in the Kuroko ores is shown in Figures
10.23 and 10.24. Although the major ore types described in the following are
those commonly observed in the Kuroko deposits, they appearin most or all of
the ores of this class, with only minor variations. These ores, which appear to
grade into the ores described in Section 10.8, have frequently been considered
in terms of Cu-Pb-Zn ratios, as shown in Figure 10.25. Plimer (1978) has sug-
gested that a trend in ore type from Cu-dominant to Zn-dominant to Zn-Pb-
dominant corresponds to a progression in time and distance from the volcanic
source (i.e., proximal to distal in nature). Jambor (1979) has enlarged on this
theme and has proposed a classification of the Bathurst-area (Canada) de-
posits based on their established or assumed displacement from feeder con-
duits (proximal versus distal) and the position of sulfide crystallization
(autochthonous versus allochthonous).

Although the ores of the volcanic deposits are members of a continuum,
several specific ore types are observed most commonly; the following is a brief
discussion of these ore types.
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FIGURE 10.23 Schematic cross section of a typical Kuroko deposit.(From T. Sato, in
Geology of Kuroko Deposits, Soc. Mining Geol. Japan, 1974, p. 2; used with per-
mission.)
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FIGURE 10.24 Distribution of major ore and gangue minerals in Kuroko-type
deposits.
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Stratiform
- sulfide

- deposits

Pb

Zn

FIGURE 10.25 Plot of copper:lead:zinc ratios observed in stratiform sulfide ore
deposits. A trend has been observed from copper to zinc to lead-zinc dominated ores
with distance from the volcanic source.

Pyritic (or Cyprus Type) Thesetypes of ores, associated with ophiolite com-
plexes, are composed of massive banded to fragmental pyrite with small
amounts of interstitial chalcopyrite and other base-metal sulfides. The pyrite
is present as friable masses of subhedral to euhedral, commonly zoned grains,
as colloform banded masses, and as framboids. Marcasite is admixed with the
pyrite and often appears to have replaced the pyrite. Chalcopyrite occurs as
anhedral interstitial grains and as inclusions in the pyrite: sphalerite occurs
similarly but is less abundant. Secondary covellite, digenite, chalcocite, and
bornite occur as rims on. and along fractures, in pyrite and chalcopyrite.

Siliceous Ore (or Keiko Type of Kuroko Deposits) These types of ores
apparently represent feeder veins and stockworks, and consist primarily of
pyrite, chalcopyrite, and quartz, with only minor amounts of sphalerite,
galena, and tetrahedrite. The pyrite occurs as euhedral grains, subhedral
granular stringers. and colloform masses. The other minerals are minor and
occur as anhedral interstitial grains in pyritic masses and gangue. Scott (per-
sonal commununication, 1980) has noted that a black siliceous ore composed
of sphalerite and galena is not uncommon in Kuroko deposits.

Yellow Ore (or Oko Type of Kuroko Deposits) This ore type is charac-
terized in both hand sample and polished section by the conspicuous yellow
color resulting from the presence of chalcopyrite interstitial to the dominant
euhedral to anhedral pyrite (Figure 10.26). Minor amounts of sphalerite,
galena, tetrahedrite, and lead sulfosalts and trace amounts of electrum are dis-
persed among the major sulfides. In unmetamorphosed bodies, the pyrite is



(a)

(b)

(¢c)

FIGURE 10.26 Typical Kuroko-type ores. (@) Yellow ore composed of euhedral pyrite
crystals within a matrix of chalcopyrite. Ainai Mine.Japan (width of field = 2.000 ym).
(b) Black ore composed of a matrix of irregularly intergrown sphalerite and galena con-
taining euhedral and anhedral grains of pyrite, Furutobe Mine. Japan (width of field =
2,000 um). (c) Midocean ridge “black smoker™ deposit composed of wurtzite-sphalerite
(medium gray: note characteristic hexagonal wurtzite crystal shapes in some grains)
and pyrite-marcasite (white laths, filaments. and grains) (width of field = 600 pm).
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often quite fine-grained (<0.1 mm), but in metamorphosed ores, pyrite com-
monly recrystallizes to form euhedral grains that are several millimeters
across. These ores, and the black ores described later, commonly exhibit
extensively developed clastic textures that apparently formed at the time of ore
deposition or immediately thereafter as a result of slumping.

Black Ore (Kuroko Type) The black ores (Figures 10.26 and 7.4c), the most
complex of the common volcanogenic ore types, were so named because of the
abundant dark sphalerite within them. Galena, barite, chalcopyrite, pyrite,
and tetrahedrite are common but subsidiary to the sphalerite. Bornite, elec-
trum, lead sulfosalts, argentite, and a variety of silver sulfosalts are customary
accessory minerals. The black ores are usually compact and massive, but
primary sedimentary banding is often visible and brecciated and colloform
textures are not uncommon. In ores unmodified by metamorphism, pyrite
occurs as framboids, rosettes, colloform bands, and dispersed euhedral to sub-
hedral grains. Pyrite grain size increases during metamorphism, but growth
zoning is often visible either after conventional polishing or after etching. In
polished sections, sphalerite appears as anhedral grains that frequently con-
tain dispersed micron-sized inclusions of chalcopyrite. Barton (1978) has
shown, by using doubly polished thin sections in transmitted light (see Figure
2.9 and Figure 7.18), that this “chalcopyrite disease” consists of rods and thin
vermicular, myrmekitic-like growths, probably formed through epitaxial
growth or replacement. He has also shown the presence of growth-banding
and overgrowth textures in sphalerite and tetrahedrite. During metamor-
phism, the sphalerite is commonly recrystallized and homogenized, and the
dispersed chalcopyrite is concentrated as grains or rims along sphalerite
grain-boundaries.

Barite Ore, Gypsum Ore (Sekkoko), and Ferruginous Chert (Tet-
suseklel) These three zones are often present in the Japanese volcanogenic
ores butare difficult to recognize in many older volcanogenic ores; frequently,
they contain few ore minerals. The barite zone usually overlies the black ore
and consists of stratified barite. The gypsum zone consists of gypsum and
anhydrite, with minor amounts of pyrite, chalcopyrite, sphalerite, and galena.
The uppermost part of many volcanogenic deposits is a complex mixture of
tuff and cryptocrystalline quartz, containing chlorite, sericite, and pyrite and
colored red by small amounts of flaky hematite.

The terminology used here (siliceous ore, black ore, etc.) was developed to
describe the little altered Japanese Kuroko-type ores and thus does not apply
without some modification to their metamorphosed equivalents of other parts
of the world. Probably, the principal changes during metamorphism are the
developmentofsignificant amounts by pyrrhotite and the modification of tex-
tures (see Section 10.10). Nevertheless, the same general ore types (e.g., pyrite
with chalcopyrite; sphalerite, pyrite, galena, chalcopyrite) are encountered in
~ many deposits.
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Fluid inclusion studies (Roedder 1976) indicate that the ore-forming fluids
were generally of low salinity (less than 5 wt % NaCl equivalent) and ranged in
temperatures up to about 300°C.

10.9.2 Origin of the Ores

The ores considered in this section have been variously described as massive
pyrite deposits related to volcanism, stratabound massive pyritic sulfide de-
posits, and stratiform sulfides of marine and marine-volcanic association
(Stanton, 1972). Although the degree of volcanogenic affinity varies from ores
within a volcanic vent (Vanua Levu, Fiji) to intercalation of ores with volcanic
clastics and flows (Kuroko ores, Japan) to the occurrence of ores within
dominantly terrigenous sediments (Besshi-type deposits, Japan; Sullivan,
British Columbia), the origin of the ores appears to be related to submarine
exhalative or hydrothermal activity associated with volcanism or seafloor
fracture zones. Early views held that all or most of the ores accumulated as a
result of a “snowfall” of very fine-grained sulfides that formed as hot solutions
issued onto the seafloor, as observed in modern sulfide formation at the island
of Volcano and along the crest of the East Pacific Rise (Francheteau et al.,
1979). Ore breccia textures have been interpreted as resulting from steam
explosions and soft sediment slumping. Barton (1978) has pointed out thatitis
difficult to envisage the maintenance of seafloor temperatures of 200-300°C
(asindicated by fluid inclusion studies) over wide areas for periods of time that
are long enough to allow the growth of coarse-grained, zoned sphalerites. He
hassuggested thatatleast some sulfide formation must have occurred beneath
a crust, either by recrystallization of earlier primary syngenetic sulfide or by
introduction of a hot, saline, hydrothermal fluid into a mass of fine-grained
sulfide. Fracturing, healing of cracks, overgrowth, and breccia textures suggest
that crystal growth continued episodically and was interspersed with periods
of slumping, boiling, or explosive activity. The deeper-seated fracture-filling
siliceous pyrite-chalcopyrite ores appear to have formed by precipitation from
hydrothermal solutions in feeder zones.

10.10 OPAQUE MINERALS IN METAMORPHOSED MASSIVE
SULFIDES

Mineralogy

Major Pyrite, pyrrhotite (hexagonal and monoclinic forms), sphaler-
ite, chalcopyrite, galena, tetrahedrite

Minor Cubanite, marcasite, arsenopyrite, magnetite, ilmenite, mack-
inawite

Mode of Occurrence In regionally metamorphosed rocks, especially vol-
canic sequences, at moderate to high metamorphic grades.
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Examples Ducktown, Tennessee; Ore Knob, North Carolina; Great Gossan
Lead, Virginia: Flin Flon, Manitoba; Sullivan, British Columbia; Mt. Isa,
Broken Hill, Australia; Skellefte District, Sweden; Sulitjelma and Reros,
Norway.

10.10.1 Mineral Associations and Textures

Few metalliferous ores owe their existence to regional metamorphism, but
countless massive sulfide ores have been significantly altered by metamor-
phic effects. The mineral associations in these ores are largely dependent on
the original (premetamorphic) mineralogy, and the textures are dependenton
the original structure and the extent of thermal and dynamic metamorphism.
The macroscopic effects of regional metamorphism include a general coars-
ening of grain size, development of schistosity, drag folds, isoclinal folding
with attenuation of fold limbs and thickening in hinges, rupturing of folds,
brecciation, and boudinage. The same deformation features are seen on a
smaller scale under the ore microscope (Figure 10.27a), but additional struc-
tural details and certain mineralogic changes may also be evident. Frequently
during dynamic metamorphism, lath-like silicates, pyrite, and magnetite are
locally fractured and ductile sulfides, especially galena, chalcopyrite, pyr-
rhotite, and sphalerite, are forced into the resulting relatively low-pressure
areas (Figure 10.27b). In micaceous ores, the sulfides may be forced along the
basal cleavage planes of mica crystals (Figure 10.27¢). In contrast to the ductile
sulfides, the more brittle sulfides, such as pyrite and arsenopyrite, deform by
fracturing and thus may be observed as shattered crystals, infilled by more
ductile sulfides, oreven as drawn out, lens-like polycrystalline aggregates. The
effects of stress may be evident in the development of twinning (especially if
twins are deformed), curved-cleavage traces (especially visible in galena),
kinkbanding, undulose extinction (see Figures 7.20a, 7.20c, 7.22), and the pres-
ence of curved rows of crystallographically oriented inclusions (e.g., chalco-
pyrite in sphalerite). In pyrite, mild strain effects, such as the development of
micromosaic structures, invisible after normal polishing, may be brought out
by etching (conc. HNO; followed by brief exposure to 6M HCI).

Thermal metamorphism, even of ores that have previously or syn-
chronously undergone intense deformation, commonly results in an increase
in grain size and the development of 120° triple junctions in monomineralic
masses. If small amounts of other phases are present, recrystallization may
result in the entrapment of small lens-like grains that outline original grain
boundaries (Figure 10.27d). In heterogeneous iron-sulfide-bearing ores, pyrite
tends to recrystallize as euhedral cubic porphyroblasts, whereas chalcopyrite,
pyrrhotite, and sphalerite tend to develop equant anhedral forms. Careful
analysis of pyrite crystals often reveals that they possess growth zoning de-
fined by inclusions of silicates, oxides, or other sulfides, as shown in Figures
7.28,7.29, and 7.30. In dominantly iron sulfide ores, pyrite porphyroblasts are
commonly | cm across but may, in extreme cases, reach 10-20 cm across (e.g.,
Ducktown, Tennessee; Grosli, Norway) (see Figure 7.27).




FIGURE 10.27 Textures observed in metamorphosed massive sulfides. () Severe
distortion and disaggregation of primary banding in interlayered sphalerite (medium
gray) and galena (white), Mt. Isa, Australia (width of field = 8 cm). (b) chalcopyrite
(white) and sphalerite (light gray) injected into fractured amphiboles, Great Gossan
Lead, Virginia (width of field = 700 um). (From Henry et al., Econ. Geol. 74, 651, 1979;
used with permission). (¢) Pyrrhotite injected along cleavages in a deformed biotite,
Great Gossan Lead, Virginia (width of field = 400 pm). (¢) Lens-like inclusions of
galena defining the grain boundaries of recrystallized pyrite, Mineral District. Virginia
(width of field = 520 um).
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(d) |

FIGURE 10.27 (Continued)

Mineralogic changes in sulfide ores depend on the grade of metamor-
phism. At lower grades, the more refractory sulfides (pyrite, sphalerite, ar-
senopyrite) tend to retain their original compositions and structures, while
softer sulfides (chalcopyrite, pyrrhotite, and galena) readily recrystallize.
However, at moderate to high grades, pyrite often begins to lose sulfur and be
converted to pyrrhotite (see Section 7.7), and both pyrite and pyrrhotite may
undergo oxidation to magnetite. Chalcopyrite commonly exhibits. the de-
velopment of laths of cubanite and very fine (~1 pm) wormlike inclusions of
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mackinawite. Sphalerite and tetrahedrite, which retain original zoning at low
grades of metamorphism, are homogenized at higher grades and tend to be
brought into equilibrium with adjacent iron sulfides. The FeS content of
sphalerite coexisting with pyrite and pyrrhotite, which varies as a function of
pressure, has been calibrated as a geobarometer (Figure 10.28). To employ this
geobarometer, the temperature of metamorphism must be determined by
some independent means (e.g., fluid inclusions, trace element, or isotope par-
titioning). Sphalerites in metamorphosed ores commonly contain rows of
small (<5 pm) inclusions of chalcopyrite that appear to be the remnants of
“chalcopyrite disease,” primary depositional intergrowths. During recrys-
tallization, the small chalcopyrite inclusions tend to concentrate and coalesce
along grain boundaries. Experimental studies (Hutchison and Scott, 1981)
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FIGURE 10.28 Plot of the FeS content of sphalerite coexisting with pyrite and hex-
agonal pyrrhotite at0,2.5,5,7.5, and 10 kbars at temperatures from 300-700°C. (After S.
D. Scott, Amer. Min., 61, 662, 1976; used with permission.)
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have shown that the solubility of CuS in sphalerite is very small below 500°C;
hence, chalcopyrite should have little effect on the application of the sphaler-
ite geobarometer. Nevertheless, chalcopyrite-bearing sphalerites often yield
anomalous pressure estimates, possibly because the presence of the copper
promotes low-temperature re-equilibration, and should be avoided in geo-
barometric studies. Furthermore, Barton and Skinner (1979) have suggested
that sphalerite re-equilibrates by outward diffusion of FeS more readily when
in contact with pyrrhotite than with the more refractory pyrite during post-
metamorphic cooling. As a result, sphalerites coexisting with pyrrhotite com-
monly have lost some FeS after the peak of metamorphism and also indicate
higher than actual metamorphic pressures. Accordingly, in applying the
sphalerite geobarometer, it is important that you

1. Useonly sphalerite that would have coexisted with pyrite and pyrrhotite
during metamorphism but that is now encapsulated in pyrite

2. Avoid grains that contain, or coexist with, chalcopyrite or pyrrhotite

3. Choose the most FeS-rich sphalerites as indicative of the pressure dur-
ing metamorphism

Arsenopyrite, although not abundant in these ores, may be a useful in-
dicator of temperature if it is equilibrated with pyrite and pyrrhotite or other
aS,-buffering assemblages (Kretschmar and Scott, 1976) (Figure 8.19). As with
all geothermometers, it must be applied with caution, and other independent
checks on temperature should be employed if possible.

10.10.2 Origin of the Textures

The textures of metamorphosed ores result mainly from the dynamic defor-
mation and heating accompanying regional metamorphism (see Sections 7.6
and 7.7). In some localities, deformation is minimal and recrystallization is
the dominant change. In zones of intense deformation, the mineralogical
character of the ore may be a factor that contributes to the obliteration of pre-
metamorphic features and to the development of chaotic textures. This is
especially true of ores rich in pyrrhotite, chalcopyrite, and galena, all of which
suffer dramatic loss of shearing strength as temperature rises (Figure 10.29).
The extreme flow of such ores often results in disaggregation of primary band-
ing, the tectonic incorporation of wall rock fragments in “ball textures” (Vokes,
1973), and total reorientation—durchbewegung—of any surviving original
features, thus rendering paragenetic interpretation difficult or impossible.
Prograde metamorphism results in corrosion of pyrite as sulfur is removed
to form pyrrhotite, but retrograde re-equilibration often reverses the process,
with pyrites regrowing as euhedral crystals, as described in Section 7.7.
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FIGURE 10,29 Shearingstrength of some common sulfides as a function of tempera-
ture. (After W. C. Kelly and B. R. Clark, Econ. Geol. 70,431, 1975; reproduced with per-
mission of the publisher.)

10.11 SKARN DEPOSITS

Mineralogy The mineralogy of skarn deposits varies widely; hence, gen-
eralizations should be regarded with caution. This discussion is confined to
skarns that are important as sources of iron, molybdenum, tungsten, copper.
lead, zinc, and tin and makes no attempt to treat the more unusual occur-
rences. Skarns have been classified in several ways, but Einaudi, Meinert, and
Newberry (1981)in acomprehensive treatment note that the best basis is to use
the dominant economic metal; they propose Fe, W, Cu, Zn-Pb, Mo, and Sn
skarns. The economic viability of many skarns is based as much upon the gold
content as on other metals; hence, many deposits originally classed as one of
the types previously listed are now called goldskarns if they contain more than
1 g/ton Au (Meinert, 1989; Theodore, et al., 1991).

Major (But highly variable from one deposit to another)—
magnetite, molybdenite, sphalerite, galena,
chalcopyrite, pyrrhotite, pyrite, aresenopyrite,
wolframite, scheelite-powellite (fluorescent under

UV light)
Minor Pyrrhotite, cassiterite, hematite, gold, bismuth,
silver-bismuth (-selenium) sulfosalts
Associated Minerals Quartz, various garnets, amphiboles, pyroxenes,

calc-silicates, olivines, talc, anhydrite (some
phases fluorescent under UV light)

Mode of Occurrence Skarns (tactites) are composed dominantly of coarse-
grained, commonly zoned calc-silicates, silicates and aluminosilicates, and
associated sulfides and iron oxides. They form in high-temperature contact
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metamorphic halos at the junction of intrusions and carbonate-rich rocks or,
more rarely, Al- and Si-rich rocks. The occurrence of ore minerals in skarns
ranges from massive iron oxides or sulfides in some deposits to disseminated
grains and veinlets of sulfides, molybdates, and tungstates in others. Reaction
skarns are narrow rims, often rich in Mn-silicates and carbonates, formed be-
tween an intrusion and carbonate-rich host rocks. Replacement skarns (ore
skarns) are large areas of silicate replacement of carbonate rocks resulting
from the passage of mineralizing solutions. These often contain appreciable
amounts of Fe, Cu, Zn, W, and Mo.

Examples Battle Mountain (Au), Lower Fortitude (Au), Copper Canon
(Cu),Nevada; Eagle Mountain (Fe), Darwin (Pb + Zn + Ag), Bishop (W + Mo
+ Cu), California; Twin Buttes (Cu), Christmas (Cu), Arizona; Hanover (Pb +
Zn), Magdalena (Pb + Zn), New Mexico; Cotopaxi (Cu + Pb + Zn), Color-
ado; Cornwall and Morgantown (Fe), Pennsylvania; Iron Springs (Fe), Carr
Fork (Cu), Utah; Lost Creek (W), Montana; Gaspé Copper(Cu), Murdockyville
(Cu), Quebec; Kamioka (Zn), Nakatatsa (Zn), Kamaishi (Fe + Cu), Chichibu
(Fe + Cu + Zn), Mitate (Sn),Japan; Renison Bell (Sn), Tasmania; KingIsland,
Australia.

10.11.1 Mineral Associations and Textures

Skarn deposits are typified by compositional banding, an abundance of gar-
nets and calc-silicate minerals, and a wide variation in grain size. The garnets
and calc-silicates are often poikiloblastic, with enclosed pyroxenes and ore
minerals. The thickness of compositional bands and the size of mineralized
areas vary from a few millimeters to hundreds of meters, depending on the
nature of the intrusion and its fluid content and the type of host rock. In
tungsten-bearing skarns, such as that in Bishop, California, the ore minerals
occur as tiny inclusions, grain coatings, narrow veinlets, and occasionally as
irregular polycrystalline aggregates up to 10 cm across. Sulfides occurring as
disseminated grains (Figure 10.30a) and vein fillings are apparently late in the
paragenetic sequence and frequently display replacement textures.

In massive magnetite replacement bodies (Figure 10.30b), such as those at
Cornwall and Morgantown, Pennsylvania, and Iron Springs, Utah, the ores
commonly display a laminated texture of alternating fine- to coarse-grained
anhedral magnetite, with greenish chlorite- and carbonate-rich bands seen
even at the microscopic scale. Pyrite, commonly nickel- and cobalt-bearing, is
present as irregular lenses and euhedral crystals. Irregular polycrystalline
aggregates of chalcopyrite frequently display rims of secondary phases, such
as bornite, digenite, and covellite.

Replacement zinc-lead ores such as those at Hanover, New Mexico, and
Darwin, California, consist of fine- to coarse-grained anhedral sphalerite,
galena, pyrite, and lesser amounts of other sulfides interspersed with calc-
silicates, garnets, and feldspars. Rose and Burt (1979) have noted that ores
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1)

FIGURE 10.30 Typical skarn ores. (¢) Grains of galena (white) and sphalerite (light
gray) with sprays of hematite needles (note also the euhedral quartz crystals). Madan,
Bulgaria (width of field = 1,200 um). (b) Granular and concentrically growth-zoned
magnetite and a portion of a pyrite crystal partially replaced by magnetite. Concepcion
del Oro, Mexico (width of field = 1,200 pm).

often tend to be restricted to particular zones within the skarn, apparently as a
result of (1) ground preparation, (2) skarn- and ore-forming solutions using
the same “plumbing” systems, or (3) coprecipitation of some skarn and ore
minerals.

10.11.2 Formation

Skarns form as zoned sequences along the contact of acid igneous intrusives
with carbonates or more rarely Al + Sirich rocks (shales, gneisses) through the
diffusion of hot reactive fluids. Burt (1974) has pointed out that the mineral
zoning in many skarns can be explained by simple diffusion models that
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assume simultaneous development of all major zones as a result of chemical
potential gradients set up between dissimilar host rocks. Several types of
diagrams, such as that presented in Figure 10.31, have been used to define the
physico-chemical conditions under which the various zones have developed.
Fluid inclusion and isotope studies, including those of skarn ores closely
associated with porphyry-type deposits, indicate temperatures of formation
from 225°C to more than 600°C and a considerable degree of interaction of
hypersaline magmatic fluids with convecting ground water. Rose and Burt
(1979) have summarized the genesis of a typical skarn deposit as occurring in
the manner outlined as follows:

1. Shallow intrusion occurs of granitic (more rarely mafic) magma at 900-
700°C into carbonate sediments.

2. Contact metamorphism at 700-500°C takes place with some reaction
with, and recrystallization of, carbonates to form calc-silicates.

3. Metasomatism and iron-rich skarn formation at 600-400°C occur as a
result of introduced magmatic and meteoric waters. The fluid properties
change with time, becoming progressively enriched in sulfurand metals.
The formation of skarn proceeds outward into the carbonate wall rocks

log fo,

FIGURE 10.31 Schematic, low-pressure, isobaric log f O,-T diagram for phases in
equilibrium with vapor in the system Ca-Fe-Si-C-O. Abbreviations: cal, calcite; gtz,
quartz, hem, hematite; sid, siderite; wol, wollastonite: and, andradite; hed, heden-
bergite; fay, fayalite; mag, nagnetite. (Some phase equilibria in the system Ca-Fe-Si-C-
O, Ann. Rept. Geophysical Lab.; after D. Burt, Carnegie Institute Washington Yearbook,
Vol. 70. 1971, p. 181, reproduced with permission.)
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(exoskarn) and, from the calcium acquired by the fluid, into the solidify-
ing intrusion (endoskarn). Diffusion gradients result in the formation of
a series of skarn alteration zones, but, as temperatures drop, skarn de-
struction may begin and the formation of replacement bodies of mag-
netite, siderite, silica, or sulfides occurs.

4. Superposition of oxides and sulfides at 500-300°C occurs, with the for-
mation of scheelite and magnetite commonly preceding sulfides.

5. Late hydrothermal alteration at 400-200°C causes skarn destruction
and the breakdown of garnet(to calcite, quartz, hematite, pyrite, epidote,
chlorite), clinopyroxene (to calcite, fluorite, quartz, oxides, sulfides, etc.),
and wollastonite (to calcite, quartz, fluorite).

Skarn deposits are commonly related to porphyry-type deposits (Section
9.5) and occur in carbonate beds adjacent to the intrusions. Skarns are also
sometimes spatially and genetically related to the greisen (tin-tungsten-
molybdenum-beryllium-bismuth-lithium-fluorine) type of mineralization
that occurs locally adjacent to acid intrusives.

10.12 EXTRATERRESTRIAL MATERIALS: METEORITES AND
LUNAR ROCKS

Mineralogy

Major Troilite, kamacite, taenite, copper, schreibersite, ilmenite,
chromite, cubanite

Minor Graphite, cohenite, mackinawite, pentlandite, magnetite,
daubréelite, alabandite, sphalerite, rutile, armalcolite
[Fe,Mg)Ti,0s] (lunar only)

Secondary Goethite, lepidocrocite, maghemite, magnetite, pentlan-

dite, pyrite

Mode of Occurrence Opaque minerals are present in nearly all meteorites,
but the proportion is variable, ranging from 100% in some irons to only a few
percent in some chondrites and achondrites where the opaque minerals are
interstitial between olivine, orthopyroxene, and minor plagioclase. The lunar
rocks and the soils contain many of the same opaque minerals, although as
much as 75% of the opaques in the soils are considered to be of meteoritic
origin.

Examples Meteorites are subdivided into four major groups, which in de-
creasing order of abundance are as follows: (1) chondrites (primarily silicates
with visible chondrules), (2) irons (nearly all opaques), (3) achondrites (pri-
marily silicates without chondrules), and (4) stony irons (roughly equal
amounts of silicates and opaques). The many specimens studied appear to be
fairly representative of the meteorite material in the solar system. The degree
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to which our lunar samples reflect the composition of the moon’s surface is
uncertain; the similarity of specimens from distant localities is encouraging,
but the number of samples is very limited.

10.12.1 Opaque Minerals in Meteorites

Although the relative amounts of opaque minerals in meteorites range from
nearly 100% in irons to only a few percent in some chondrites and achondrites,
the ore minerals that occur most abundantly in virtually all meteorites are
kamacite, taenite, “plessite” (a fine intergrowth of kamacite and taenite), and
troilite. Kamacite is a-iron, which contains a maximum of about 6% nickel.
The iron meteorites with less than about 6% Ni, the hexahedrites, normally
consist of large cubic (cube = hexahedron) crystals of kamacite. Cleavages
and twinning are brought out as fine lines (Neumann lines or bands) by etch-
ing polished surfaces. Accessory minerals include grains of schreibersite,
troilite, daubréelite, and graphite. With increasing nickel content (6-14%), the
hexahedrites grade into octahedrites, the most common of iron meteorites.
The octahedrites are so named because they show broad bands of kamacite
bordered by taenite lamellae parallel to octahedral planes—the Widmanstit-
ten structure (Figure 10.32). The iron-nickel phases are recognizable by their
high reflectance, hardness, fine polish, and isotropism; kamacite is generally

FIGURE 10.32 Widmanstiitten structure in one of the Henbury, Australia, meteorites
shown after etching. (Photograph courtesy of American Meteorite Laboratory, Den-
ver, Colorado.)
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light bluish gray, whereas taenite is white with a slight yellowish tint. Plessite is
present in the angular interstices between bands, and accessory minerals pre-
sent in minor amounts include schreibersite, troilite, copper, cohenite, mack-
inawite, grpahite, chromite, daubréelite, sphalerite, and alabandite.

In the stony meteorites, troilite, recognized by its pinkish brown color, mod-
erate anisotropism, and lower reflectance and hardness than the alloys. is fre-
quently as abundant as the iron phases (Figure 10.33a). It usually occurs as
single phase and occasionally occurs as twinned anhedral grains, but inter-
growths with pentlandite, daubréelite, and mackinawite are common.

Chromite is relatively common in small amounts and varies from euhedral
crystals to myrmekitic intergrowths with silicates; ilmenite is occasionally
present as exsolution lamellae. Other minor phases commonly associated
with iron phases include copper, schreibersite,oldhamite (Ca,Mn)S. cohenite.
and graphite (as a breakdown product of cohenite). Minor phases commonly
associated with the troilite include daubréelite (as lamellae in troilite), pent-
landite, mackinawite, niningerite (Mg,Fe. Mn)S, sphalerite, and chalcopyrite.

10.12.2 Secondary Minerals Resulting from Weathering of Meteorites

Meteorites, when exposed to the earth’s atmosphere, undergo fairly rapid
weathering, with the formation of secondary phases similar to those seen in
terrestrial gossans. Kamacite, taenite, troilite, and schreibersite weather
rapidly; chromite, ilmenite, and magnetite weather more slowly; and daub-
réelite weathers very slowly. The iron-bearing minerals are converted into a
“limonite” (actually goethite and lepidocrocite) shell, with interspersed thin
lenses of magnetite and maghemite (Figure 10.33b). Troilite is converted either
to magnetite or locally to marcasite and pyrite. Secondary pentlandite forms
when nickel released from the weathering of taenite and kamacite reacts
with troilite.

10.12.3 Opaque Minerals in Lunar Rocks

The intense investigation of the retrieved lunar specimens has revealed a suite
of opaque minerals that is very similar to that observed in meteorites. In fact,
as much as 75% of the lunar opaques (and perhaps nearly 100% of those larger
than 125 um) ar estimated to be of an initial meteoritic origin from the impact
of meteorites on the lunar surface. However, the distinction between original
lunar and original meteoritic phases is not always clear. The four most abun-
dant ore minerals in presumed primary lunar rocks are ilmenite, kamacite,
taenite, and troilite (Figure 10.34). The best, but cautiously used, criterion for
distinguishing lunar kamacite and taenite from that of meteoritic origin is the
presence of much higher (0.8-3.0+%) cobalt contents and commonly lower
nickel (<4%) contents of the former. The meteoritic kamacite and taenite are
similar to those directly observed in meteorites, except that much of it has lost
its original Widmanstitten structure as a result of shock or thermal meta-



FIGURE 10.33 (a) Troilite (light gray) with native iron (white), Ashmore Meteorite,
Texas (width of field = 520 pm). (b) Goethite (medium gray) produced by alteration of
troilite (light gray), Ashmore Meteorite, Texas (width of field = 520 um).
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FIGURE 10.34 Opaque mineralsin lunar rocks. (¢) Native iron (white) in troilite sur-
rounded by ilmenite (width of field = 520 um). (b) Ilmenite rimmed by ulvospinel with
associated chromite and native iron (width of field = 520 um). (NASA samples 70017.
224: 12002, 396, respectively.)
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morphism. Presumed primary lunar iron occurs as dendrites, thin veinlets,
needles, and tiny (< 5 um) globules on silicates or on troilite. Much of this iron
is interpreted as having formed as a reduction breakdown product of fayalite-
rich olivines or primary iron-containing oxides.

Troilite is disseminated throughout the crystalline lunar rocks as sub-
rounded interstitial grains, generally less than 50 um across. It also occurs as
thin veinlets in ilmenite and as spherules on the walls of small cavities. Its
common association with iron suggests that it may have formed through the
crystallization of an Fe-FeS melt that was immiscible in the silicate liquid.
Optically, the lunar troilite is identical to the meteoritic material, but the for-
mer commonly contains less nickel and phosphorous than the latter.

Certain lunar rocks are relatively rich in titanium, which is present in a

variety of oxide spinels but largely occurs as ilmenite, the most abundant
lunar opaque mineral constituting as much as 20% by volume of some rocks.
The ilmenite is present in various forms:

1. Blocky euhedral to subhedral crystals (<100 um) (Figure 10.34).
2. Thin, rhombohedral platelets parallel to (0001).

3. Coarse skeletal crystals (<0.5 mm) intergrown with pyroxene, troilite,
and iron. The blocky grains sometimes have cores or rims of armalcolite
or chromian ulvospinel (Figure 10.34). Lunar ilmenite, like terrestrial
ilmenite, is tan colored, distinctly anisotropic, occasionally twinned,
and may be translucent. Rutile is occasionally present as inclusions and
lamellae within the ilmenite.

The oxide spinels are represented in the lunar rocks. They are rather vari-
able in composition but can be described as members of two groups: (1)
aluminous members of the chromite-ulvéspinel series or (2) chromian mem-
bers ofthe hercynite-spinel series. The formerare more numerous than the lat-
ter and occurin all lunar rock types as euhedral to subhedral grains in troilite,
olivine, and pyroxene. Commonly, chromite cores have ulvéspinel rims.
Reduction has frequently resulted in the formation of oriented laths of il-
menite and iron or a rim of ilmenite in which they are needles of iron. The
hercynite-spinel minerals are rarer but are present as small euhedral to sub-
hedral crystals (<200 um) in lunar basalts and peridotites. These minerals are
reddish to pale brown in reflected light but red to orange in thin section.

Armalcolite, (Fe,Mg)Ti,0s, a lunar mineral related to terrestrial pseudo-
brookite and named for the three astronauts who first brought back lunar
samples, occurs as small subhedral to euhedral grains coexisting with iron in
fine-grained basalts. Frequently, it is rimmed or partly replaced by ilmenite.

Other opaque mineral phases that occur only rarely in lunar samples and
that are commonly associated with the troilite as rims, along fractures, and as
exsolution lamellae include copper, mackinawite, pentlandite, bornite, chal-
copyrite, cubanite, sphalerite (15-25% Fe), and niningerite. Schreibersite and
cohenite have been identified but are probably of meteoritic origin.
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CHAPTER 11

APPLICATIONS OF
ORE MICROSCOPY IN
MINERAL TECHNOLOGY

11.1 INTRODUCTION

The extraction of specific valuable minerals from their naturally occurring
ores is variously termed “ore dressing,” “mineral dressing,” and “mineral
beneficiation.” For most metalliferous ores produced by mining operations,
this extraction processis an importantintermediate step in the transformation
of natural ore to pure metal. Although a few mined ores contain sufficient
metal concentrations to require no beneficiation (e.g., some iron ores), most
contain relatively small amounts of the valuable metal, from perhaps a few
percent in the case of base metals to a few parts per million in the case of pre-
cious metals. As Chapters 7,9, and 10 of this book have amply illustrated, the
minerals containing valuable metals are commonly intergrown with eco-
nomically unimportant (gangue) minerals on a microscopic scale.

It is important to note that the grain size of the ore and associated gangue
minerals can also have a dramatic, and sometimes even limiting, effect on ore
beneficiation. Figure 11.1 illustrates two rich base-metal ores, only one of
which (11.1b) has been profitably extracted and processed. The McArthur
River Deposit (Figure 11.1a) is large (>200 million tons) and rich (>9% Zn),
but it contains much ore that is so fine grained that conventional processing
cannot effectively separate the ore and gangue minerals. Consequently, the
deposit remains unmined until some other technology is available that would
make processing profitable. In contrast, the Ruttan Mine sample (Fig. 11.1b),
which has undergone metamorphism, is relatively coarse grained and is easily
and economically separated into high-quality concentrates.

Most mineral beneficiation operations involve two principal stages. The
first of these is reduction in size of the particles of mined ore (which may
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FIGURE 11.1 Differences in grain size reflect the origin and history of a deposit and
may affect the comminution and recovery of an ore. (a) Very fine-grained sphalerite
and pyrite that are difficult to separate and recover prevented efficient processing of the
rich (9% Zn) and large (> 220 million tons) butunmetamorphosed McArthur River De-
posit, Australia. (b)) Metamorphism recrystallized and coarsened the pyrite, sphalerite,
and galena in the ores of the Ruttan Mine, Canada, and permitted easy separation and
recovery (width of field = 1,200 um, the same in both photographs).

initially be blocks up to several meters in diameter) to a size that is as close as
possibleto that of the individual metal-bearing mineral particles. This process
of comminution achieves the liberation of valuable minerals from the gangue
and,in the case of complex ores, liberation of different valuable minerals from
one another. Since the size reduction required to achieve liberation is com-
monly down to a few hundreds of microns orless in diameter, extensive crush-
ing followed by grinding (or milling) of the ores is required. The second stage in
beneficiation is that of mineral separation, in which the valuable minerals are
removed as a concentrate (or concentrates) and the remaining, commonly value-
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less materials (the railings) are discarded. This separation is usually achieved
by exploiting differences in the physical, chemical, or surface properties of ore
and gangue minerals. For example, the fact that many metalliferous ores are
more dense than associated gangue minerals can be exploited by using heavy
media for separation or other methods of gravity concentration, such as
mineral jigs or shaking tables. The fact that certain ore minerals are strongly
attracted by magnetic fields (e.g., magnetite, monoclinic pyrrhotite) or exhibit
metallic or semiconducting electrical properties can be exploited in certain
magnetic and electrical methods of separation. However, the most widely
employed method of separation is froth flotation, in which the surface chemis-
try of fine ore particles suspended in an aqueous solution is modified by addi-
tion of conditioning and activating reagents to be selectively attracted to fine
air bubbles that are passed through this suspension or pulp. These air bubbles,
with the associated mineral particles, are trapped in a froth that forms on the
surface of the pulp and can be skimmed off to effect the separation.

The technical details of the various comminution and separation methods
are beyond the scope of this book and can be obtained from works by Pryor
(1965), Gaudin (1957), and Willis (1992). However, in the study of the mined
ores and the products of various stages of the comminution and separation
processes, ore microscopy has a very important industrial application. It
facilitates the identification of the valuable minerals and of minerals that may
prove troublesome during beneficiation or during later stages of extraction. It
also provides information on the sizes of particles, the nature of their inter-
growth, and the nature of the boundaries (“locking™) between them. The
efficiency of comminution and separation techniques can be monitored at
any stage by the examination of mounted and polished products underthe ore
microscope. Thus, from the initial assessment of the commercial exploit-
ability of a prospective ore through the planning of a processing plant, the set-
ting up of a pilot plant, and the first efficient operation of the full-scale
beneficiation scheme, a vital role is played by the ore microscopist.

Certain ores, rather than undergo the complete processes of comminution
and physical particle separation described previously, may have the valuable
metals removed from them by chemical dissolution. For example, gold may be
dissolved by cyanide solutions, orcopperin the form of copper sulfides maybe
dissolved (leached) by acid solutions. When crushing and grinding of the ores
is required to expose the minerals to the action of the solutions, ore micro-
scopy is again important in planning and monitoring efficient cyanidation or
acid leaching. The technologies of such processes lie more in the general field
of metallurgy than that of mineral beneficiation, although the term mineral
technology can be taken to embrace all of them. In this chapter, the appli-
cations of ore microscopy in mineral technology will be considered. Although
the products of the roasting and smelting of ores that follow beneficiation are
sometimes substances with no natural (mineral) equivalents, the techniques
of ore microscopy remain applicable.
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Further information on the subject discussed in this chapter may be found
in works by Schwartz (1938), Edwards (1954), Gaudin (1957), Amstutz (1961),
Rehwald (1966), Ramdohr (1969), and Hagni (1978). The range of textural
information that is required in mineral beneficiation and obtainable pri-
marily from ore microscopy is summarized in Table 11.1.

11.2 MINERAL IDENTIFICATION IN MINERAL BENEFICIATION

The techniques described in earlier chapters of this book (Chapters 3, 5, and 6)
can all, of course, be applied in the identification of opaque minerals in both
untreated ores and products of various stages of comminution or separation.
The first concern in the untreated ore is identification of phase(s) that carry the
valuable metal(s), since the initial information available is commonly only a
bulk chemical analysis of the ore. This analysis provides no information on
the mineral phases present nor on their sizes and textural relations; it is pos-
sible for different mineral associations to yield very similar bulk analyses. For
example, nearly all zinc ores contain sphalerite as the only or principal zinc-
bearing phase. In rare, but sometimes important deposits (e.g., Sterling Hill,
New Jersey), the zinc is held as zincite (ZnO) or willemite (Zn;SiOy), or both.
Another possible significant zinc phase is gahnite (ZnAl,O4). Each of these
zinc minerals has the potential to form ores, but their different physical pro-
perties make their processing and the extraction of zinc very different. Hence,
the determination of the type of metal-bearing phase(s) is critical.

As outlined by Schwartz (1938) and by Ramdohr (1969), the precise iden-
tification and characterization of the ore minerals can save a great deal of
work in the establishment of an efficient beneficiation system. Examination
of the untreated ore will enable the assessment of the feasibility of using den-
sity, magnetic, or electrical methods of separation, since such properties are
well characterized for most minerals. However, fine intergrowths of dense ore
minerals with gangue phases can result in ranges in specific gravity and loss of
valuable metals or dilution of concentrate.! Similar problems can arise from
fine intergrowths of “magnetic” and “nonmagnetic” phases (e.g., removal of
ferrimagnetic magnetite and pyrrhotite from the nickel-bearing pentlandite
in the Sudbury ores may result in nickel losses due to fine pentlandite flames
in the pyrrhotite). The flotation properties of most ore minerals have also been
extensively studied, so identification is an important first step in the applica-
tion of this separation method. However, flotation behavior can be very ad-
versely affected by oxide coatings or by tarnishing of ore mineral grains; such
coatings may be detected under the microscope and either removed by acids
prior to flotation or subjected to flotation using different reagents. Inefficient

"'When certain methods of separation are used, such material may appear in a third, intermediate
fraction that is between concentrate and tailings in composition and is termed the “middlings.”



TABLE 11.1 Information Available from Mineralogic Studies

Compositional or Mineralogic Data

Subdivided into
Metallic ore minerals (and/or)
Nonmetallic ore minerals
Nonore metallic (pyrite, etc.)
Gangue minerals
With special reference to (selection of examples)
Specific gravity
Solubility
Radioactivity
Magnetic properties

Cleavability (sliming properties, sheeting and coating properties, such as sericite,

clays, talc, covellite, etc.)
New phases in artificial products (slags, mattes, speisses, sinters, etc.)
State of oxidation

Objectionable minerals (minerals with P, S, As in certain iron ores or Bi in lead

ores, etc.)

Chemical composition of minerals (other elements contained in solid solution, like

Fe in sphalerite, Ag in tetrahedrite, etc.)

On the basis of the aforementioned information. the best method of concentrating

can be chosen.
Compositional changes to be expected in the wall rock, in adjacent zones

(oxidation,enrichment, leaching. etc.). or at depth, which will bear on the milling

operations, as mining proceeds

Geometric Data (Textures and Structures)

of
Metallic ore minerals (and/or)
Nonmetallic ore minerals
Nonore metallic minerals
Gangue minerals
With special information on
Locking types (including such data as tarnish, coating, veining, etc.), porosity,
pitting, etc.
Quantitative data
Amounts of metallic ore minerals (and/or)
Amounts of nonmetallic ore minerals (and/or)
Amounts of nonore metallic minerals (and/or)
Amounts of gangue minerals
With quantitative information on the qualitative and geometric properties listed
above, for example,
Relative grain size or particle size
Relative size of locking
Relative amounts of locking (as a whole)
Relative proportions of individual minerals in the locked particles
(middlings)
Chemical analyses of samples (tailings, ores, concentrates, etc.), estimated or
computed on the basis of the particle counting data
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separation by flotation also occurs when the particles consist of grains of more
than one mineral phase that are “locked” (bound in some manner) together;
the result s either loss of ore mineral or contamination by the attached grains
(Figure 11.2). Special problems may also arise with ores that contain complex
minerals (e.g., minerals of the tetrahedrite group, although dominantly copper
sulfosalts, may contain high contents of zinc, mercury, or silver that will
appear in the concentrate). As well as assessment of the problems of mineral
separation following mineral identification, the efficiency of separation can
be monitored by examination of products at the various stages of beneficia-
tion. In this regard, it is important that tailings as well as concentrates be
thoroughly studied. Identification and characterization of the ore minerals is
also important for subsequent metallurgical processing; for example, ti-
tanium is more difficult to extract from ilmenite than from rutile.
Theidentification and characterization of the gangue minerals, which may
include worthless opaque phases, is also very important. These materials may
have economic potential, and their behavior during ore processing must be
assessed. Particularly important is the identification (and subsequent re-
moval, in some cases) of impurities that may adversely affect the efficiency of
later concentration or refining processes or may lower the quality of the final
product. An example of the former is the presence of iron sulfides, stibnite, or
copper sulfides in gold ores that are to be treated by dissolution in cyanide
solution; such materials also react with the cyanide solution, resulting in both
its consumption and contamination. An example of the latter is the presence
of phosphorus-bearing minerals in iron ores that reduce ore quality below
that required for steel making. Problems can also arise from the presence of
fine-layer silicates such as kaolin, talc, or sericite when flotation is used for ore
concentration. These minerals also tend to float and thus reduce the grade of
the concentrate. Even the presence of inert gangue phases such as quartz may
be important in assessing efficient comminution. When such hard materials

FIGURE 11.2 Locked and unlocked numeral grains. Alocked grain of sphalerite and
pyrrhotite coexisting in a mill product with unlocked grains of pyrite and pyrrhotite.
Ducktown, Tennessee (width of field = 600 pm).
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are associated with soft sulfides (e.g., galena), the gangue is ground to a given
size more slowly, so there is a danger of overgrinding the galena-producing
fine materials (slimes), which are difficult to recover. Also of great importance
is the identification of waste materials that are likely to have an adverse effect
on the environment if they are allowed to disperse into the air or rivers (e.g.,
asbestos minerals).

In some instances, identification of the ore minerals can even allow predic-
tion of the grade of a concentrate that can be prepared from the ore. Thus,
Craig, Ljokjell, and Vokes (1984) applied the available phase equilibrium data
on coexisting iron sulfides with sphalerite (Figure 10.28) to point out the
inherent compositional limitations of the zinc content of the sphalerite con-
centrate of numerous ores. The activity of sulfur (generally expressed in terms
of S,) during formation and subsequent equilibration of an ore determines
what iron sulfide(s) (pyrrhotite and/or pyrite) are present and the amount of
iron in the sphalerite. If the only iron sulfide present is pyrite, the iron content
of a sphalerite formed in equilibrium with it will be less than 1 wt % and a con-
centrate can be prepared with a zinc content close to that of pure ZnS (67 wt %).
If an ore contains pyrrhotite and pyrite, the iron content of the sphalerite
formed in equilibrium with these two iron sulfides depends somewhat on
pressure (see Section 10.10) but generally lies in the range of 8-12 wt %.
Accordingly, the maximum zinc content of a sphalerite concentrate is reduced
to 55-59 wt %. If the only iron sulfide present with the sphalerite is pyrrhotite,
then the iron content of the sphalerite is even higher, further reducing the
maximum zinc content of the concentrate.

Following identification of ore and gangue phases, the next important step
is quantitative determination of their relative amounts in the untreated ores
and in the ores after comminution and at the various stages of mineral separa-
tion. Such determinations mustbe statistically sound, and it is mostimportant
to study sufficient samples of ores and mill products to ensure that the ma-
terial examined is representative. Furthermore, one must be careful not to
allow any layering or schistosity of samples to bias estimation of either total or
individual ore mineral contents. The quantitative determination of mineral
ratios from polished sections can be undertaken using point counting or
various methods of image analysis by electronic scanning equipment. The
detailed applications of such methods and their reliability have been dis-
cussed by Petruk (1990) and by Jones (1977).

The combination of the various methods of quantitative mineralogical
analysis with bulk chemical analysis and chemical analysis of various min-
eral fractions (and, where possible, of individual mineral grains) makes pos-
sible the determination of relative amounts of ore and gangue minerals,
percentages of each ore mineral, and the average composition of each ore
mineral. In the untreated ores, it is also very important to know the sizes and
size distributions of the various ore minerals and to monitor the distribution
of ore minerals in various size fractions during comminution. Measurement
‘may be accomplished under the microscope (e.g., using a micrometer or grat-
ing eyepiece) or through the use of various electronic devices (see Petruk, 1976
and Jones, 1977).
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The question of the sizes and size distributions of ore (and gangue) particles
is closely linked to the important role of studies of ore textures in relation to
beneficiation problems, which will now be discussed.

11.3 ORE TEXTURES IN MINERAL BENEFICIATION

Since the first stage in the beneficiation of ores in order to liberate the particles
of valuable minerals from each other and from the gangue is comminution,
knowledge of the sizes and intergrowth relationships of ore mineral grains is
of greatimportance. Only through careful examination of the ores in polished
section can the optimum grain size for effective liberation be determined.
Insufficient grinding may result in loss of valuable minerals in the tailings;
overgrinding wastes energy and may produce slimes that are difficult to treat
laterin the processing stage. The efficiency of the grinding methods employed
at the pilot stage must also be monitored by the examination of polished grain
mounts of their products.

The great variety of intergrowths that may occur between ore and gangue
minerals and between different ore minerals that may eventually require
separation has been well illustrated already (see Chapters 7,9, and 10). As we
consider the problems of liberation of the ore minerals, itis useful to outline a
fairly simple classification based on the geometry of the intergrowths and
locking textures, without any geneticimplications. Such a classification of tex-
tures has been suggested by Amstutz (1961). This classification forms the basis
of Figure 11.3, which also incorporates some information on the liberation
characteristics of the ore types illustrated.

As well as the type and scale of the intergrowths, the nature of the boun-
daries between intergrown particles is important. This will show whether or
not the rupturing of larger particles during grinding is likely to occur at grain
boundaries. For similar reasons, information regarding fractures and fissures
in the ore minerals, as well as the porosity of the material, is important data
that is derived from examination under the microscope. In addition to the
influence that such textural features have on the comminution process, they
have importance in the flotation and leaching methods of ore treatment.

The extent to which liberation has been achieved at each stage in grinding
can, of course, be assessed by quantitative determination under the ore mic-
roscope. This may be seen in the photomicrographs of ground ores in Figure
11.4. Even if the desired ore minerals are more or less randomly distributed in
an ore, their distribution into different size fractions during comminution
may be controlled by their textures. Table 11.2 presents quantitative micro-
scopic data showing the distribution of ore and gangue minerals as functions
of size fractions during grinding of the massive pyrite and pyrrhotite ores of
the Ducktown, Tennessee, deposits. The data demonstrate that the valued ore
minerals—chalcopyrite and sphalerite—are strongly concentrated in the finest
fractions, whereas the pyrite is dominant in the coarse fraction. The cause lies
in the initial ore texture, where chalcopyrite and sphalerite occur as small
grains and film along the margins of the coarse pyrite crystals in a pyrrhotite









FIGURE 11.4 Photomicrographs of grain mounts of ground ores. (¢) Ground ore
prior to concentration (width of field = 520 um). (b) Lead concentrate from Viburnum
Trend. southeast Missouri; dominantly galena fragments with minor sphalerite
(darker gray) (width of field = 520 um).
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TABLE 11.2 Microscopic Determination of Ore and Gangue Minerals from
Massive Metal-bearing Sulfide Ore at Ducktown, Tennessee, as Functions of
Size Fraction During Grinding

Minerals® (in %)

Mesh Microns
Size (Approx.) Po Py Cpy Mt Sph Gangue
+35 >420 32 61 0.9 1.0 0.0 44
35-48 420-290 47 44 1.6 0.9 0.2 6.0
48-65 290-200 49 36 2.6 1.0 0.2 10.0
65-100 200-130 50 28 33 21 0.5 16.0
100-150 130-95 50 24 59 29 0.7 16.6
150-200 95-75 49 23 5.0 39 1.0 18.4
200-250 75-55 56 21 4.6 48 1.0 12.8

Source: Craig.J.R..Yoon.R. H..Haralick. R. M..Choi.W. Z..and Pong. T. C. (1984). Mineralogical
Variations During Comminution of Complex Sulfide Ores in Process Mineralogy I1I. W. Petruk. ed.. Soc.
of Mining Engineers. New York. pp. 51-63.

“po = pyrrhotite: py = pyrite: cpy = chalcopyrite; mt = magnetite: sph = sphalerite.

matrix. During grinding, the ores fracture along the weakest zones, that is,
through the chalcopyrite and sphalerite, yielding numerous small fragments
of these minerals and leaving the harder pyrite crystals in large grains or
fragments. Detailed examination of each size fraction of an ore during com-
munication can reveal information on the concentration of phases during
grinding as well as determine the degree to which the grains are liberated from
other minerals.

11.4 EXAMPLES OF APPLICATIONS OF ORE MICROSCOPY IN
MINERAL BENEFICIATION

A number of contrasting examples can be used to illustrate this application of
ore microscopy.

11.4.1 Gold Ores

Economic occurrences of gold generally consist of very small amounts of dis-
persed native gold or gold-silver alloys. Even in the well-known ores of the
Witwatersrand in South Africa, the average concentration of gold is only
about 16 ppm (0.5 troy oz/ton). The ores containing native gold may contain
large amounts of quartz and minor (uneconomic) sulfides: little quartz but
large amounts of valueless sulfides (pyrite, pyrrhotite, arsenopyrite): or valu-
able base-metal sulfides of antimony, arsenic, copper, lead, or zinc. Although
some coarser gold particles may be separated from gangue by utilizing the
high density of gold (cf. the “panning” of early prospectors), much gold is
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removed from ore by dissolution in a cyanide solution (cyanidation) or in mer-
cury amalgam (now rarely used and illegal in many places). For density
separation, the gold particles must be liberated from gangue; for cyanidation
oramalgamation, the gold must be sufficiently exposed to permit attack by the
cyanide solution (or mercury). This is shown by two of the examples of gold
ores illustrated in Figures 11.5a and 11.5b. In the first case, gold occurs along
grain boundaries and fractures, and, in the second, as minute particles within
the sulfide. An equivalent amount of grinding will produce a much greater
“effective liberation™ of gold in the first ore because of the tendency to break
along fractures and boundaries. This ore can be subjected to cyanidation after
(or during) grinding, whereas the second ore may need roasting to release the
gold before it can be successfully cyanided. Many ores will, of course, contain
a certain amount of both types of intergrowth; the relative amounts and size
ranges can then be determined by microscopic examination. If gold particles
occurlargely asinclusionsin a particularphase (e.g., pyrite),it may be possible
to concentrate this phase by flotation and subject only this to fine grinding or
roasting in order to liberate the gold.

When the cyanidation process is to be employed in gold extraction, itis par-
ticularly important that microscopic studies be made to determine the pres-
ence of deleterious minerals. The dissolution process depends on an adequate
supply of oxygen; pyrrhotite, marcasite, and some pyrites consume oxygen,
thus inhibiting the process. Other minerals, notably stibnite, copper sulfides,
and some arsenopyrites and pyrites may dissolve in the cyanide solution,
resulting in excessive consumption of cyanide and even reprecipitation of the
gold in extreme cases. In cases in which the concentration of deleterious




FIGURE 11.5 Examples of gold ores. (@) Gold occurring along grain boundaries and
fractures in pyrite, Witwatersrand, South Africa (width of field = 2,000 um). (b) Gold
occurring within chalcopyrite, Witwatersrand, South Africa (width of field = 210 um).
(¢) Gold grain coated with magnetite and goethite, Alaska (width of field = 2,000

um).
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minerals is such that it seriously affects the efficiency of the process, it may be
necessary to remove the minerals by flotation prior to cyanidation. As with
cyanidation, certain minerals can adversely affect amalgamation (e.g., stib-
nite, enargite, realgar, tetrahedrite, pyrrhotite, arsenopyrite, and pyrite react
with amalgam) and may have to be removed.

Other problems in the processing of gold ores may result from the presence
of a coating on the surface of the gold particles (commonly of iron oxide, as
shown in Figure 11.5c). This can result in losses of gold during separation
(especially if a magnetic process is employed to remove oxide impurities that
may then carry gold with them) and can prevent dissolution of the gold unless
it is removed by grinding. Other coatings that inhibit dissolution may form
during processing. With an ore as valuable as gold, an important aspect of
microscopic studies for efficient extraction is the examination of tailings. If
losses are occurring in the tailings, the reasons for such losses can then be
determined.

11.4.2 Copper Ores

Copper is obtained largely from sulfide ores, and chalcopyrite is the single
most important copper ore.mineral. The chemistry and metallurgy of chalco-
pyrite have been reviewed by Habashi (1978). Other copper-iron (bornite,
cubanite, talnakhite, mooihoekite) and copper (covellite, chalcocite, digenite,
djurleite) sulfides are often associated with chalcopyrite and may be locally
important. The copper content of each of these phases is different, and a care-
ful quantitative determination of the mineralogy is an important step in the
assessment of ore grade. Many of these phases (particularly bornite, chalco-
cite, and covellite) may result from the alteration of chalcopyrite in processes
of secondary enrichment (see Figure 7.11). Examples of major copper deposits
are the porphyry coppers (see Section 9.5), large deposits that are often mined at
average copper concentrations of less than 0.5%. Such deposits contain large
amounts of pyrite as well as chalcopyrite; some copper may occur as sulfosalts
(tetrahedrite, enargite), and silver and gold may also occur in small but
economically important quantities. Quartz, feldspars, biotite, chlorite, seri-
cite, anhydrite, clay minerals, and other layer silicates are the dominant
gangue minerals. '

As Gaudin (1957) has pointed out, the sulfide copper ores are particularly
well suited to flotation recovery methods. When the ore is largely chalcopyrite
and pyrite, liberation of chalcopyrite can usually be achieved by normal
grinding methods. Flotation can then be carried out to selectively concentrate
the chalcopyrite. The preparation of a copper concentrate may be more dif-
ficult if chalcopyrite, pyrite, and other copper sulfides are intimately inter-
grown. Another problem may arise in recovering the gold or silver, which may
well follow pyrite into a “tailings fraction.” Solutions to all of these problems
require careful study of mined ores and mill products by ore microscopy.






FIGURE 11.6 Examples of iron-titanium oxide ores. (¢) Coarse magnetite grain
(dark gray, pitted) flanked by coarse ilmenite grains, Storgangen, Norway (width of
field = 2,000 um). (b) Fine lamellae of hematite within ilmenite, Blasfjell, Norway
(width of field = 520 um).
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readily be separated magnetically after grinding. In the latter case, however,
the intimate intergrowth of ilmenite with hematite, down to a submicroscopic
scale, makes a clean mechanical separation of the phases impossible.

11.4.5 Manganese Nodules

The manganese nodules of the deep ocean floors are an important potential
source of not only manganese but also of other base metals; nodule deposits
being considered for mining assay as high as 2.3% Cu, 1.9% Ni, 0.2% Co, and
36% Mn (dry weight) (Fuerstenau and Han, 1977). Study of the nature and dis-
tribution of the phases containing these valuable metals in the nodules is an
important step toward their economic exploitation. Although their detailed
mineralogy is complex, the predominant minerals in the nodules are manga-
nese (IV) oxides related to the terrestrial minerals todorokite, birnessite, and &-
MnO,; also presentis crystallographically poorly ordered goethite (“incipient
goethite™) (Burns and Burns, 1977; 1979). The nickel, copper, and cobalt are
taken up by todorokite in postdepositional processes. The textural relation-
ships between mineral phases in a nodule are shown in Figures 11.7a and
11.7b.

Brooke and Prosser (1969) examined the mineralogy and porosity of sev-
eral such nodules and investigated the problem of selective extraction of cop-
perand nickel. Tests showed that selective leaching of copper and nickel using
dilute sulfuric acid is a possible method of extraction. A whole range of pos-
sible extraction methods (acid leaching, ammonia leaching, smelting, chlor-
ination,and segregation roasting) have also been reviewed by Fuerstenau and
Han (1977).

11.5 THE STUDY OF MATTES, SLAGS, ASHES, SINTER, AND
OTHER SMELTER AND INCINERATOR PRODUCTS

The compositions and textural relationships of the products of sintering and
smelting (mattes, slags, etc.) can be studied by using the techniques outlined in
Chapters 1-6. Although these are not minerals, many do closely resemble ore
minerals in composition and optical properties and sometimes in texture.
Their history of crystallization may also be followed using textural inter-
pretations similar to those outlined for ores.

Slags (Figure 11.8), the waste products of smelting, are intended to remove
impurities from the desired metals. Ideally, all of the metal remains in a melt,
whereas all impurities segregate into the slag. In reality, the separation is never
perfect,and studies of the slags and matter are used to reveal the quantities and
nature of phases either lost or serving as contaminants. The loss of some iron
duringsmelting (Figure 11.8b)is generally of little economic consequence, but
the loss of copper (Figure 11.8d) is of concern, and the loss of electrum (Figure
11.8a) in the smelting of gold and silver ores can be very serious.



58 &
8, 3

%..e:id'r -3

X * sad > L
: =

—

FIGURE 11.7 Textural relationships between mineral phases in manganese nodules
sectioned in different orientations. (a) Blake Plateau, Atlantic Ocean (width of field =

2,000 um). (b) Pacific Ocean (width of field = 520 pm).
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The mining and smelting ofiron is much largerand widespread than thatof
any other metal. The study by Basta, El Sharkowi, and Salem (1969) provides
an example of iron slags. They studied the mineralogy of fluxed sinters of fines
from the Aswan iron ore. These oolitic ores are mainly hematite, with some
goethite, quartz, carbonate, and chlorite; some minor sulfur, phosphorus, and
manganese are also present. Sintering was at ~1,200°C, with limestone, pyrite
cinders, and coke as a fuel. Studies of such sinters show iron, iron oxides

FIGURE 11.8 (a) Spheres of electrum occurring in slag from the smelting of gold-
silver ores. Such entrapment requires remelting of the slag to recover all of the precious
metals, Morning Star Mine, California (width of field = 1,200 um). (b) Dendritic crys-
tals of magnetite in a matrix of glass; sinter from Aswan iron ore (width of field = 200
um). (Reproduced from E. Z. Basta et al., Trans. IM.M. 78, C3, 1969; used with permis-
sion.) (¢) Copper-nickel matte with small euhedral crystals of Fe, Ni disulfide in a ma-
trix of Cu,S (dark gray) and NiS (light gray). A large subhedral grain of metallic nickel
is visible in the upper-left-hand corner (width of field = 2,000 um). (d) Dendritic crys-
tals of magnetite with interstitial pyrrhotite and chalcopyrite in ancient slags produced
by the Romans as they worked the copper ores on Cyprus (width of field = 1,200
um).
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(d)
FIGURE 11.8 (Continued)

(magnetite, hematite, wiistite), and calcium ferrites as spherules, dendrites,
and crystals in a matrix of silicates—both crystalline (gehlenite, olivine, wol-
lastonite) and glassy (Figure 11.8b). Minor sulfides may also be present (pyr-
rhotite, chalcopyrite). The effect of varying the amounts of limestone added is
related to mineralogical variations that are, in turn, related to such properties
as strength and reducibility of the sinters.

The reduction of ilmenite has been studied by Jones (1974). Attemperatures
less than 1,000°C, natural ilmenites are reduced by carbon monoxide to
metallic iron and reduced rutiles (Ti,0,,_# > 4), but minor magnesium or
manganese prevent the reaction from going to completion. These problems
are lessened at higher temperatures, and at 1,200°C the products of reduction
are metallic iron and anosovite (Fe;_,Ti,Os) solid solution. These reaction
products were characterized at various stages of reduction by ore microscopy
(and electron probe microanalysis).

The mattes produced in copper smelters vary considerably in composition
butinclude many of the phases familiar from mineralogical studies in the Cu-
Fe-S and Cu-Ni-S systems. Figure 11.8c illustrates the nature of a copper-
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nickel matte containing 40% Cu and 40% Ni. The matte contains an early
crystallized iron-nickel alloy phase, dispersed small grains of an Fe-Ni di-
sulfide and a matrix of NiS (millerite),and a copper sulfide solid solution. This
last phase has exsolved on cooling to give a basket weave texture of two copper
sulfide phases. Figure 11.8d is a Roman-period copper mining slag from Cy-
prus; it reveals the loss of copper and chalcopyrite associated with magnetite
and pyrrhotite in the slag.

The combustion of coal, oil, and even municipal solid waste concentrates
metals and generates ashes and slags that contain mineral-like phases. Coals
generally contain significant quantities of clays and quartz in addition to trace
to minor amounts of metals and metal-bearing phases (especially pyrite).
During combustion, the metals and other nonflammable materials become
concentrated by factors of about 10 times, with the resultant formation of
spinel-type oxides, several silicate phases, and occasional iron sulfides in a
glassy silicate matrix.

Thedistillation of petroleum to leave a solid coke-like phase, and the subse-
quent combustion of that material, results in a much greater degree of concen-
tration (approximately 1,000 times) of metals and sulfur, but with much less
silica. The resulting slag may contain a complex variety of iron, nickel, and
vanadium sulfides and oxides, as well as much free metal (usually as iron-
nickel alloys), as shown in Figure 11.9. Microscopic analysis has revealed
much aboutthe phases present and their potential for reuse or disposal (Craig,
Najjar, and Robin, 1990; Groen, 1992).

FIGURE 11.9 Scanning electron microscope images of petroleum coke slags. (a)
Atoll-like structure of native iron and some cruciform spinel crystals in a fine matrix of
intergrown FeS and FeO in slag produced during production of synthesis gas from
petroleum coke (width of field = 100 um). (b) Equant and skeletal crystals of iron- and
nickel-rich aluminate spinels in a matrix of glass from a petroleum coke gasifier. The
coarser crystals were probably stable at the temperature of the gasifier, whereas the very
fine crystals formed during rapid cooling of the glass (width of field = 360 pm).
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(b)
FIGURE 11.9 (Continued)

The incineration of municipal solid waste is being undertaken more widely
to generate heat and to effect volume reduction. As one mightexpect, the ashes
and slags produced are rich in silicates and glasses but contain a wide variety
of metallic mineral-like oxide phases (Brock, 1993; Kirby and Rimstidt, 1993).
Much more study is needed to characterize all of the phases present and to
identify potential uses or problems related to their ultimate disposal.

11.6 CONCLUDING REMARKS

This very brief outline of the applications of ore microscopy in mineral
technology serves only to illustrate the great importance of this area of ap-
plication. The increasing world demand for metals necessitates the economic
extraction of metals from ores of lower and lower grades, which requires effi-
cient, skilled beneficiation. Thus, careful study under the reflected-light mic-
roscope of the ore and of the products of various comminution and separation
processes is necessary. If, following initial discovery; exploratory drilling to
determine overall size, grade, and geological setting; mineralogical analysis to
establish feasibility of metal extraction; and pilot testing of the extraction
processes, it is decided to proceed with a mining operation, the ore micro-
scopist is still needed to monitor variations in the mineralogy of the ore and
the effects of such variations on processing. Variations laterally or vertically in
the orebody may call for changes in beneficiation procedures or mixing of
ores mined from different areas; the microscopic study of the ores may also be
of great value as a guide to mine exploration and development. In all of these
applications, the ore mineralogy has to be related to the geological and en-
gineering problems of mining, on the one hand, and to the problems of
beneficiation and metallurgical treatment, on the other.
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APPENDIX 1

TABLE OF DIAGNOSTIC
PROPERTIES OF THE
COMMON ORE MINERALS

This Appendix contains data that will help you in your microscopic iden-
tification of the most commonly encountered opaque minerals (approx-
imately 100 minerals are included). The data presented are as follows:

1. The mineral name.

2. Thechemical formula. This is generally given in its simplest form (e.g.,

the end member of a solid solution series), although major sub-

stitutions are shown.

The crystal system.

4. Adescription ofthe color of the mineral (the symbol “— galena, bluish”
indicates that the mineral described appears bluish against galena).

5. A description of any observable bireflectance and reflection pleo-
chroism.

6. A description of the presence, intensity, and character of any aniso-
tropism.

7. A description of the character of any observable internal reflections.

8. The quantitative reflectance values (R%) in air at 546 and 589 nm
wavelength. These data are consistent with the Quantitative data file
(Criddle and Stanley, 1993); however, those data are for a single sample
and do not necessarily reflect the ranges of values that have been re-
ported for many minerals.

9. Quantitative color values (in air) quoted using the CIE system and giv-
ing chromaticity coordinates (x and y) and the luminance (Y %) follow-
ing the conventions in Criddle and Stanley (1993). A single value is

w
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given for an isotropic mineral [corresponding to R or two values corre-
spondingtoR,,R.(R.)orR;,R>].In a few cases, quantitative color data
are given for oriented single crystals (corresponding to R, R;,, R..). For
isotropic minerals, this is the value of R; for “uniaxial” minerals, R, is
followed by R, (or R,); and for “biaxial” minerals, R is followed by
R-'}.

10. Quantitative indentation microhardness (Vickers hardness number) at
a load of 100 g (VHN,¢) unless another load is specified. For some
minerals, information is given on indentation characteristics as fol-
lows: p, perfect; f, fractured; sf, slightly fractured; cc, concave; cv, con-
vex; sg, sigmoidal.

11. Polishing hardness (PH) given as less than, equal to, or greater than
other common ore minerals.

12. Mode of occurrence and other characteristic properties; this is general
information on crystal morphology, cleavage, twinning, characteristic
alteration effects, and commonly associated minerals.

The data presented in the tables have mainly been derived from the following
sources, which should be consulted for further details and information on
other minerals:

Uytenbogaart. W.,and Burke, E. A.J.(1971). Tables for Microscopic Identification
of Ore Minerals. Elsevier, Amsterdam.

Ramdohr. P. (1969). The Ore Minerals and Their Intergrowths. Pergamon, Ox-
ford.

Schouten. C. (1962). Determinative Tables for Ore Microscopy. Elsevier, Am-
sterdam.

Criddle, A. J. and Stanley, C. J. (1993). Quantitative Data File for Ore Minerals,
3rd ed. Chapman and Hall, London.

Followingis an "Identification Scheme,” which can be used as an aid to deter-

mining any unknown minerals. This simplistic scheme should be used as only
a preliminary guide to the possible identity of a phase.

TABLE Al.1 Identification Scheme?

Distinctly Colored
Blue Isotropic (or weakly Chalcocite, digenite
anisotropic)
Anisotropic Covellite
Yellow Isotropic (or weakly Gold. chalcopyrite
anisotropic)
Anisotropic Chalcopyrite, millerite,

delafossite, cubanite,
mackinawite, valleriite



TABLE Al.1

(Continued)

Red-brown to brown

Pink, purple, violet

Isotropic (or weakly
anisotropic)
Anisotropic

Isotropic (or weakly
anisoropic)
Anisotropic

Bornite, copper, bravoite

Idaite, valleriite, delafossite,
mawsonite

Bornite, copper, bravoite,
violarite

Breithauptite

Distinctly Colored Internal Reflections (in Minerals Not Distinctly Colored)

Blue
Yellow

Red to brown

Blue

Green

Yellow
Red-brown to brown

Pink, purple, violet

R% >51.7 (pyrite)
Isotropic

Anisotropic

Weakly Colored (If at All)°

Isotropic
Anisotropic with internal
reflections

Anisotropic without
internal reflections
Isotropic (or weakly
anisotropic)
Anisotropic
Isotropic
Anisotropic
Isotropic
Anisotropic
Isotropic
Anisotropic

Not Colored to Any Degree®

Hardness

Hardness medium-low
Hardness high

Hardness medium-low

Anatase, azurite

Sphalerite, orpiment, rutile,
cassiterite

Cinnabar, proustite,
pyrargyrite, tennantite,
sphalerite, cuprite,
chromite, orpiment,
wolframite

Tetrahedrite

Hematite, cuprite, cinnabar,
hausmannite, proustite,
pyrargyrite

Psilomelane

Tetrahedrite, acanthite
Stannite, polybasite

Pyrite, pentlandite
Marcasite, niccolite
Magnetite, ulvéspinel
Pyrrhotite, ilmenite, enargite
Cobaltite, linnaeite
Niccolite, famatinite

(Pyrite) gersdorffite,
skutterudite

Silver, platinum, allargentum

(Marcasite) rammelsbergite,
pararammelsbergite,
safflorite, loellingite,
arsenopyrite

Bismuth, antimony, arsenic,
dyscrasite, tetradymite,
sylvanite
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TABLE Al.1 (Continued)

R% 51.7 (pyrite)
to 42.9 (galena)
Isotropic

Anisotropic

R% 42.9 (galena)
to 19.9 (magnetite)
Isotropic

Anisotropic

R% >19.9 (magnetite)
Isotropic

Anisotropic

Hardness high
Hardness medium-low

Internal reflections
No internal reflections

No internal reflections

Internal reflections
Internal reflections

No internal reflections

No internal reflections
Internal reflections
Internal reflections

No internal reflections

Siegenite, ullmannite
Galena. freibergite,
alabandite
Pyrargyrite
Bismuthinite, stibnite,
cosalite, kobellite

Carrollite, tetrahedrite,
maghemite, bixbyite
(magnetite)

Realgar, tennantite, pearcite

Hematite, enargite,
miargyrite, pyrargyrite,
boulangerite, chalcostibite,
orpiment, realgar,
chalcophanite

Molybdenite, pyrolusite,
berthierite, boulangerite,
chalcostibite, jamesonite,
tenorite, stephanite,
stromeyerite, mawsonite,
pyrolusite

Chromite, coffinite
Brannerite, sphalerite
Columbite-tantalite,
manganite, chalcophanite,
scheelite, cassiterite,
lepidocrocite, zincite,
uraninite, manganite,
wolframite, goethite, rutile
Graphite, braunite

4 Categories defined are intended only as a rough guide to identification. The following tables

should be used to confirm any possible identification.
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TABLE Al1.2 Alphabetical Listing of Ore Minerals with Diagnostic Properties

Note: Information is reported as follows:

C—Color

B/P—Bireflectance/ R—Reflectance at VHN—Vickers Micro-
Name pleochroism 546 and 589 nm in Air hardness at 100g Load Mode of Occurrence;
Formula A—Anisotropy QC—~Quantitative PH—Polishing Other Characteristic
Crystal System IR—Internal Reflections Color Coordinates Hardness Properties
Acanthite C—Gray, with a R—31.0-29.5 VHN—23-26 (p) Occurs as euhedral cubic
Ag,S greenish tint crystals
Monoclinic — Galena, darker, PH—Less than most Pseudomorphous after
(Pseudocubic) greenish gray minerals argentite (stable > 176°C)

— Silver, dark greenish and as anhedral polycrys-
gray talline aggregates. Difficult

B/P—Very weak

A—Distinct if well
polished

IR—Not present

to polish without scratches
because of softness, but
twinning often visible when
well polished. Occurs as
irregular inclusions in
galena; often associated
with pyrite, galena,
sphalerite, tetrahedrite,
covellite, proustite,
pyrargyrite, polybasite. The
high-temperature
polymorph, argentite,
always inverts to acanthite
on cooling, but its former
existence may be evidenced
by cubic morphology.

(Continued)
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TABLE Al1.2 (Continued)

Note: Information is reported as follows:

C—Color
B/P—Bireflectance/ R—Reflectance at VHN—Vickers Micro-
Name pleochroism 546 and 589 nm in Air hardness at 100g Load Mode of Occurrence:
Formula A—Anisotropy QC—Quantitative PH—Polishing Other Characteristic
Crystal System IR—Internal Reflections Color Coordinates Hardness Properties
Alabandite C—Gray R—228 VHN—240-251 (p) Occurs as euhedral crystals
MnS — Sphalerite, distinctly 223 and as anhedral aggregates;
Cubic lighter PH ~ sphalerite resembles sphalerite.
B/P—Not present QC—0.301. 0.305, 22.8 Cleavage. lamellar twin-
A—Isotropic: ning, and zonal textures
sometimes with may be visible. Occurs with
weak anomalous A pyrite, chalcopyrite,
IR—Common, dark pyrrhotite. pyrolusite, Mn-
green to brown sphalerite, Mn-carbonate.
Allargentum C—White, slightly R—~ 170 VHN— Occurs as lamellar
Ag,..Sh, grayish intergrowths in silver,
Hexagonal — Silver, grayish PH > silver especially that from Cobalt,
B/P—Not present Ontario. Originally iden-
A—Weak tified as dyscrasite, which is
IR—Not present very similar but is Ag,;Sb.
Allemontite C—White R—50-70 VHN—85-100 Occurs as a myrmekitic inter-
A mixture of As or B/P—Weak growth. which may be on
Sb with AsSb A—Distinct PH ~ antimony such a fine scale that it is

IR—Not present

only discernible as two
phases under high-power
magnification. Two phases
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Antimony C—White
Sb — Arsenic, slightly
Trigonal more white
— Galena, brighter
white

— Silver, less bright

— Dyscrasite, similar

B/P—Weak

A—Distinct; yellowish
gray, brownish, bluish
gray

[R—Not present

Argentite—See Acanthite

Arsenic C—White; tarnishes

As rapidly

Trigonal — Antimony, slightly
darker gray

— Skutterudite and
safflorite, slightly
darker gray

— Galena, white with a
creamy tint

BP—Weak in air;
distinct in oil; grayish
white to yellow or
bluish gray

R—74.4-779
72.9-76.8

QC—0.308.0.318
73.6
0.310,0.319
71.3

R—51.7-55.7
51.2-553

QC—0.306,0.312
51.6

0.309,0.315
55.5

VHN—50-69 (f-cc)

PH > stibnite
PH < arsenic

VHN—72-173(p-cc)

PH > Bismuth, silver

are often more visible after
slight oxidation or etching.
Occurs with stibnite in Co-
Ni-Ag-Bi-As ores and
pegmatites.

Occurs as fine- to coarse-

grained aggregates, rarely
euhedral. Cleavage and
twinning (often poly-
synthetic) commonly vis-
ible. Occurs with stibnite,
pyrite, arsenopyrite, Co-Ni
arsenides, and with stibar-
sen as fine graphic to myr-
mekitic intergrowths known
as “allemontite.”

Occurs as fine- to coarse-

grained anhedral aggregates
and commonly as colloform
bands. Twinningand a basal
cleavage often visible.
Occurs with ram-
melsbergite, skutterudite,
proustite, arsenopyrite,
pyrite, and stibarsen as fine
graphic to myrmekitic
intergrowths of “allemon-
tite.” The very rapid (a few
hours) tarnish is diagnostic.

(Continued)
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TABLE Al1.2 (Continued)

Note: Information is reported as follows:
C—Color
B/P—Bireflectance/
pleochroism
A—Anisotropy
IR—Internal Reflections

Name
Formula
Crystal System

R—Reflectance at
546 and 589 nm in Air
QC—AQuantitative
Color Coordinates

VHN—Vickers Micro-
hardness at 100g Load
PH—Polishing
Hardness

Mode of Occurrence;
Other Characteristic
Properties

A—Distinct; gray to
yellowish gray

IR—Not present

C—White

— Pyrite, white

Arsenopyrite
FeAsS
Monoclinic
creamy white
— Antimony, grayish
white
— Galena, sphalerite,
white with pale
yellow tint
B/P—Weak
A—Strong; blue, green
IR—Not present

Berthierite
FeSb,S,
Orthorhombic

C—White-gray with a
pink or brown tint

B/P—Strong and
characteristic

(//a) brownish pink

— Loellingite, safflorite,

R—51.85-52.2
51.7-532

QC—(a) 0.315,0.321
52.5

(b) 0.318,0.325
518

() 0.310,0.317
518

R—30.3-42.3
30.9-41.1

QC—0.310,0312
306

VHN—715-1354
1081 on (001) (sf)

PH > skutterudite,

magnetite
PH < pyrite, cobaltite

VHN—168-228(f)

PH ~ stibnite
PH < sphalerite

Commonly observed as

euhedral to subhedral crys-
tals with characteristic
rhomb shape when a minor
phase; also as anhedral
granular masses when
abundant. Lamellar twin-
ning common. Occurs with
pyrite, loellingite, glaucodot,
pyrrhotite, chalcopyrite,
sphalerite, galena, cobaltite,
gold, molybdenite. Good
polish, white color, aniso-
tropism, and crystal form
are characteristic.

Occurs as euhedral needlelike

crystals and as subhedral
aggregates, with stibnite,
chalcopyrite, pyrite,
arsenopyrite, pyrrhotite,
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Bismuth
Bi
Trigonal

Bismuthinite
Bi,S;
Orthorhombic

(//b) grayish white

(//c) white

A—Very strong; blue,
gray, white; brown,
pink

IR—Not present

C—White to creamy
white; pinkish cream

— Silver, creamy

— Arsenic, pinkish
creamy

— Sulfosalts, pinkish
creamy

B/P—Weak but distinct,
creamy to pinkish

A—Distinct to strong

IR—Not present

C—White; in oil with
bluish gray tint

— Bismuth, darker,
bluish gray

— Chalcopyrite, bluish
gray

— Galena, lighter,
creamy white

B/P—Weak to distinct

(//a) Bluish gray-white

(//b) Gray-white

(//c) Creamy white

0.301, 0.309
42.1

R—59.8-67.2
61.9-69.5

VHN—16-18(p)

PH < all associated

QC—0.325,0.332 minerals

599

0.323,0.328
674

R—37.1-49.0
36.7-48.0

VHN—110-136(sf)

PH > bismuth
QC—(a) 0.308.0.315 PH < chalcopyrite
437
(b) 0.308,0.316
370
(c) 0.308,0.319

48.6

gudmundite, sphalerite,
galena.

Occurs as irregular masses or
inclusions of anhedral crys-
tals. Twinning is common
and may be induced by
grinding or scratching.
Occurs with sulfosalts,
pyrite, pyrrhotite, sphalerite,
chalcopyrite, bismuthinite,
cassiterite, molybdenite,
wolframite, arsenopyrite,
Co-Ni arsenides, silver,
galena.

Occurs as subhedral lath-like
crystals; less commonly as
granular masses. Cleavage
// (010) common. Stress-
induced twinning and
undulose extinction often
seen. Occurs with bismuth,
pyrite, pyrrhotite, arseno-
pyrite, chalcopyrite,
sphalerite, stannite,
cassiterite, wolframite,
molybdenite.

(Continued)
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o
Note: Information is reported as follows:
C—Color
B/P—Bireflectance/ R—Reflectance at VHN—Vickers Micro-
Name pleochroism 546 and 589 nm in Air hardness at 100g Load Mode of Occurrence:
Formula A—Anisotropy QC—~Quantitative PH—Polishing Other Characteristic
Crystal System IR—Internal Reflections Color Coordinates Hardness Properties

A—Very strong,
especially in oil; gray.
yellow. violet, straight
extinction; large crys-
tals often undulose

IR—Not present

Bixbyite C—Gray with cream to R—222 VHN—946-1402 (p) Occurs as euhedral crystals
(Mn,Fe),0, yellow tint 220 and as granular aggregates.
Cubic — Braunite, jacobsite, PH > hausmannite Cleavage (111), lamellar
hausmannite, lighter, QC—0.308.0.316 PH ~ braunite twinning. and zonal growth
yellowish 221 may be visible. Occurs with
— Hematite. brownish hematite, braunite, pyrolu-
B/P—Usually absent; site, hausmannite.
sometimes very weak
in oil

A—Isotropic: some-
times weakly
anomalous

IR—Not present



Bornite

Cu 5 Fe S4
Orthorhombic
Pseudo-Tetragonal

Boulangerite
PbsSb,S;,
Monoclinic

L9E

C—Pinkish brown to
orange; tarnishes
purplish, violet, or
iridescent

B/P—Slight bireflec-
tance may be visible
on grain boundaries

A—Very weak

IR—Not present

C—White with bluish
gray

— Galena, darker
greenish gray

— Stibnite, slightly
lighter

— Jamesonite, darker

B/P—Distinct, gray-
white to green-gray

A—Distinct, tan, brown,
bluish gray

IR—Rare, red

R—217
25.2

QC—0.348,0.338
228

R—37.4-41.8
36.5-40.7

QC—0.303,0.311
372

0.303,0.312
414

VHN—87-100(p-sf)

PH > galena, chalcocite
PH < chalcopyrite

VHN—92-125(sf)

PH < galena

Occurs as irregular polycrys-

talline aggregates and as
coatings on, or lamellae
intergrown with, chalcopy-
rite. Cleavage may be
visible; twinning may be
infrequent and difficult to
see. Lamellar exsolution
and replacement textures
with chalcopyrite, enargite,
digenite are common; alters
on grain boundaries and
fractures to covellite. Occurs
with pyrite, chalcopyrite,
enargite, digenite, covellite,
linnaeite, sphalerite, galena,
magnetite, tetrahedrite,
hematite.

Usually occurs as granular or

fibrous aggregates with
galena, sphalerite, chalco-
pyrite, tetrahedrite, or other
Pb-Sb sulfosalts.

(Continued)
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Note: Information is reported as follows:
C—Color
B/P—Bireflectance/

R—Reflectance at VHN—Vickers Micro-

Name pleochroism 546 and 589 nm in Air hardness at 100g Load Mode of Occurrence:
Formula A—Anisotropy QC—~Quantitative PH—Polishing Other Characteristic
Crystal System IR—Internal Reflections Color Coordinates Hardness Properties
Brannerite C—Gray R—15.0-15.1 VHN—690(p) Occurs as euhedral prismatic
(U.Ca.Ce)(Ti.Fe),0O4 B/P—Not present 14.7-14.8 to needlelike crystals and as
Monoclinic A—Not present subhedral aggregates. Often
(metamict) IR—Coarse crystals: forms as replacement
brownish gray: fine- (sometimes as a pseudo-
grained material: morph) after uraninite and
blue-gray to bluish rutile. Usually contains
white, dark brown to included laths of pyrrhotite
yellowish and anatase and may have a
“dusting” of small radio-
genetic galena crystals.
Occurs with uraninite,
rutile, pitchblende, pyrite,
coffinite, galena, sphalerite,
tetrahedrite, pyrrhotite,
anatase, magnetite.
Braunite C—Gray with R—18.9-19.5 VHN—920-1196(p-sf) Occurs as anhedral granular
(Mn,Fe,Si),0; brownish tint 18.4-19.3 masses and as subhedral to
Tetragonal — Magnetite, less PH > magnetite euhedral crystals. Zonal tex-
brown QC—0.300, 0.306 PH < bixbyite tures reported. Associated
— Pyrolusite, 18.8 with jacobsite, bixbyite,
psi]ome]ane. darker hematite, pyro]usite.
— Manganite, 0.300, 0.306 magnetite.
hausmanite, similar 19.8
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Bravoite
(Fe,Ni,Co)S,
Cubic

Breithauptite
NiSb
Hexagonal

but weaker
bireflectance

— Bixbyite, jacobsite,
more gray

B/P—Weak but distinct,
gray

A—Weak but distinct,
gray to blue; often
undulose

IR—Rare, dark brown
to deep red

C—Composition de-
pendent; Fe-rich:
creamy to pinkish;
Co- and Ni-rich:
pinkish to brownish
to violet

B/P—Not present

A—Not present

R—Not present

C—Pink with violet tint

— Niccolite, darker,
violet tint

B/P—Strong, pinkish to
pinkish violet

A—Very strong, bluish
green, bluish gray,
violet red

IR—Not present

R—31.0-53.9 (lowest
for Co and Ni-rich)

R—48.0-37.8
52.3-43.0

QC—0.326, 0.320
49.6

0.325,0.310
40.3

VHN—668-1535

PH < pyrite
PH > sphalerite

VHN—412-584

PH < niccolite,
rammelsbergite,
safflorite

Zonal texture very character-

istic, the darker zones being
richer in Ni and Co. Com-
monly occurs as isolated
cube or octahedral crystals
but may be associated with
chalcopyrite, sphalerite,
galena, linnaeite, siegenite,
tetrahedrite, maucherite,
safflorite, bismuth,
niccolite.

Occurs as subhedral to euhe-

dral grains, often with zonal
structure. Occurs with nic-
colite, silver, safflorite,
galena, chromite, pentlan-
dite, pyrrhotite, Ag-sulfo-
salts. Color and very strong
anisotropism are diagnos-
tic: only similar mineral is

(Continued)
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Note: Information is reported as follows:

Name
Formula
Crystal System

C—Color
B/P—Bireflectance/
pleochroism
A—Anisotropy

IR—Internal Reflections

R—Reflectance at
546 and 589 nm in Air
QC—Quantitative
Color Coordinates

VHN—Vickers Micro-
hardness at 100g Load
PH—Polishing
Hardness

Mode of Occurrence;
Other Characteristic
Properties

Carrollite
CUC0254
Cubic

Cassiterite
SHOZ
Tetragonal

C—Creamy white,
sometimes with a
slight pinkish tint

B/P—Not present

A—Not present

IR—Not present

C—Brownish gray

— Stannite, wolframite,

ilmenite, rutile,
magnetite, brownish
gray

B/P—Distinct, gray to
brownish gray

A—Distinct, gray; in oil,

masked by internal
reflections

IR—Abundant, yellow
to yellow-brown

R—42.95
434

QC—0.314,0.320
43.1

R—10.7-12.15
10.6-12.0

QC—0.305,0.311
10.7

0.306, 0.312
12.1

PH > chalcopyrite
PH < pyrite

VHN—1168-1332(p)

PH very high
PH < pyrite

niccolite. Violarite appears
similar but does not show
the zonal texture.

Occurs as anhedral granular

masses to subhedral and
euhedral octahedra. Usually
associated with copper
minerals, chalcopyrite, bor-
nite, chalcocite, digenite,
cobalt-pyrite, pyrrhotite,
siegenite.

Occurs as compact anhedral

masses and as subhedral to
euhedral crystals that are
often well zoned. Com-
monly twinned; cleavage
may be visible. Occurs with
pyrite, arsenopyrite, stan-
nite, wolframite, sphalerite,
galena, rutile, hematite,
magnetite, bismuth, bis-
muthinite, pyrrhotite.
Resembles sphalerite but is
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Chalcocite
CUES
Orthorhombic

Chalcophanite
(Zn,Fe.Mn)
Mn205 s HHZO
Trigonal

C—Bluish white

— Galena, pyrite, bor-
nite, copper, bluish
gray to bluish white

— Covellite, white

B/P—Very weak

A—Weak to distinct,
emerald green to
light pinkish

IR—Not present

C, B/P—Verystrong and
characteristic bireflec-

tance especially in oil,

white to gray
A—Very strong, white
to gray
IR—Absent except
when Zn-rich which
have deep red internal
reflections

R—33.2-3345
31.5-32.2

QC—(a) 0.296. 0.304

332

(b) 0.295. 0.304

33.1

(c) 0.295. 0.303

329

R—9.1-27.0
8.8-25.2

QC—0.301,0.306
9.0

0.286. 0.291
26.8

VHN—84-87(p)
on (001)

PH > acanthite
PH ~ digenite
PH < bornite

VHN—188-253(f)

// cleavage

anisotropic and usually
exhibits lighter internal
reflections.

Occurs as anhedral polycrys-

talline aggregates and vein
fillings with iron and
copper-iron sulfides such as
pyrite. chalcopyrite, bornite,
digenite. Also associated
with enargite, tetrahedrite-
tennantite, sphalerite,
galena, stannite. Often in
exsolution intergrowth with
bornite or low-temperature
copper sulfides. Often
appears isotropic, especially
in supergene fine-grained
aggregates,

Occurs as aggregates of

tabular and radiating crys-

tals and as colloform bands
in secondary Mn-ores. Per-
fect basal cleavage usually
visible in crystals. Common
as vein filling in other Mn-
oxides such as psilomelane,
pyrolusite, hausmannite.

(Continued)



TABLE Al1.2 (Continued)

Note: Information is reported as follows:

C—Color
B/P—Bireflectance/ R—Reflectance at VHN—Vickers Micro-
Name pleochroism 546 and 589 nm in Air hardness at 100g Load Mode of Occurrence:
Formula A—Anisotropy QC—~Quantitative PH—Polishing Other Characteristic
Crystal System IR—Internal Reflections Color Coordinates Hardness Properties
Chalcopyrite C—Yellow to brassy R—44.6-45.0 VHN—187-203 Occurs as medium- to coarse-
CuFeS, yellow 46.5-47.2 (basal section) grained anhedral aggre-
Tetragonal — Pyrite, more yellow 181-192 gates; rarely as well-
— Gold, distinct QC—0.349, 0.369 (vertical section) developed tetrahedra. Com-
greenish tint 44.1 monly twinned; often con-
B/P—Weak PH ~ galena tains laths of cubanite,
A—Weak, but distinct, 0.348, 0.366 PH < sphalerite “stars” of sphalerite, or
gray-blue to yellow- 45.1 “worms" of pyrrhotite or
green mackinawite. Basket weave
IR—Not present exsolution with bornite
common. Associated with
pyrite. pyrrhotite, bornite,
digenite, cubanite,
sphalerite, galena,
magnetite, pentlandite,
tetrahedrite, and many
other minerals. Often alters
along cracks and grain
boundaries to covellite.
Chalcostibite C—White, with pinkish R—37.8-437 VHN—283-309(sf) Occurs as anhedral grains;
CuSbS, gray tint 35.7-40.2 rarely as euhedral prismatic

Orthorhombic — Silver, galena.

grayish

QC—(a) 0.299.0.312

PH > silver

PH < chalcopyrite,

crystals. Cleavage (001) and
triangular pits may be vis-
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Chromite
(Fe.Mg)(Cr.Al),04
Cubic

Cinnabar
HgS
Trigonal

— Sphalerite, pinkish

B/P—Distinct in oil,
creamy to brown

A—Distinct; pinkish to
greenish or bluish
gray

IR—Rare, pale red

C—Dark gray to
brownish gray

— Magnetite, sphalerite,
darker

— Ilmenite, less
brown-red

B/P—Not present

A—Usually absent but
many show weak
anisotropism

IR—Common, red
brown; absent in
Fe-rich samples

C—White with bluish
gray tint

— Galena, darker,
bluish

B/P—Distinct in oil

A—Distinct; in oil often
masked by internal
reflections

IR—Intense and
abundant, red

372

(b) 0.298, 0.313

40.3

(c) 0.294, 0.309

428

R—13.5
13.3

QC—0.305.0.311
13.5

R—24.7-29.7
23.9-283

QC—0.298, 0.303
24.6

0.296, 0.305
294

sphalerite

VHN—1278-1456(p-sf)

PH > magnetite
PH < hematite

VHN—82-156 (at 10g)

PH > antimony

PH < galena, pyrite

ible. May be intergrown with
enargite; occurs with pyrite,
sphalerite, chalcopyrite,
silver, galena, chalcocite,
covellite, jamesonite,
arsenopyrite, tetrahedrite,
cinnabar.

Usually occurs as subhedral

(rounded) to euhedral crys-
tals or coarsely crystalline
aggregates; cataclastic
effects common. Zonal
textures with lighter
(Fe-enriched) rims very
common. “Exsolution™ of
hematite. ilmenite,
magnetite, rutile, ulvéspinel
uncommon but observed.
Associated with magnetite,
ilmenite, platinum, pentlan-
dite, pyrrhotite, millerite.

Occurs as subhedral to

euhedral crystals and as
polycrystalline aggregates of
euhedral grains. Associated
with metacinnabar (an iso-
tropic polymorph), pyrite,
marcasite, stibnite, chalco-
pyrite, tetrahedrite, bornite,
gold, realgar, orpiment,
galena, enargite, cassiterite.

(Continued)
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TABLE Al1.2 (Continued)

Note: Information is reported as follows:

Name
Formula
Crystal System

C—Color
B/P—Bireflectance/
pleochroism
A—Anisotropy
IR—Internal Reflections

R—Reflectance at
546 and 589 nm in Air
QC—Quantitative
Color Coordinates

VHN—Vickers Micro-
hardness at 100g Load
PH—Polishing
Hardness

Mode of Occurrence;
Other Characteristic
Properties

Cobaltite
(Co.Fe)AsS
Orthorhombic
(Pseudocubic)

Coffinite
U(Si04);.xOH)4
Tetragonal

C—White with pink or
violet tint

— Arsenopyrite, pinkish

— Pyrite, whiter

B/P—Weak, white to
pinkish

A—Weak to distinct in
oil, blue-gray to
brown

IR—Not present

C—Gray

B/P—Very weak

A—Very weak to absent

IR—Air: rare and weak;
oil: pronounced,
brownish

R—50.6
523
QC—0.319,0.323
51.0
R—7.9-8.0
7.8-7.9

VHN—935-1,131
PH > skutterudite,

arsenopyrite
PH < pyrite

VHN—230-302(p)

PH ~ pitchblende

Resembles proustite and
pyrargyrite in polished
section.

Commonly occurs as euhedral

crystals and as polycrys-
talline aggregates. Twin-
ning, zoning, and cleavage
may be visible. Occurs with
niccolite, silver, gold
chalcopyrite, arsenopyrite,
bismuth, uraninite, Ni-Co
arsenides. The weak aniso-
tropism will distinguish this
from niccolite or
breithauptite.

Occurs as euhedral tetragonal

crystals, as fine aggregates
and as colloform bands.
Botryoidal encrustations
and intergranular films,
especially near organic
matter, are common.



Cohenite
Fe 3(:
Orthorhombic

Columbite-Tantalite
(Fe.Mn)(Ta,Nb),O,
Orthorhombic

Copper
Cu
Cubic

C—Creamy white

— Pyrrhotite, lighter
creamy

— Iron, similar

B/P—Weak but distinct

A—Weak but distinct

IR—Not present

C—Gray-white with
brown tint

— Magnetite, slightly
less brown

B/P—Weak

A—Distinct, straight
extinction

IR—Fe-rich, deep red

C—Pink. but tarnishes
brownish

— Silver, pink

B/P—Weak

A—Isotroic but fine

PH > iron
R—15.3-174 VHN—240-1.021
R—64.6 VHN—79-99(p)
92.2
PH > chalcocite
QC—0.366. 0.344 PH < cuprite
74.4

Associated with pyrite,
sphalerite, uraninite, pitch-
blende, bismuth, loellingite,
rammelsbergite.

A meteoritic mineral,

extremely rare on earth.
Occurs as irregular grains
with kamacite, schreibersite,
graphite, and troilite. Found
in meteorites with 6-8 wt %.
Ni where it is a residual
metastable phase. Twinning
common in larger grains.

Occurs as euhedral crystals

and anhedral aggregates.
May be zoned and cleavage
//(100) may be visible. May
contain inclusions of
cassiterite, galena, hematite,
ilmenite, rutile, uraninite,
wolframite, and be con-
tained within cassiterite.
Occurs as oriented inter-
growths with uraninite.

Occurs as coarse- to fine-

grained aggregates:;
occasionally as dendritic or
spear-like crystals. Lamellar
twinning visible if etched.

(Continued)
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TABLE Al1.2 (Continued)

Nore: Information is reported as follows:

C—Color
B/P—Bireflectance/ R—Reflectance at VHN—Vickers Micro-
Name pleochroism 546 and 589 nm in Air hardness at 100g Load Mode of Occurrence;
Formula A—Anisotropy QC—Quantitative PH—Polishing Other Characteristic
Crystal System IR—Internal Reflections Color Coordinates Hardness Properties
scratches will appear Zoning due to Ag or As not
anisotroic uncommon. Occurs with
IR—Not present cuprite, chalcocite, enargite,
bornite, pyrrhotite, iron,
magnetite.
Cosalite C—White with pink or R—41.4-45.7 VHN—74-161 Occurs as granular masses,
Pb,Bi,Ss gray tint 40.65-45.3 bundles of subhedral,
Orthorhombic — Galena. yellowish to PH > galena elongated laths, and fibrous
green tint QC—0.301, 0.305 crystals. Twinning absent.
B/P—Weak to distinct 414 Occurs with other Bi and Sb
A—Weak to moderate: sulfosalts, pyrite, pyrrhotite,
pinkish yellow. 0.304. 0.308 chalcopyrite, gold, bismuth,
bluish. violet gray 459 sphalerite, arsenopyrite,
IR—Not present tetrahedrite, wolframite,
glaucodot.
Covellite C—Indigo blue with R—6.6-23.7 VHN—128-138(sf) Occurs as subhedral to
CuS violet tint to bluish 4.0-21.0 anhedral masses, as laths,
Hexagonal white in air PH < chalcopyrite and as platelike crystals.
B/P—Purple to violet- QC—0.222,0.221 The brilliant blue color, and
red. to blue-gray in 6.5 strong pleochroism and
oil anisotropism are unmistak-
A—Extreme. red-orange 0.280. 0.283 able, even when present as
to brownish 236 the tiny alteration laths

IR—Not present

commonly seen on copper
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Cubanite
Cu FC153
Orthorhombic

Cuprite
CU10
Cubic

C—Creamy gray to
yellowish brown

— Pyrrhotite, more
yellow, less pink

— Chalcopyrite, more
gray-brown

B/P—Distinct, grayish
to brownish

A—Strong brownish to
blue

IR—Not present

C—Auir: light bluish
gray: oil: darker,
more blue

— Chalcopyrite,
hematite, darker and
greenish

B/P—Very weak

A—Strong anomalous

R—354-394
37.65-40.7

QC—0.341-0.349
355

0.331, 0.341
394

R—26.6
246

QC—0.287, 0.300
26.3

VHN—247-287(sf)

PH > chalcopyrite
PH < pyrrhotite

VHN—193-207(sf)

PH > chalcopyrite,
copper, tenorite

and iron sulfides, such as
pyrite, chalcopyrite, bornite;
also with enargite, digenite,
tennantite, sphalerite.
Blaubleibender (blue-
remaining) covellite is
similar, except that it
remains blue in oil: occurs
infrequently with covellite.

Occurs most commonly as

sharply bounded laths
within coarse-grained
chalcopyrite; also as
irregular granular
aggregates. Recognized by
its distinct bireflectance and
anisotropism. Also occurs
with pyrrhotite, sphalerite,
galena, mackinawite,
pentlandite, magnetite,
arsenopyrite.

Occurs as euhedral octahedra

and in a fine-grained
“earthy” form. Replaces
copper sulfides and copper.
Also occurs with goethite,
tenorite, delafossite, pyrite,
marcasite.

(Continued)



TABLE Al1.2 (Continued)

Note: Information is reported as follows:

C—Color
B/P—Bireflectance/ R—Reflectance at VHN—Vickers Micro-
Name pleochroism 546 and 589 nm in Air hardness at 100g Load Mode of Occurrence;
Formula A—Anisotropy QC—Quantitative PH—Polishing Other Characteristic
Crystal System IR—Internal Reflections Color Coordinates Hardness Properties
anisotropism gray-
blue to olive-green
IR—Deep red,
characteristic
Delafossite C. B/P—Distinct R—22.1-184 VHN—412-488 Occurs as masses of sub-
CuFeO, bireflectance; air: 22.0-18.5 parallel crystals and sheaf-
Trigonal yellow-rose-brown to PH < cuprite, like bundles or as fine
rose-brown; oil: QC—0.312,0.319 goethite inclusions in goethite.
pinkish gray to 220 Concentric and botryoidal
brown-gray textures common. Occurs
— Enargite, tenorite, 0.311,0.316 with goethite, limonite,
more yellow 18.5 cuprite, tenorite, copper,
A—Distinct to strong, pyrite, bornite, chalcocite,
bluish gray, straight covellite, galena, tennantite.
extinction
IR—Not present
Digenite C—Grayish blue R—219 VHN—86-106 Occurs as irregular aggregates
CugSs — Galena, bornite, 19.3 of anhedral grains that con-
Cubic blue PH ~ chalcocite, tain lamellar intergrowths

— Chalcocite, darker
blue

B/P—Not present

A—Isotropic; some-
times with weak

QC—0.277,0.288

galena

with other copper sulfides or
bornite. Also with
chalcopyrite, pyrite,
tetrahedrite, enargite; alters
to covellite.
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Dyscrasite
Ag], Sb
Orthorhombic

Enargite
CU]_ASSd
Orthorhombic

anomalous
anisotropism

IR—Not present

C—White

— Galena, creamy
white

— Silver, slightly
grayer

— Antimony, slightly
creamy

B/P—Weak, white to
creamy white

A—Weak to distinct

IR—Not present

C—Pinkish gray to

pinkish brown in air;

darker in oil

— Bornite, pinkish
white

— Chalcocite, galena,
pinkish to grayish
brown

B/P—Distinct in oil:
(//a) grayish pink
(//b) pinkish gray
(//c) grayish violet

A—Strong. blue. green,

red, orange
IR—Deep red may
occur

R—60.1-62.8
59.7-63.0

QC—0.311,0.319
599

0.313,0.321
62.7

R—24.2-25.2
23.8-25.7

QC—0.303, 0.307
244

0.312,0.314
25.5

VHN—153-179(p)

PH > galena, silver

PH < chalcopyrite

VHN—285-327

PH > galena,
chalcocite,
bornite

PH ~ tennantite

PH < sphalerite

Occurs as euhedral platelike to

square crystals and as
aggregates of anhedral crys-
tals with arsenic, galena,
cobaltite, pyrite. (The “dys-
crasite” of Cobalt, Ontario,
is actually allargentum.)

Occurs as anhedral to

subhedral grains. Cleavage
(110) often seen and usually
untwinned. Occurs with
pyrite, chalcopyrite, bornite,
sphalerite, tennantite,
galena, chalcocite. covellite,
arsenopyrite.

(Continued)



TABLE Al1.2 (Continued)

Note: Information is reported as follows:

Name
Formula
Crystal System

C—Color
B/P—Bireflectance/
pleochroism
A—Anisotropy
IR—Internal Reflections

R—Reflectance at
546 and 589 nm in Air
QC—~Quantitative
Color Coordinates

VHN—Vickers Micro-
hardness at 100g Load
PH—Polishing
Hardness

Mode of Occurrence;
Other Characteristic
Properties

Famatinite
CU3SbS4
Tetragonal

Freibergite
Ag-tetrahedrite
Cubic

Galena
PbS
Cubic

C—Pale pinkish orange
— Enargite, lighter
B/P—Distinct to strong
in oil, orange-brown
to grayish violet
A—Very strong, brown
to gray-green
IR—Not present

C—Gray., faint yellow-
brown tint in oil

— Proustite, brownish

— Galena, grayish
brown

— Sphalerite, lighter

B/P—Not present

A—Isotropic

IR—Brownish red when
visible

C—White, sometimes
with pink tint

— Sphalerite, white

R—24-274

R—33.0
319

QC—0.303,0.313
325

R—429
42.1

VHN—205-397
PH > bornite,
chalcopyrite

PH ~ enargite
PH < sphalerite

VHN—263-340
PH > Ag-sulfosalts

PH < galena,
sphalerite

VHN—59-65(p)

PH > proustite

Occurs as anhedral to

euhedral grains. Poly-
synthetic twinning nearly
always visible, and star-
shaped patterns may occur.
Occurs with enargite,
chalcopyrite, tetrahedrite,
bornite, sphalerite,
chalcocite, pyrite, galena,
proustite, pyrargyrite.

Occurs as irregular masses

and inclusions of anhedral
crystals with, and in,
chalcopyrite, bornite,
argentite, proustite, galena,
silver, Co-Fe-Ni arsenides,
enargite.

Occurs as anhedral masses to

euhedral cubes. The perfect
(100) cleavage usually vis-
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Gersdorffite (IT)
NiAsS
Cubic

Glaucodcot
(Co.Fe)AsS
Orthorhombic

— Tennantite, pinkish

B/P—Not present

A—TIsotroic but weak
anomalous aniso-
tropism may be
visible

IR—Not present

C—White with yellow
or pink tint

— Skutterudite, more
yellow

— Linnaeite, less pink

— Niccolite, bluish

B/P—Not present

A—Isotropic; some
anomalous
anisotropism

IR—Not present

C—White to light
cream

— Arsenopyrite, more
bluish white

B/P—Weak. weaker
than arsenopyrite

A—Distinct. less than
for arsenopyrite

IR—Not present

QC—0.301,0.304
430
R—54.7
549
QC—0.312,0.318
54.7
R—50.0-50.6
50.4-50.7

PH ~ chalcopyrite
PH < tetrahedrite

VHN—844-935(p-sf)

PH > linnaeite
PH ~ loellingite
PH < pyrite

VHN—1.097-1.115(sf)

PH < arsenopyrite,
cobaltite

ible and seen as triangular
pits. Very common and
occurs with wide variety of
common minerals. Often
contains inclusions of
tetrahedrite, Pb-Bi or Pb-Sb
sulfosalts, silver, chalco-
pyrite, sphalerite. May occur
as inclusions in chalco-
pyrite, sphalerite.

Occurs as euhedral crystals

thatmay showzonal growth.
Cleavage (100) common.
Occurs with pyrite, chalco-
pyrite, silver, niccolite,
skutterudite, bismuth,
cobaltite, bornite, uraninite.
Sometimes as pseudo-
eutectic intergrowths with
niccolite, maucherite,
pyrrhotite, chalcopyrite.

Usually occurs as subhedral to

euhedral crystals, often with
inclusions. Associated with
cobaltite, pyrite, arseno-
pyrite, safflorite.
skutterudite, niccolite,
galena. rammelsbergite.
Polishes very well.

(Continued)
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TABLE Al.2 (Continued)

Note: Information is reported as follows:

C—Color
B/P—Bireflectance/ R—Reflectance at VHN—Vickers Micro-
Name pleochroism 546 and 589 nm in Air hardness at 100g Load Mode of Occurrence;
Formula A—Anisotropy QC—~Quantitative PH—Polishing Other Characteristic
Crystal System IR—Internal Reflections Color Coordinates Hardness Properties
Goethite C—Gray, with a bluish R—15.5-17.5 VHN—667 Common in porous colloform
FeO « OH tint 15.0-16.6 bands with radiating fibrous
Orthorhombic — Sphalerite, more PH ~ lepidocrocite texture, or as porous
bluish QC—0.295, 0.299 PH < magpnetite, pseudomorphs after pyrite.
— Hematite, darker 15.5 hematite Nearly always secondary, as
— Lepidocrocite, veins, fracture fillings, or
darker 0.291, 0.296 botryoidal coatings. Occurs
B/P—Weak in air; 17.5 with hematite, pyrite,
distinct in oil but lepidocrocite, pyrite,
often masked by pyrrhotite, manganese-
internal reflections oxides, sphalerite, galena,
A—Distinct, gray-blue, chalcopyrite. Brownish to
gray-yellow, brownish yellowish internal
IR—Brownish yellow reflections help to dis-
to reddish brown tinguish from lepidocrocite.
Gold C—Bright golden yellow R—77.0 VHN—53-58(p) Occurs as isolated grains and
Au — Chalcopyrite, no 88.2 veinlets in many sulfides,
Cubic greenish tint PH > galena especially pyrite, arseno-

B/P—Not present

A—Isotropic but
incomplete extinction

IR—Not present

QC—0.386, 0.388
76.1

PH < tetrahedrite,
chalcopyrite

pyrite, chalcopyrite.
Recognized by its “golden™
color and very high reflec-
tance; addition of silver to



Graphite
C
Hexagonal

Hausmannite
Mn_‘O,;
Tetragonal

Hematite
G.'FE:O]
Hexagonal

LlE

C.B/P—Very strong,
bireflectance from
brownish gray to
grayish black

— Molybdenite, darker

A—Very strong, straw
yellow to brown or
violet gray

IR—Not present

C—Bluish to brownish
gray

— Jacobsite, grayer

— Bixbyite, darker

— Braunite. less brown

B/P—Very distinct in
oil, bluish gray to
brownish gray

A—Strong, yellow
brown to bluish gray

IR—Blood red.
especially in oil

C—Gray-white with
bluish tint

— [Imenite. magnetite,

R—26.4-6.2
27.3-6.3

QC—0.320.0.324
26.6

0.312.0.316
6.2

R—20.2-16.3
20.0-15.8

QC—0.307,0.313
20.2

0.300. 0.306
16.2

R—29.95-26.4
28.9-25.1

VHN—12-16(f) (at 50g)

PH < almost all
minerals

VHN—437-572(cc-f)

PH > manganite,
pyrolusite

PH < jacobsite

PH < bixbyite.
braunite

VHN—1.000-1.100

PH > magnetite

form electrum changes
color to whitish and
increases R%.

Occurs as small plates, laths,

and bundles of blades. Basal
cleavage visible and
undulose extinction com-
mon. Present as isolated
laths in many igneous and
metamorphic rocks: also as
inclusions in sphalerite,
pyrite, magnetite, pyrrhotite.
Much more common than
molybdenite.

Occurs as coarse-grained

equigranular anhedral
crystals, often in veinlets.
Irregular twinning com-
mon. Occurs with other
Mn-oxides and alters to
pyrolusite and psilomelane.

Usually occurs as bladed or

needlelike subparallel or
radiating aggregates.

(Continued)
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TABLE Al.2 (Continued)

Note: Information is reported as follows:

C—Color
B/P—Bireflectance/ R—Reflectance at VHN—Vickers Micro-
Name pleochroism 546 and 589 nm in Air hardness at 100g Load Mode of Occurrence;
Formula A—Anisotropy QC—~Quantitative PH—Polishing Other Characteristic
Crystal System IR—Internal Reflections Color Coordinates Hardness Properties
white QC—0.299. 0.309 PH < pyrite Lamellar twinning com-
— Pyrite, bluish gray 29.7 mon. Also common as
— Goethite, exsolution lenses or
lepidocrocite, white 0.297, 0.308 lamellae in ilmenite or
B/P—Weak 26.1 magnetite, or as a host to
A—Distinct, gray-blue, lamellae of the same. Occurs
gray-yellow with magnetite, ilmenite,
IR—Deep red common pyrite, chalcopyrite, bornite,
rutile, cassiterite, sphalerite.
Idaite C.B/P—Strong R—27-33.6 VHN—176-260 Occurs as hypogene tabular
CusFeS, bireflectance from crystals that occur with
— Cu,FeS, reddish orange or red- PH > covellite covellite, pyrite, or bornite,
Tetragonal brown to yellowish and as supergene alterations
gray of bornite where it occurs as
A—Extreme, green or lamellae and veinlets.
gray-green Recognized by the orangish

IR—Not present

color and the strong
greenish anisotropism. (A
new mineral of composition
close to idaite has been
named “nukundamite.”)



6.€

Ilmenite
FETiO],
Trigonal

Iron

Fe

Cubic

a-Fe = Kamacite
y-Fe = Taenite

C—Brownish with a
pink or violet tint

— Magnetite, darker,
brownish

B/P—Distinct, pinkish
brown, dark brown

A—Strong, greenish
gray to brownish gray

IR—Rare, dark brown

C—White, slight bluish
or yellowish

—Pentlandite, much
whiter

— Cobhenite, slightly
bluish

B/P—Not present

A—TIsotropic

IR—Not present

R—19.2-164
19.6-17.0

QC—0.310.0.311
19.5

0.312,0.309
16.9

R—358.1
58.1

QC—0311,0317
58.1

VHN—566-698(cc-sf)

PH > magnetite
PH < hematite

VHN—110-117(p-sg)

PH < troilite,
magnetite,
cohenite

Occurs as subhedral to

anhedral grains and as “ex-
solution” lamellae or lenses
in hematite or magnetite.
Lamellar twinning com-
mon. Common accessory in
igneous and metamorphic
rocks. Occurs with
magnetite, hematite. rutile,
pyrite, pyrrhotite, chromite,
pentlandite, tantalite.

Common as irregular patches

and drop-like grains in
stony meteorites and as a
major phase in iron
meteorites; extremely rare
on earth. a-Fe contains

< ~6% Ni and is slightly
bluish: y-Fe contains
~27-60% Ni and is slightly
yellowish. (111) inter-
growths of y-Fe and a-Fe
form Widmanstiitten struc-
tures, which are brought
out by etching. Fine
exsolution of cohenite
occurs in a-Fe.

Other associated minerals
include troilite. copper.
schreibersite, ilmenite,

(Continued)
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Note: Information is reported as follows:

Name
Formula
Crystal System

C—Color
B/P—Bireflectance/
pleochroism
A—Anisotropy

IR—Internal Reflections

R—Reflectance at
546 and 589 nm in Air
QC—Quantitative
Color Coordinates

VHN—Vickers Micro-
hardness at 100g Load
PH—Polishing
Hardness

Mode of Occurrence;
Other Characteristic
Properties

Jacobsite
(Mn,Fe Mg)
(Fe,Mn),0,
Cubic

Jamesonite
quFeSbf,S 14
Monoclinic

C—Rose brown to
brownish gray

— Magnetite, braunite,
olive-green

— Hausmannite, less
gray

— Bixbyite, olive-gray

B/P—Not present

A—TIsotropic, sometimes
slight anomalous
anisotropism

IR—Deep red,
especially when Mn-
rich

C—White

— Galena, similar or
slightly greenish

— Stibnite, lighter

B/P—Strong, white to
yellow green

R—21.1
21.2

QC—0.314, 0.323
21.0

R—36.4-44.2
35.6-43.0

QC—0.304,0.313
36.2

VHN—720-813(p-sf)

PH ~ magnetite
PH < braunite

VHN—66-86(p-sf)

PH < galena

chromite. Oxidizes to
hematite, goethite,
lepidocrocite.

Occurs as anhedral grains and
rounded subhedral crystals.
Occurs with, and alters to,
other Fe-Mn minerals such
as goethite, pyrolusite,
hematite, and psilomelane.

Occurs as needle- or lath-like
crystals or bundles.
Cleavage //long dimension
common; often twinned.
Occurs with galena, pyrite,
pyrargyrite, boulangerite,
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Kamacite—See Iron
Kobellite
Pb,(Bi.Sb),S;
Orthorhombic

Lepidocrocite
y-FeO + OH
Orthorhombic

Linnaeite
CO_\S_;
Cubic

A—Strong. gray. tan.
brown, blue

IR—Reddish in Bi-
jamesonite

C—White

— Galena. slightly
darker

B/P—Distinct. greenish
white to violet-gray

A—Distinct. gray to
gray-brown

IR—Not present

C—Grayish white

— Goethite. lighter
and whiter

— Hematite. greenish
tint

B/P—Weak to distinct

A—Strong. gray

IR—Reddish. common

C—Creamy white

— Skutterudite, grayish
white

— Ullmannite,
gersdorffite. creamy
or yellowish

B/P—Not present

A—Ilsotropic

0.304.0.314
437

R—44.8-47.2
44.0-46.2

QC—0.303.0.310
447

0.303. 0.309
47.1

R—I11.6-184
11.1-17.4

QC—0.292.0.297
1.5

0.291.0.277
18.3
R—49.5
49.6

VHN—100-117(sf)

PH > bismuth
PH < galena

VHN—402

PH < goethite

VHN—450-613

PH > chalcopyrite.

sphalerite
PH < pyrite

chalcopyrite. sphalerite.
tetrahedrite. arsenopyrite.

Occurs as granular to tabular

aggregates with well-
developed (010) cleavage.
Commonly twinned. Occurs
with arsenopyrite, pyrite.
pyrrhotite. chalcopyrite.
bismuth. bismuthinite. and
as intergrowths with
tetrahedrite.

Occurs as weathering product

of iron oxides and sulfides
with (but less commonly
than) goethite. Present as
crusts. veinlets. and even as
porous pseudomorphs.

Occurs as euhedral crystals

and subhedral aggregates.
May be intergrown in
lamellar pattern with
millerite. chalcopyrite.
bornite. pyrrhotite. pyrite.
bismuth. covellite. safflorite.
niccolite.

(Continued)
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TABLE Al1.2 (Continued)

Note: Information is reported as follows:

C—Color
B/P—Bireflectance/
Name pleochroism
Formula A—Anisotropy

Crystal System IR—Internal Reflections

R—Reflectance at
546 and 589 nm in Air
QC—Quantitative
Color Coordinates

VHN—Vickers Micro-
hardness at 100g Load
PH—Polishing
Hardness

Mode of Occurrence;
Other Characteristic
Properties

IR—Not present

C—White, with
yellowish tint

— Arsenopyrite, less
yellow

— Rammelsbergite,
safflorite, similar

B/P—Weak but distinct,
bluish white to
yellowish white

A—Very strong, orange-
yellow, red-brown,
blue, green

IR—Not present

C—Pinkish to reddish
gray

— Pyrrhotite, similar

B/P—Moderate to
strong, pinkish tray
to gray

A—Very strong, grayish
white, bluish,

Loellingite
FeAs,
Orthorhombic

Mackinawite
Fe xS
Tetragonal

R—53.4-55.5
51.5-56.3

QC—0.298, 0.304
53l

0.315,0.322
355

R—40.4-16.2
43.0-16.7

VHN—859-920(p-sf)
PH > chalcopyrite,

sphalerite
PH < arsenopyrite

VHN—74-181

PH ~ pyrrhotite

Commonly occurs as inter-
locking to radiating aggre-
gates of euhedral crystals:
sometimes as skeletal
crystals. Commonly
twinned. Usually associated
with other arsenides,
dyscrasite, arsenic, arseno-
pyrite, uraninite, antimony,
chalcopyrite, galena.

Occurs as small wormlike
grains and lamellae (more
rarely as small plates) in
pyrrhotite, chalcopyrite,
cubanite, pentlandite.
Probably much confused
with valleriite, which tends
to have a more pronounced



Maghemite
¥-Fe;0;
Cubic

Magnetite
Fe304
Cubic

w Manganite
& MnO(OH)

brownish
IR—Not present

C—Bluish gray

— Goethite, gray,
lighter

— Hematite, bluish
gray

— Magnetite, bluish

B/P—Not present

A—Isotropic

IR—Rare, brownish
red

C—Gray, with brownish
tint

— Hematite, darker
brown

— Ilmenite, less pink

— Sphalerite, lighter

B/P—Not present

A—TIsotropic, slight
anomalous
anisotropism

IR—Not present

C—Gray to brownish
gray

R—244
22.8
QC—0.293, 0.304
24.1
R—19.9
20.0
QC—0.310,0.315
199
R—14.1-20.5
13.6-19.7

VHN—412(at 50g)

PH > magnetite
PH < hematite

VHN—681-792(p-sf)
PH > pyrrhotite

PH < ilmenite,
hematite, pyrite

VHN—630-743(cc-f)

orange tint to its aniso-
tropism. Most easily found
as “bright” grains under
nearly crossed nicols.

Forms as a rare oxidation

product of magnetite.
Irregularly present in
oxidizing magnetite as
lamellae and porous
patches.

Occurs as euhedral,

subhedral, and even skeletal
crystals and as anhedral
polycrystalline aggregates.
Often contains exsolution or
oxidation lamellae of
hematite; lamellae of
ilmenite and ulvéspinel also
common. Associated with
pyrrhotite, pyrite,
pentlandite, chalcopyrite,
bornite, sphalerite, galena.
Alters to hematite and
goethite.

Occurs as prismatic to

lamellar crystal aggregates

(Continued)
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TABLE Al.2 (Continued)

Note: Information is reported as follows:

C—Color
B/P—Bireflectance/
Name pleochroism
Formula A—Anisotropy

Crystal System IR—Internal Reflections

VHN—Vickers Micro-
hardness at 100g Load
PH—Polishing
Hardness

R—Reflectance at
546 and 589 nm in Air
QC—Quantitative
Color Coordinates

Mode of Occurrence;
Other Characteristic
Properties

— Pyrolusite, darker
gray

B/P—Weak, brownish
gray

A—Strong, yellow,
bluish gray, violet-
gray

IR—BIlood red,
common

C—Yellowish white
with slight pinkish or
greenish tint

— Pyrite, whiter

— Arsenopyrite,
greenish yellow

B/P—Strong, brownish,
yellowish green

A—Strong, blue, green-
yellow, purple-gray

IR—Not present

Monoclinic

Marcasite
F882
Orthorhombic

PH < hausmannite,
QC—0.303,0.313 jacobsite

14.0

0.301, 0.311
20.3

R—49.1-56.2 VHN—1,288-1.681(f)
49.5-55.0
PH ~ pyrite
QC—0.319,0.329
48.6

0.317,0.333
55.3

often intergrown with
pyrolusite and psilomelane.
Cleavage on (010) and (110)
may be visible. Commonly
twinned. Occurs also with
hausmannite, braunite,
goethite.

Occurs as subhedral to
lamellar intergrowths with
pyrite as euhedral crystals.
Also occurs as radiating
colloform bands. Com-
monly twinned. Forms as
hypogene crystals and as
supergene veinlets in
pyrrhotite and iron oxides.
Often with pyrite but also
occurs with most other
common sulfides. Blue to
yellowish anisotropism is
diagnostic.



S8e

Maucherite
Ni; Asg
Tetragonal

Mawsonite
Cu,;Fe,SnS
Tetragonal

Miargyrite
AgSbS,
Monoclinic

C—White

— Cobaltite, similar

— Loellingite, brownish
gray

— Breithauptite, bluish
gray

B/P—Not observed

A—Weak to distinct in
oil, gray

IR—Not present

C—Brownish orange

B/P—Strong, orange to
brown

A—Very strong, straw-
yellow to royal blue

IR—Not present

C—White in air: bluish
tint in oil

— Galena. darker with
green-gray tint

— Freibergite, bluish

— Pyrargyrite. whiter

B/P—Moderate. white,
bluish gray

A—Strong. blue-gray to
brownish but masked
by internal reflections

IR—Deep red

R—48.4-49.6
50.9-52.0

R—269-29.7
29.1-35.1

QC—0.339, 0.340
27.3

0.373,0.365
304

R—31.6-34.5
30.05-32.8

QC—0.293,0.302
314

0.294, 0.303
34.2

VHN—623-724(p)

PH > chalcopyrite.

sphalerite
PH < safflorite,
loellingite

VHN—166-210

PH > bornite

VHN—88-130

PH > pyrargyrite
PH < stephanite.
galena

Commonly occurs as euhedral

crystals and anhedral
aggregates: may be twinned.
May be intergrown with
niccolite or gersdorffite.
Also occurs with chalco-
pyrite. cubanite. siegenite.

Occurs as irregular inclusions

in, or associated with,
bornite. Also associated
with chalcopyrite,
chalcocite. tetrahedrite.
pyrite, galena, enargite,
stannite.

Occurs as granular anhedral

aggregates (sometimes
twinned) with sphalerite,
galena, tetrahedrite,
pyrargyrite. silver,
polybasite. stephanite.



g TABLE Al.2 (Continued)

Note: Information is reported as follows:

C—Color
B/P—Bireflectance/ R—Reflectance at VHN—Vickers Micro-
Name pleochroism 546 and 589 nm in Air hardness at 100g Load Mode of Occurrence;
Formula A—Anisotropy QC—~Quantitative PH—Polishing Other Characteristic
Crystal System IR—Internal Reflections Color Coordinates Hardness Properties
Millerite C—Yellow R—50.2-56.6 VHN—192-376 Occurs as radiating aggregates
NiS — Chalcopyrite, lighter, 51.9-59.05 and as anhedral granular
Trigonal not greenish PH > chalcopyrite masses. Also common as
— Linnaeite, QC—0.328,0.339 PH < pentlandite oriented intergrowths with
pentlandite, yellower 504 linnaeite, violarite,
B/P—Distinct in oil, pyrrhotite. Twinning and
yellow to blue or 0.340, 0.354 cleavage (1011) often visible.
violet 56.2 Usually associated with Ni-
A—Strong, lemon- bearing sulfides, often as a
yellow to blue or replacement or alteration
violet phase.
IR—Not present
Molybdenite C.B/P—Extreme R—38.5-19.5 VHN—8-100 Usually occurs as small, often
MoS, bireflectance, white 38.8-19.0 32-33(f) deformed plates and
Trigonal to gray with bluish // cleavage irregular inclusions; more
tint QC—0.298, 0.299 rarely as rosettes or collo-
— Graphite, lighter 393 PH < almost all form bands. Cleavage

A—Very strong, white
with pinkish tint;
dark blue if polars
not completely
crossed

IR—Not present

minerals

(0001): twinning and
undulatory extinction very
common. Often in veins
with pyrite, chalcopyrite,
bornite, cassiterite,
wolframite, bismuth, bis-



18¢

Niccolite (nickeline)
NiAs
Hexagonal

Orpiment
As;S;

Monoclinic

C.B/P—Strong bireflec-
tance, yellowish pink
to brownish pink

— Maucherite,
skutterudite, bismuth,
arsenic, more pink

— Breithauptite,
pinkish yellow

A—Very strong, yellow,
greenish violet-blue,
blue-gray

IR—Not present

C—Gray

— Realgar, slightly
lighter

— Sphalerite, lighter

B/P—strong

Air: (//a) white: (//b)
dull gray, reddish;

(//c) dull gray-white;

oil: (//a) gray-white;
(//b) dark gray:
(//c) gray-white

R—51.4-46.1
55.7-52.3

QC—0.335.0.334
524

0.346, 0.341
47.7

R—23.0-27.5
22.1-26.7

QC—0.294. 0.296
27.6

0.290, 0.292
23.1

VHN—363-372

PH > chalcopyrite

PH ~ breithauptite

PH < skutterudite,
pyrite

VHN—22-58

PH > realgar

muthinite, but may occur
in many sulfides. Softness,
bireflectance, and aniso-
tropism allow confusion
only with graphite.

Occurs as isolated subhedral

and euhedral crystals, as
anhedral aggregates, as con-
centric bands. and as com-
plex intergrowths (with
pyrrhotite, chalcopyrite,
maucherite). Commonly
intergrown with arsenides.
Often twinned and in
radial aggregates.

Occurs as tabular interlocking

anhedral masses and as
needle- or lath-like crystals.
Often formed on realgar:;
also with stibnite. arseno-
pyrite, arsenic. pyrite.
enargite, sphalerite,
loellingite.

(Continued)
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TABLE Al1.2 (Continued)

Note: Information is reported as follows:

Name
Formula
Crystal System

C—Color
B/P—Bireflectance/
pleochroism
A—Anisotropy
IR—Internal Reflections

R—Reflectance at
546 and 589 nm in Air
QC—Quantitative
Color Coordinates

VHN—Vickers Micro-
hardness at 100g Load
PH—Polishing
Hardness

Mode of Occurrence;
Other Characteristic
Properties

Pararammelsbergite
NiAs,
Orthorhombic

Pearcite

AgisAs; Sy
Monoclinic

A—Strong; in oil
masked by internal
reflections

IR—Abundant and
intense; white to
yellow

C—Whiter than
associated Co-Ni-Fe
arsenides

B/P—Very weak to
distinct; yellowish
to bluish white

A—Strong, but less than
rammelsbergite and
without blue

IR—Not present

C—Gray

— Pyrargyrite, darker
brownish

— Tetrahedrite, similar

B/P—Air: weak; oil:
distinct, green to gray

R—58.9-59.7
58.6-60.5

QC—0.310,0.318
58.8

0.314,0.319
59.9

R—29.1-32.2
29.0-314

QC—0.301,0.303
294

VHN—681-830(p-sf)

PH > niccolite
PH < skutterudite

VHN—180-192(sf)

PH > argentite
PH ~ pyrargyrite
PH < stephanite

Occurs as tabular crystals with
rectangular outlines and as
mosaics of intergrown crys-
tals. May be zoned but
rarely twinned. Occurs with
rammelsbergite, niccolite,
skutterudite, gersdorffite,
cobaltite, silver, pyrite,
proustite.

Forms complete solid solution
with polybasite. Occurs as
platelike to equant grains
with (or in) galena, tetra-
hedrite, sphalerite, pyrite.
Untwinned. Other



Pentlandite
(Fe,Ni)ySg
Cubic

Platinum
Pt
Cubic

Polybasite
Ag;6Sb,S

with violet tint
A—Air: moderate; oil:
strong, blue, gray,
yellow-green, brown
IR—Deep red,
abundant

C—Light creamy to
yellowish

— Pyrrhotite, lighter

— Linnaeite, darker,
not pinkish

B/P—Not visible

A—Isotropic

IR—Not present

C—White

B/P—Not observed

A—TIsotropic but
incomplete extinction

IR—Not present

C—Gray
— Galena, darker

0.303,0.310
320

R—46.5
49.0

QC—0.332,0.339
469

R—69.7
71.0

QC—0.318,0.326
69.8

R—30.7-32.5
30.0-314

associates include

stephanite, pyrargyrite,

stromeyerite, argentite,

chalcopyrite. May be light

etched.

VHN—268-285(sf) Generally occurs as granular

veinlets or as “flames” or
lamellae in pyrrhotite; less
commonly in chalcopyrite.
Other associated minerals
include magnetite, pyrite,
cubanite, mackinawite.
Alters to violarite and
millerite along cracks and
grain boundaries.

Occurs as isolated euhedral to
subhedral crystals; some-
times zones or with ex-
solution laths of iridium
and osmium. Small grains
of other platinum minerals
may be present. Chromite,
pyrrhotite, magnetite,
pentlandite, chalcopyrite
may be associated.

PH > chalcopyrite
PH < pyrrhotite

VHN—297-339(cc-sf)

PH > sphalerite
PH < pyrrhotite

VHN—108-141 Forms complete solid solution

with pearcite. (See remarks

(Continued)
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TABLE Al.2 (Continued)

Note: Information is reported as follows:

C—Color
B/P—Bireflectance/ R—Reflectance at VHN—Vickers Micro-
Name pleochroism 546 and 589 nm in Air hardness at 100g Load Mode of Occurrence;
Formula A—Anisotropy QC—AQuantitative PH—Polishing Other Characteristic
Crystal System IR—Internal Reflections Color Coordinates Hardness Properties
Monoclinic — Pyrargyrite, darker PH > argentite for pearcite; polybasite
brownish QC—0.300. 0.308 PH ~ pyrargyrite occurrences are similar but
— Tetrahedrite, similar 30.6 PH < stephanite are more likely in Sb-rich
B/P—Air: weak; oil: environments.)
distinct, greey to gray 0.302,0.314
with violet tint 322
A—Air: moderate; oil:
strong, blue gray,
yellow-green, brown
IR—Deep red,
abundant
Proustite C—Bluish gray R—24.2-27.7 VHN—70-105(p-sf) Forms complete solid
AgiAsS; — Pyrargyrite, darker 23.1-26.3 (at 25g) solutions with pyrargyrite.
Trigonal B/P—Distinct, Same characteristics as
yellowish, bluish gray QC—0.287, 0.288 PH ~ pyrargyrite pyrargyrite except found in
A—Strong, masked by 242 more As-rich environments.
internal reflection
IR—Always, scarlet red 0.289, 0.292
21.7
Psilomelane C—Bluish gray to R—15-30 VHN—203-813 Commonly occurs as

General name for

grayish white

botryoidal masses of very
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massive, hard
manganese oxides

Pyrargyrite
Ag;SbS;

Trigonal

Pyrite
FBS;
Cubic

— Pyrolusite, darker
— Braunite, manganite,
jacobsite,
hausmannite,
bixbyite, lighter
B/P—Strong, white to
bluish gray
A—Strong, white to
gray
IR—Occasional, brown
C—Bluish gray
— Proustite, slightly
lighter
— Galena, grayish blue
B/P—Distinct to strong
A—Strong, gray to dark
gray; in oil, masked
by internal reflections
IR—Intense red

C—Yellowish white

— Marcasite, yellower

— Arsenopyrite,
creamy yellow

— Chalcopyrite, lighter

B/P—Not present

A—Often weakly
anisotropic, blue-
green to orange-red

IR—Not present

R—30.3-28.5
28.4-26.5

QC—0.287,0.295
30.2

0.289, 0.289
217

R—51.7
53.5

QC—0.327,0.335
517

VHN—107-144
(at 50g)
66-87
(// cleavage)

PH > polybasite
PH < galena

VHN—1,505-1.620(f)

PH > arsenopyrite,
marcasite
PH < cassiterite

fine acicular crystals in
concentric layers; often
intergrown with pyrolusite
and cryptomelane.
Associated with other Mn-
oxides.

Forms complete solution with

proustite. Occurs as
irregular grains and
aggregates. May be twinned
and zoned. Often with
galena, Sb-sulfosalts, pyrite,
sphalerite, chalcopyrite,
tetrahedrite, arsenopyrite,
Ni-Co-Fe arsenides.

The most abundant sulfide;

occurs as euhedral cubes
and pyritohedra, anhedral
crystalline masses, and
colloform bands of very fine
grains. Growth zoning,
twinning, and anisotropy of
hardness may be visible.
Occurs in nearly all ore
types and with most com-
mon minerals. Hardness,

(Continued)



TABLE Al.2 (Continued)

Note: Information is reported as follows:

Name
Formula
Crystal System

C—Color
B/P—Bireflectance/
pleochroism
A—Anisotropy
IR—Internal Reflections

R—Reflectance at
546 and 589 nm in Air
QC—Quantitative
Color Coordinates

VHN—Vickers Micro-
hardness at 100g Load
PH—Polishing
Hardness

Mode of Occurrence;
Other Characteristic
Properties

Pyrolusite
Mﬂ02
Tetragonal

Pyrrhotite
Fe|_xs
Hexagonal
(~ FegSyp)
Monoclinic
(~ Fe;Sg)
FeS is troilite

C—Creamy white

— Magnetite, hematite,
yellowish

— Manganite, white

B/P—Distinct in oil,
yellowish white to
gray-white

A—Very strong,
yellowish, brownish,
blue

IR—Not present

C—Creamy pinkish
brown

— Pentlandite,
darker

— Cubanite, more
pinkish

B/P—Very distinct,
creamy brown to
reddish brown

R—29.0-40.0
28.1-39.3

R—36.3-40.1
Hex
38.6-42.0

36.3-414
Mono
38.6-434

VHN—146-243(f)

PH—Very variable
depending on grain
size and orientation

VHN—Hex:
230-259(p)
(anisotropic
sections)
280-318(p)
(isotropic
sections)
Mono:
373-409(p)

yellowish white color and
abundance usually
diagnostic.

Occurs as coarse-grained
tabular crystals or as
banded aggregates.
Cleavage(110)and twinning
may occur. Very fine-
grained material may be
intergrown with psilo-
melane, hematite, Fe-
hydroxides. Also associated
with manganite, braunite,
magnetite, bixbyite.

Usually occurs as anhedral
granular masses. Not infre-
quently twinned, especially
where stressed. Lamellar
exsolution intergrowths of
hexagonal and monoclinic
forms are common;
weathering of hexagonal
pyrrhotite yields a rim of



Rammelsbergite
NiAs,
Orthorhombic

Realgar
AsS
Monoclinic

A—Very strong, yellow-
gray, grayish blue
IR—Not present

C—White, more so than
other Ni-Co-Fe
arsenides

B/P—Very weak in air;
distinct in oil,
yellowish to bluish

A—Strong, pinkish.
brownish, greenish,
bluish

IR—Not present

C—Dull gray

— Orpiment, slightly
darker

— Sphalerite, similar

— Cinnabar. darker

B/P—Weak but distinct;
gray with reddish to
bluish tint

R—56.8-60.9
56.9-60.7

QC—0.311,0317
56.8

0.309,0.316
60.7

R—22.1
209

QC—0.288.0.294
221

PH > chalcopyrite
PH ~ pentlandite
PH < pyrite

VHN—630-758(p)
PH ~ skutterudite,

PH < safflorite,
loellingite

VHN—47-60

PH < orpiment

monoclinic pyrrhotite
(usually slightly lighter in
color). In Ni-ores, exsolved
lamellae and “flames™ of
pentlandite are common.
Also often contains
mackinawite lamellae.
Occurs with most other
common sulfides. Troilite
occurs in meteorites usually
as anhedral, equigranular
masses with iron.

Occurs as fine-grained

aggregates of interlocking
crystals; often in zonal,
spherulitic, radiating, and
fibrous textures. Commonly
with simple or complex
twinning. May be inter-
grown with niccolite and
Co-Ni-Fe arsenides; some-
times overgrowths on den-
drites of silver or bismuth.
Very similar to safflorite.

Occurs as irregular platelike

masses with orpiment. Also
associated with stibnite,
arsenopyrite, pyrite, arsenic,
As-sulfosalts, tennantite,
enargite, proustite.

(Continued)



TABLE Al1.2 (Continued)

Note: Information is reported as follows:

Name
Formula

Crystal System

C—Color
B/P—Bireflectance/
pleochroism
A—Anisotropy
IR—Internal Reflections

R—Reflectance at
546 and 589 nm in Air
QC—Quantitative
Color Coordinates

VHN—Vickers Micro-
hardness at 100g Load
PH—Polishing
Hardness

Mode of Occurrence;
Other Characteristic
Properties

Rutile
TiO,
Tetragonal

Safflorite
(Co,Fe,Ni) As,
Orthorhombic

A—Strong; in oil
masked by internal
reflections

IR—Abundant and
intense; yellowish red

C—Gray, faint bluish
tint

— Magnetite, chromite,
similar

— [Imenite, no
brownish tint

— Cassiterite, lighter

B/P—Distinct

A—Strong but masked
by internal reflections

IR—Strong, abundant,
white, yellowish,
reddish brown

C—White with a bluish
tint

— Bismuth, bluish

— Silver, grayish white

R—19.7-23.1
19.2-22.6

QC—0.298, 0.303
19.7

0.301, 0.306
23.0

R—54.1-54.6
53.8-53.5

QC—0.310,0.317

VHN—894-974(p-sf)

PH > ilmenite
PH < hematite

VHN—792-882(p-sf)

PH > skutterudite
PH < loellingite

Occurs as euhedral to sub-
hedral needlelike to colum-
nar crystals; frequently with
hematite. Associated with
Ti-hematite, Ti-magnetite,
ilmenite, tantalite. Common
in hydrothermally altered
rocks.

Occurs as radiating masses of
anhedral to subhedral crys-
tals in concentric layers
with other arsenide
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Scheelite
CaWOs;,

Schreibersite
(Fe,Ni);P
Tetragonal

Siegenite
(CO.Ni }3 S4
Cubic

B/P—Very weak. bluish
to gray

A—Strong

IR—Not present

C—Gray-white; darker
in oil

— Gangue, similar in
air; lighter in oil

B/P—Not observed

A—Distinct but masked
by internal reflections

IR—Common, white

C—White in air; with
brownish pint tint in
oil

— Cohenite, lighter

— Iron, similar

B/P—1In oil distinct,
pinkish brown to
yellowish

A—Weak but distinct
in oil

IR—Not present

C—Creamy white with
slight pink tinge

— Cattierite, less
pinkish

B/P—Not present

A—Isotroic

IR—Not present

539

0.304, 0.311
54.3

R—9.8-10.1
9.7-10.0

QC—0.305, 0.309
9.8

0.305,0.310
10.2

R—46.7
48.5

QC—0.320,0.324
473

VHN—383-464(f)

PH < wolframite

VHN—~ 125

PH > cohenite
PH ~ iron

VHN—459-548(p-sf)

PH ~ linnaeite

minerals. Also present as
euhedral crystals and as
starlike triplets. Commonly
twinned.

Occurs as equant to lath-like
polycrystalline aggregates,
often as a partial replace-
ment of wolframite. Also
intergrown with Fe-oxides,
huebnerite, ferberite,
cassiterite. Fluoresces pale
blue to yellow under
ultraviolet light.

Occurs asoriented needle- and
tablet-like inclusionsinironin
meteorites.

Occurs as euhedral and
subhedral crystals and
anhedral polycrystalline
aggregates. Associated with
Cu- and Cu-Fe sulfides,
pyrite, vaesite, cattierite,
uraninite.

(Continued)



TABLE Al.2 (Continued)

Note: Information is reported as follows:

Name
Formula

Crystal System

C—Color
B/P—Bireflectance/
pleochroism
A—Anisotropy
IR—Internal Reflections

R—Reflectance at
546 and 589 nm in Air
QC—Quantitative
Color Coordinates

VHN—Vickers Micro-
hardness at 100g Load
PH—Polishing
Hardness

Mode of Occurrence:
Other Characteristic
Properties

Silver
Ag
Cubic

Skutterudite
(Co,Ni)As,;
Cubic

Sphalerite
(Zn,Fe)S
Cubic

C—Bright white with
creamy tint; tarnishes
rapidly

— Antimony, arsenic,
brighter and creamy

B/P—Not present

A—TIsotropic: fine
scratches often look
anisotropic

IR—Not present

C—Cream-white to
grayish white, often
in zones

— Cobaltite, white

— Safflorite, yellowish

B/P—Not present

A—Isotropic; some-
times anomalous
weak anisotropism

IR—Not present

C-Gray, sometimes with
brown tint
— Magnetite, darker

R—93.3
939
QC—0.316,0.324
929
R—55.2
54.6
QC—0.307,0314
55.1
R—16.6
16.3

VHN—60-65
PH > proustite,

galena
PH < tetrahedrite

VHN—606-824(f)
PH ~ safflorite
PH > linnaeite

PH < arsenopyrite,
pyrite

VHN—138-160(cc-sf)

PH > chalcopyrite,

Occurs as irregular masses,

veinlets, and inclusions,
and as dendrites within
arsenides. Incomplete
extinction, tarnishes rapidly.
Lamellar intergrowths with
allargentum. Also with Ag-
sulfosalts, Bi, argentite,
galena, Cu-sulfides, Co-Fe-
Ni arsenides.

Commonly and characteris-

tically occurs as radial
blade-like crystals with well-
developed growth zoning.
Also as euhedral single
crystals. May be intergrown
with niccolite, bismuth,
other Co-Fe-Ni arsenides;
often present in Ag-Bi-U
mineralization.

Very common in many ore

types. Occurs as irregular
anhedral masses with pyrite,
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Stannite
Cu,FeSnS,
Tetragonal

B/P—Not present

A—Isotropic; some-
times weak
anomalous
anisotropism

IR—Common, yellow-
brown to reddish
brown

C—Brownish olive-
green

— Tetrahedrite, darker
brownish gray

— Sphalerite, lighter.
yellow-brown to
olive-green

B/P—Distinct, light
brown to brown-
olive-gray

A—Moderate, yellow-
brown, olive-green,
violet-gray

IR—Not present

QC—0.301, 0.306
16.6

R—27.3-26.0
27.3-26.1

QC—0.316,0.326
211

0.321.0.333
25.8

tetrahedrite
PH < pyrrhotite,
magnetite

VHN—140-326

PH > chalcopyrite
PH ~ tetrahedrite
PH < sphalerite

galena, chalcopyrite,
pyrrhotite. Polishes well
and is often featureless
except for internal reflec-
tions. Also commonly con-
tains rows of (or randomly
dispersed) inclusions of
chalcopyrite, pyrrhotite,
galena, and less commonly,
stannite. Common growth
zoning of light and dark
bands only visible in
polished thin sections.
Closely resembles
magnetite except for
internal reflections and
absence of cleavage.

Occurs as anhedral grains,
granular aggregates, and as
oriented intergrowths with
sphalerite, chalcopyrite, and
tetrahedrite. Cleavage may
be visible; compound twin-
ning, sometimes in micro-
line pattern, common. In
many ore types, as a minor
phase, but common with
bismuth and tungsten
minerals.

(Continued)



TABLE A1.2 (Continued)

Note: Information is reported as follows:

C—Color
B/P—Bireflectance/ R—Reflectance at VHN—Vickers Micro-
Name pleochroism 546 and 589 nm in Air hardness at 100g Load Mode of Occurrence;
Formula A—Anisotropy QC—~Quantitative PH—Polishing Other Characteristic
Crystal System IR—Internal Reflections Color Coordinates Hardness Properties
Stephanite C—Gray with pinkish R—28.1-30.4 VHN—26-124 Occurs as anhedral aggregates
AgsSbS, violet tint 27.5-29.7 and euhedral columnar
Orthorhombic — Galena, darker, PH < tetrahedrite crystals. Compound twin-
pinkish QC—0.299, 0.303 PH > polybasite, ning is common. Occurs
— Polybasite, 283 pyrargyrite with silver sulfosalts,
pyrargyrite, lighter Ni-Co-Fe arsenides, and
B/P—Weak but distinct, 0.301, 0.307 common Cu-Fe sulfides.
gray to pinkish gray 30.5
A—Strong in oil, violet
to green
IR—Not present
Stibnite C—White to grayish R—31.1-48.1 VHN—42-153 Occurs as granular aggregates
Sb,S, white 30.1-45.2 71-86 on (010) and lath-like crystals that
Orthorhombic — Bismuthinite, darker section (sf) often exhibit deformation
— Antimony, grayish QC—(a) 0.301, 0.309 textures, pressure twinning,
B/P—Strong, grayish 41.8 PH > orpiment and undulatory extinction.
white to white (b) 0.306, 0.317 PH < chalcopyrite Associated with pyrite,
A—Very strong, often 30.6 pyrrhotite, sphalerite,
undulose, blue, gray, (c) 0.294, 0.305 chalcopyrite, and Sn, As,
brown, pinkish brown 473 and Hg minerals.
IR—Not present
Stromeyerite C—Gray with violet R—26.6-30.9 VHN—30-32(sf) Occurs as a hypogene phase
AgCuS pinkish tint 26.3-29.5 in granular aggregates and
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Orthorhombic

Sylvanite
(Au,Ag)Te,
Monoclinic

Tennantite

Cu)pAsS);

Cubic

(May contain Fe, Zn,
Sb, etc.)

— Chalcocite, lavender-
gray

B/P—Weak but distinct
in oil, gray-brown to
light gray with blue
or pink tint

A—Strong, light violet,
purple, brown,
orange-yellow

IR—Not present

C—Creamy white

— Galena, lighter

B/P—Distinct, creamy
white to brownish

A—Strong, light bluish
gray to dark brown

IR—Not present

C—Gray; sometimes
with greenish or
bluish tint

— Galena, chalcocite
greenish

— Pearcite, similar

B/P—Not present

A—TIsotropic

IR—Common, reddish

QC—0.302, 0.305
26.7

0.286, 0.286
31.0

R—52.5-63.0
52.5-62.9

QC—0.316, 0.326
524

0.315,0.325
62.7
R—30.1
28.6

QC—0.300, 0312
29.6

PH < galena,
chalcocite

VHN—154-172(f)

PH > argentite
PH < pyrargyrite

VHN—294-380

PH > galena
PH ~ chalcopyrite
PH < sphalerite

as a supergene phase in
small veinlets. Often inter-
grown with other silver
minerals, the common Cu-
Fe and Fe sulfides, and
sphalerite.

Occurs as skeletal blades.

Well-developed cleavage
and characteristic poly-
synthetic twins. Often inter-
grown with other gold-
tellurides and associated
with gold, galena, argentite,
sphalerite, bornite,
chalcopyrite, pyrite, Sb-,
As- and Bi-sulfides.

Forms complete solid solution

with tetrahedrite. Occur-
rences the same as for
tetrahedrite except in more
As-rich environments.

(Continued)
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TABLE Al.2 (Continued)

Note: Information is reported as follows:

C—Color
B/P—Bireflectance/ R—Reflectance at VHN—Vickers Micro-
Name pleochroism 546 and 589 nm in Air hardness at 100g Load Mode of Occurrence;
Formula A—Anisotropy QC—~Quantitative PH—Polishing Other Characteristic
Crystal System IR—Internal Reflections Color Coordinates Hardness Properties
Tenorite C—Air: gray to gray- R—20.4-27.5 VHN—190-300(cc-f) Occurs as aggregates of
CuO white 20.2-27.0 acicular crystals and as
Monoclinic B/P—Oil: strongly PH > chalcocite concentrically grown
pleochroic QC—0.305,0.310 PH < goethite, cuprite aggregates. May be twinned
— Cuprite, brownish 204 in lamellar fashion.
bluish Usually occurs with other
— Chalcocite, brownish 0.309,0.319 oxides of Cu and Fe in
— Goethite, lighter, 21.3 weathering zone.
yellowish
A—Strong, blue to gray
IR—Not present
Tetradymite C—White with creamy R—60.5-54.8 VHN—25-76 Occurs as tabular plates and
Bi,Te,S tint 60.4-55.3 granular aggregates. Basal
Trigonal — Chalcopyrite, lighter PH > bismuth cleavage common; twinning
— Galena, yellowish QC—0.314,0.323 PH < galena rare. Intergrowths with
B/P—Weak 60.1 tellurobismuthinite,
A—Distinct, bluish gray bismuth. Also occurs with
to yellow gray 0.315,0.322 common Cu-Fe and Fe sul-
IR—Not present 54.6 fides, galena, gold, and Pb-
Bi sulfosalts.
Tetrahedrite C—Gray with olive or R—325 VHN—312-351 Forms complete solid solution
Cu,,SbS;5 brownish tint 321 with tennantite. Irregular
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Cubic

(May contain Fe,
Zn, Ag, As, Hg,
etc.)

Troilite—See Pyrrhotite
Ullmannite

NiSbS

Cubic

Ulvtspinel
FezTio,;
Cubic

— Galena, brownish or
greenish

— Chalcocite, blue-gray

— Sphalerite, lighter

B/P—Not present

A—Isotropic

IR—Uncommon,
increasingly common
as As-content
increases, reddish

C—White with bluish
tint

— Gersdorffite, less
yellow

— Skutterudite, more
yellow

— Linnaeite, white

B/P—Not present

A—Isotropic

IR—Not present

C—Brown to reddish
brown

— Magnetite, darker
brown

— //e of ilmenite,
similar

QC—0.310,0.319
322

(Note R% and color

varies with
composition)

R—473
47.0

QC—0.308,0.314
473

R—15.3
16.1

QC—0.315,0.311
15.7

PH > galena
PH ~ chalcopyrite

PH < sphalerite

(Note hardness varies
with composition)

VHN—592-627(p)
PH > linnaiete

PH ~ gersdorffite
PH < pyrite

VHN—~ 650

PH > magnetite

masses of anhedral grains
interstitial to common Cu-
Fe-, Fe-sulfides, sphalerite,
galena, arsenopyrite, and
sulfosalts. Cleavages, twin-
ning usually absent, but
growth zoning may be
visible in thin section,
especially in more As-rich
members. Also occurs as
rounded inclusions in
galena and sphalerite.

Occurs as dispersed subhedral

to euhedral crystals.
Cleavage (100) may be
visible, and triangular
cleavage pits occasionally
seen. A minor phase in a
variety of ores but usually
associated with Cu-Fe
sulfides and other Co-Fe-Ni
antimonides and arsenides.

Usually observed as very fine,

dark isotropic exsolution
lamellae in Ti-magnetite,
giving a “cloth weave”
texture. More rarely as
octahedral crystals and as a

(Continued)
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TABLE Al1.2 (Continued)

Note: Information is reported as follows:

C—Color
B/P—Bireflectance/ R—Reflectance at VHN—Vickers Micro-
Name pleochroism 546 and 589 nm in Air hardness at 100g Load Mode of Occurrence;
Formula A—Anisotropy QC—~Quantitative PH—Polishing Other Characteristic
Crystal System IR—Internal Reflections Color Coordinates Hardness Properties
B/P—Not present matrix containing oriented
A—Isotropic cubes of magnetite.
IR—Not present Associated with ilmenite
and magnetite.
Uraninite C—Brownish gray R—13.6 VHN—499-548(sf) Occurs as growth-zoned
UQ,, usually partly — Magnetite, less pink 13.6 (at 50g) crystals and as colloform,
oxidized — Sphalerite, brownish oolitic, and dendritic
Cubic B/P—Not present QC—0.305,0.309 PH > magnetite masses. (111) twinning
A—Isotropic 13.7 PH < pyrite common and (100) and
IR—Dark brown to (111) cleavage may occur.
reddish brown Often with pyrite, Cu-Fe
sulfides, and other uranium
minerals; may contain
inclusions of gold.
Valleriite C,B/P—Very strong R—20.5-10.3 VHN—30 Occurs as veinlets, interstitial
(Fe.Cu)s, bireflectance and 22.9-10.3 fillings, and tiny inclusions
(Mg,Al)OH), pleochroism, bronze PH > chalcopyrite in and around chalcopyrite,
Hexagonal to gray QC—0.357,0.361 PH ~ cubanite pyrrhotite, pentlandite,
A—Extreme, white to 209 PH < pyrrhotite magnetite. Polishes poorly;
gray-bronze with has a characteristic bi-
satin-like texture 0.307,0.312 reflectance and pleo-
IR—Not present 10.3 chroism. The bronze
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Violarite
FeNi;S4
Cubic

Wolframite
(Fe.Mn)WO,
Monoclinic

C—Brownish gray with
violet tint

— Pentlandite, darker.
violet tint

— Pyrrhotite, lighter

— Millerite, brownish
violet

B/P—Not present

A—Isotropic

IR—Not present

C—Air: gray to white:
oil: gray with brown
or yellow tint

— Sphalerite. similar

— Magnetite, darker

— Cassiterite, lighter

B/P—Weak

A—Weak to distinct,
yellow to gray

IR—Deep red.

R—453
46.9

QC—0.320,0.322
46.0

R—15.2-16.3
15.1-16.2

QC—0.303. 0.307
15.3

0.303, 0.306
16.4

VHN—241-373

PH > chalcopyrite,

sphalerite
PH ~ pentlandite
PH < pyrrhotite

VHN—319-390(cc)

PH > magnetite.
scheelite

PH < pyrite.
arsenopyrite

anisotropy appears in a
satin-like wavy pattern.
Much confused with
mackinawite, which tends
to have a sharper extinction
and less of an orange color
or satin-like texture under
crossed nicols.

Most commonly occurs as a

porous alteration product
along grain boundaries and
fractures of pentlandite,
pyrrhotite. and millerite.
Hypogene violarite occurs
as equant anhedral grains
with pyrite. millerite,
pyrrhotite. Sometimes as
fine lamellar intergrowths
with millerite and
chalcopyrite.

Occurs as euhedral platelets

and as masses of interpene-
trating laths. Cleavage dis-
tinct: twinning common.
Often associated with
scheelite, arsenopyrite,
chalcopyrite. molybdenite,
bismuth. bismuthinite, gold,
and cassiterite.

(Continued)
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TABLE Al1.2 (Centinued)

Note: Information is reported as follows:

Name
Formula
Crystal System

C—Color
B/P—Bireflectance/
pleochroism
A—Anisotropy
IR—Internal Reflections

R—Reflectance at
546 and 589 nm in Air
QC—Quantitative
Color Coordinates

VHN—Vickers Micro-
hardness at 100g Load
PH—Polishing
Hardness

Mode of Occurrence;
Other Characteristic
Properties

Zincite
ZnO
Hexagonal

especially in oil
C—Pinkish brown
B/P.,A—Masked by
internal reflections
IR—Abundant, red to
yellowish

R—11.1-113
10.8-11.1

QC—0.299, 0.304
11.1

0.299, 0.303
113

VHN—205-221(cc-sg)

PH < franklinite,
hausmannite

Occurs as rounded grains;
cleavage (0001) may be vis-
ible. Forms oriented inter-
growths with hausmannite.
Associated with franklinite.




APPENDIX 2

CHARACTERISTICS OF
COMMON ORE MINERALS

TABLE A2.1 The Common Ore Minerals in Order of Increasing Mininum Reflectance

(in Air) at 546 nm

Mineral R% Mineral R%

Reflectance Between | and 10%
Graphite 6.2-26.4 Chalcophanite 9.1-27.0
Covellite 6.6-23.7 Scheelite 9.8-10.2
Coffinite 79- 8.0

Reflectance Between 10 and 20%
Graphite 6.2-26.4 Psilomelane ~15-30
Covellite 6.6-23.7 Wolframite group 15.2-16.3
Chalcophanite 9.1-27.0 Columbite-tantalite 153-174
Scheelite 9.8-10.1 Ulvéspinel 15.5
Valleriite 10.3-20.5 Goethite 15.5-17.5
Cassiterite 10.7-12.2 Hausmannite 16.3-20.2
Zincite 11.1-11.3 Ilmenite 16.4-19.2
Lepidocrocite 11.6-18.4 Sphalerite 16.6
Chromite 13.5 Braunite 18.9-19.9
Uraninite 13.6 Molybdenite 19.5-38.5
Manganite 14.1-20.5 Magnetite 19.9
Brannerite 15.0-15.1

Reflectance Between 20 and 30%
Graphite 6.2-26.4 Alabandite 228
Covellite 6.6-23.7 Orpiment 23.0-275

405



TABLE A2.1 (Continued)

Mineral R% Mineral R%
Reflectance Between 20 and 30% (Continued)
Chalcophanite 9.1-27.0 Famatinite 24 -274
Valleriite 10.3-20.5 Enargite 24.2-25.2
Manganite 14.1-20.5 Proustite 24.2-271.7
Psilomelane ~15-30 Maghemite 244
Mackinawite 16.2-40.4 Cinnabar 24.7-29.7
Hausmannite 16.3-20.2 Stannite 26.0-27.3
Delafossite 18.4-22.1 Hematite 26.4-29.9
Molybdenite 19.5-38.5 C rprite 26.6
Rutile 19.7-23.1 ‘.tromeyerite 26.6-30.9
Tenorite 20.4-27.5 Mawsonite 26.9-29.7
Jacobsite 21.1 Idaite 27 -33.6
Bornite 21.7 Stephanite 28.1-304
Digenite 219 Pyrargyrite 28.5-30.3
Realgar 22.1 Pyrolusite 29.0-40.0
Bixbyite 222 Freibergite 33.0
Reflectance Between 30 and 40%

Mackinawite 16.2-40.4 Stibnite 31.1-48.1
Molybdenite 19.5-38.5 Miargyrite 31.6-34.5
Stephanite 28.1-30.4 Tetrahedrite 325
Pyrargyrite 28.5-30.3 Chalcocite 33.2-334
Pyrolusite 29.0-40.0 Cubanite 35.4-394
Pearcite 29.1-32.2 Pyrrhotite 36.3-434
Tennantite 30.1 Jamesonite 364-44.2
Berthierite 30.3-423 Bismuthinite 37.1-49.0
Polybasite 30.7-32.5 Boulangerite 374-41.8
Nickeloan pyrite ~31-54 Chalcostibite 37.8-43.7

“bravoite” Breithauptite 37.8-48.0
Acanthite 31.0

Reflectance Between 40 and 50%

Mackinawite 16.2-40.4 Carrollite 429
Pyrolusite 29.0-40.0 Galena 429
Berthierite 30.3-423 Chalcopyrite 44.6-45.0
Bravoite ~31-54 Kobellite 44.8-47.2
Stibnite 31.1-48.1 Violarite 453
Pyrrhotite 36.3-434 Nickeline 46.1-514
Jamesonite 36.4-44.2 Pentlandite 46.5
Bismuthinite 37.1-49.0 Siegenite 46.7
Boulangerite 374-41.8 Ullmannite 473
Chalcostibite 37.8-43.7 Maucherite 48.4-49.6
Breithauptite 37.8-48.0 Marcasite 49.1-56.2
Cosalite 41.4-457 Linnaeite 49.5
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TABLE A2.1 (Continued)

Mineral R% Mineral R%
Reflectance Between 50 and 60%
Nickeloan pyrite ~31-54 Sylvanite 52.5-63.0
“bravoite™ Léllingite 53.4-55.5
Nickeline 46.1-514 Safflorite 54.1-54.6
Marcasite 49.1-56.2 Gersdorffite 54.7
Glaucodot 50.0-50.6 Tetradymite 54.8-60.5
Millerite 50.2-56.6 Skutterudite 552
Cobaltite 50.6 Rammelsbergite 56.8-60.9
Arsenic 51.7-55.7 Iron 58.1
Pyrite 51.7 Pararammelsbergite 58.9-59.7
Arsenopyrite 51.8-52.2 Bismuth 59.8-67.2
Reflectance Over 60%
Sylvanite 52.5-63.0 Platinum 69.7
Tetradymite 54.8-60.5 Allargentum ~70
Rammelsbergite 56.8-60.0 Antimony 744-779
Bismuth 59.8-67.2 Gold 77.0
Dyscrasite 60.1-62.8 Silver 93.3
Copper 64.6

TABLE A2.2 Examples of Common Ore Minerals Arranged in Order of Increasing
Minimum Vickers Microhardness (at 100g Load)

Mineral VHN Mineral VHN
VHN from I to 100
Molybdenite 8-100 Jamesonite 66-86
Graphite 12-16 Proustite 70-105
Bismuth 16-18 Arsenic 72-173
Orpiment 22-58 Cosalite 74-161
Acanthite 23-26 Mackinawite ~74-181
Tetradymite 25-76 Copper 79-99
Stphanite 26-124 Cinnabar 82-156
Stromeyerite 30-32 Chalcocite 84-87
Stibnite 42-153 Digenite 86-106
Realgar 47-60 (001 section)
Antimony 50-69 Bornite 87-100
Gold 53-58 Miargyrite 88-130
Galena 59-65 Boulangerite 92-125
Silver 60-65
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TABLE A2.2 (Continued)

Mineral VHN Mineral VHN

VHN from 101 to 200
Stephanite 26-124 Sphalerite 138-160
Stibnite 42-153 Stannite 140-326
Proustite 70-105 Pyrolusite 146-243
Arsenic 72-173 Dyscrasite 153-179
Cosalite 74-161 Sylvanite 154-172
Mackinawite ~74-181 Mawsonite 166-210
Cinnabar 82-156 Berthierite 168-228
Digenite 86-106 Idaite 176-260
Miargyrite 88-130 Pearcite 180-192
Boulangerite 92-125 Chalcopyrite 181-203
Kobellite 100-117 Chalcophanite 188-253
Pyrargyrite 107-144 Tenorite 190-300
Iron 110-117 Millerite 192-376
Bismuthinite 110-136 Cuprite 193-207
Covellite 128-138

VHN from 201 to 300
Stannite 140-326 Coffinite 230-302
Pyrolusite 146-243 Pyrrhotite 230-409
Mawsonite 166-210 Alabandite 240-251
Berthierite 168-228 Columbite-tantalite 240-1.021
Idaite 176-260 Violarite 241-373
Chalcopyrite 181-203 Cubanite 247-287
Chalcophanite 188-253 Freibergite 263-340
Tenorite 190-300 Pentlandite 268-285
Millerite 192-376 Chalcostibite 283-309
Cuprite 193-207 Enargite 285-327
Psilomelane 203-813 Tennantite 294-380
Zincite 205-221 Platinum 297-339
Famatinite 205-397

VHN from 301 to 400
Stannite 140-326 Chalcostibite 283-309
Millerite 192-376 Enargite 285-327
Psilomelane 203-813 Tennantite 294-380
Famatinite 205-397 Platinum 297-339
Coffinite 230-302 Tetrahedrite 312-351
Pyrrhotite 230-409 Wolframite group 319-390
Columbite-tantalite 240-1,021 Niccolite 363-372
Violarite 241-373 Scheelite 383-464
Freibergite 263-340
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TABLE A2.2 (Continued)

Mineral VHN Mineral VHN
VHN from 401 to 500
Psilomelane 203-813 Delafossite 412-488
Pyrrhotite 230-409 Breithauptite 412-584
Columbite-tantalite 240-1,021 Hausmannite 437-572
Scheelite 383-464 Linnaeite 450-613
Lepidocrocite 402 (av.) Uraninite 499-548
Maghemite 412 (av.)
VHN from 501 to 600
Psilomelane 203-813 Siegenite 503-525
Columbite-tantalite 240-1,021 Carrollite 507-586
Breithauptite 412-584 Ilmenite 566-698
Hausmannite 437-572 Ullmannite 592-627
Linnaeite 450-613 Rammelsbergite 630-758
Uraninite 499-548
VHN from 601 to 700
Psilomelane 203-813 Manganite 630-743
Columbite-tantalite 240-1.021 Rammelsbergite 630-758
Linnaeite 450-613 Goethite 667 (av.)
Ilmenite 566-698 Nickeloan pyrite 668-1,535
Ullmanite 592-627 (“bravoite™)
Skutterudite 606-824 Pararammelsbergite 681-830
Maucherite 623-724 Brannerite 690 (av.)
VHN from 701 to 800
Psilomelane 203-813 Nickeloan pyrite 668-1.535
Columbite-tantalite 240-1,021 (“bravoite™)
Skutterudite 606-824 Pararammelsbergite 681-830
Maucherite 623-724 Arsenopyrite 715-1.354
Manganite 630-743 Jacobsite 720-813
Rammelsbergite 630-758 Safflorite 792-882
VHN from 801 to 900
Psilomelane 203-813 Pararammelsbergite 681-830
Columbite-tantalite 240-1,021 Arsenopyrite 715-1.354
Skutterudite 606-824 Safflorite 792-882
Rammelsbergite 630-758 Gersdorffite 844-935
Nickeloan pyrite 668-1,535 Lollingite 859-920
(“bravoite™) Rutile 894-974
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TABLE A2.2 (Continued)

Mineral VHN Mineral VHN
VHN from 901 to 1,000
Columbite-tantalite 240-1,021 Bixbyite 946-1.402
Nickeloan pyrite 668-1,535 Hematite 1,000-1,100
(“bravoite™) Glaucodot 1.097-1,115
Arsenopyrite 715-1.534 Cassiterite 1.168-1,332
Gersdorffite 844-935 Chromite 1.278-1,456
Rutile 894-974 Marcasite 1.288-1,681
Braunite 920-1.196 Pyrite 1.505-1.620
Cobaltite 935-1.131
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APPENDIX 3

ANCILLARY TECHNIQUES

A number of ancillary techniques are very commonly employed in conjunc-
tion with reflected-light microscopy in order to obtain more detailed informa-
tion on the identities and compositions of phases. Two that are particularly
important are X-ray powder diffraction and electron probe microanalysis, but
other techniques are growing in importance. A detailed discussion of these
methods is inappropriate here, but the techniques are sufficiently important
that this appendix isincluded to suggest suitable references dealing with these
topics in detail and to draw attention to some practical problems in applying
the methods to material in polished sections.

A3.1 X-RAY POWDER DIFFRACTION

The theory and applications of X-ray powder diffraction are described in
numerous texts and papers (e.g., Zussman, 1977; Azaroff and Buerger, 1958;
Nuffield, 1966). All X-ray diffraction methods result from the diffraction of a
beam of X-rays by a crystalline material. The precise method most often used
in conjunction with reflected-light studies is X-ray powder photography using
the Debye-Scherer camera Here the powdered sample can be a small “bead”
only a fraction of a millimeter in diameter mounted on the tip of a fine glass
fiber. When the sample is mounted in the camera, it is aligned so that a pencil
beam of X-rays entering through a collimator strikes the sample and is dif-
fracted to produce a pattern of lines on a strip of photographic film. The
positions of these lines can then be measured and the information converted
to the separation between layers of atoms in the crystal structure. The X-ray
powder pattern provides, in many cases, a “fingerprint” identification of the
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material. In certain cases, precise measurement of the pattern may also fur-
nish compositional information [e.g., the iron content of a (Zn,Fe)S sphalerite
or the Fe:S ratio of a pyrrhotite].

X-ray powder camera methods are particularly useful in ore microscopy
because of the very small amount of material required. Small grains can be
dug directly out of a polished section using a needle or special diamond pin
“objective” and rolled up into a ball of collodion, which is then picked up on
the end of a glass fiber and mounted in the camera.

A3.2 ELECTRON PROBE MICROANALYSIS

The second technique, electron probe microanalysis, also has been described
in numerous texts and papers, of which Reed (1975), Heinrich (1981), Harris
(1990), and Goldstein et al. (1992) serve as good examples for the mineralogist.
A beam of electrons, generated in a potential field of 10-40 kV, strikes the
specimen as a spot that may be as small as 1 pm in diameter; the spot can be
maintained stationary or can be made to scan rapidly over an area up to
several thousand square microns. The electron beam excites the emission of
X-rays characteristic of the elements present from the sample, thus enabling
the composition of the sample to be determined by analysis of the energies and
intensities of the emitted X-rays. A quantitative analysis of a mineral fora par-
ticular element is obtained by comparing the intensity (i.e., count rate) of the
characteristic X-rays from the sample with the intensity of radiation of the
same energy generated by a standard of known composition. Consequently, a
complete chemical analysis can be obtained for a spot that may be aslittleas a
few microns in diameter. Concentrations from major elements down to 0.1
wt % can'be determined with an accuracy of a fraction of 1%. Most electron
probes can rapidly scan areas of several thousand square microns, and the
back-scattered electrons can be monitored and used to produce a magnified
image (up to 100,000 X) of the surface of the specimen. The characteristic X-
rays emitted from this area of the surface can also be monitored and used to
map out the distribution of elements within and between phases (see Figures
A3.1 and A3.2).

A great advantage of the electron probe technique for the ore microscopist
is that most instruments directly accept a standard size polished section or
polished thin section. The only other preparation usually needed is to apply
(by sputtering under vacuum) a thin (~200 A) coat of carbon to the specimen
surface in order to conduct away the charge. Therefore, samples can be studied
under the ore microscope, and drawings or photographs can be taken of
interesting areas that can then be subjected to complete chemical analysis in
the electron probe. The electron probe has revolutionized ore mineralogy by
enabling the complete chemical analysis of very small grains, including many
new minerals (e.g., platinum group metal minerals), the products of laboratory
synthesis experiments aimed at establishing phase relations in ore mineral



FIGURE A3.1 Confirmation of the identity of altaite (PbTe) and hessite (Ag,Te) in
galena by use of the electron microprobe. Back-scattered clectron image in which the
heaviest average atomic number phase (PbTe) shows up white, the intermediate aver-
age atomic number phase (PbS) shows up gray, and the lightest average atomic number
phase (Ag,Te) shows up black.

20 .00p WDS-WDS 15.,0kU 8,84nA rZ0.00p WDS-WDS 1S5.0k

FIGURE A3.2 Four selectelement scans showing the distribution of silver (Ag), lead
(Pb), sulfur (S). and tellurium (Te) by the intensity of the image (higher concentrations
are brighter) in the sample shown in Figure A3.1 (width of field = 170 microns). (We are
indebted to Todd Solberg for helping us obtain the microprobe images.)
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systems, and optically identifiable minerals that may contain economically
important elements in solid solution (e.g., silver within the lattice of tetra-
hedrite).

A comprehensive treatment of the integration of the ore microscope with
the electron microprobe has recently been prepared by Gasparrini (1980).

A3.2.1 Scanning Electron Microscope (SEM)

The SEM has become a powerful ancillary technique for the study of ore
specimens, and its general applications are discussed in Lloyd (1985) and
White (1985). It operates much like an electron microprobe, using a high-
energy (usually 10-30 kV) electron beam that is rapidly scanned across the
sample. An image is generated by electrons scattered from the surface of the
sample; the number of electrons scattered is a function of the average atomic
number of each phase. The resulting images closely resemble optical images
(Figure 11.9), except that the brightness of the phases varies with atomic num-
ber instead of the electronic bonding structure, as does the reflectance of vis-
iblelight in optical images. SEMs offer a very wide range of magnification but
are commonly used to generate images that show intergrowths and structures
on the submicron scale that are below these achievable by conventional optical
methods. In addition, SEMs are capable of producing excellent images of
three-dimensional objects, such as crystals.

Sample preparation is identical to that used for reflected-light microscopy,
and, indeed, the same samples must be electrically conducting; hence, most
samples require a 50-250 A thick coating of evaporated carbon (gold, silver,
aluminum, or other metals are sometimes used in special applications). This
coating does not distort any of the image but can dramatically alter the colors
of minerals to the naked eye and under the reflecting microscope (i.e., gold and
chalcopyrite become blue, whereas pyrite becomes gray).

A3.2.2 Scanning Tunneline Microscopy (STM) and Atomic Force
Microscopy (AFM)

STM and AFM are new types of microscopy developed since 1980 that permit
examination of surfaces on the atomic scale, hence revealing features that are
several orders of magnitude smaller than can be seen by optical or scanning
electron microscopy. STM works by moving a sharp metal tip over the surface
of a sample that can conduct electricity. When the tip is brought within about
10 A of the surface, the application of a low voltage allows electrons to be
exchanged or “tunneled” across the gap between the tip and the sample. The
tunneling electrons are generally exchanged only between the lowest atom of
the tip and the closest atom on the surface of the sample. As the tip scans across
the surface, the variation in the electric current resulting from tunneling is
measured, mapping out the position of each atom as shown in Figure A3.3.
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FIGURE A3.3 Scanning tunneling microscope (STM) image of a (100) cleavage sur-
face of galena. The higher peaks show the locations of sulfur atoms, and the lower
peaks are lead atoms. The darker areas represent either defects in the lattice or sites
where oxidation has begun to attack the galena. The units on the scales are in nanome-
ters (1 nm = 10 A). (Image courtesy of M. F. Hochella, taken by C. M. Eggleston.)

AFM instrumentation is similar to that of STM instrumentation, but it
employs a very sharp tip that actually touches the sample surface. Instead of
relying upon an electrical current, AFM uses an optical laser beam that
measures the atomic scale topography as the sharp tipped stylus scans across
the sample. It does not reveal actual atoms but clearly shows atomic scale
growth steps and other growth or dissolution features. Furthermore, because it
does not rely upon electron movement, AFM works as well on insulators as it
does on conductors.

STM and AFM are rapidly developing as new techniques that extend the
studies initiated by optical microscopy and scanning electron microscopy.
Informative discussions on their operation and applications are given in
Hansma et al. (1988) and Hochella (1990).

A3.3 MICROBEAM METHODS OF TRACE ELEMENT
(AND ISOTOPIC) ANALYSIS

In recent years, new techniques have been developed that enable in situ mi-
croanalysis of minerals in polished sections aimed at quantitative trace ele-
ment analysis and the determination of isotope ratios (Cabri and Chryssoulis,
1990). Of these new techniques, two have been sufficiently developed and
applied to ore minerals to justify mentioning here. The proton microprobe
(also known as proton-induced X-ray emission, or PIXE) involves directing a
(micro) beam of protons (from a small particle accelerator) at the polished sur-
face of the sample, thereby causing the emission of X-rays characteristic of the
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elements present in the same way as in the electron probe. The advantage of
the proton probe is in the much higher peak-to-background ratio obtained in
X-ray emission, enabling measurement of trace elements (at concentrations
down to a few parts per million) in individual mineral grains. The ion probe
(also known as the technique of secondary ion mass spectrometry, or SIMS)
involves bombarding the surface of the sample with a beam of energetic ions
that actually sputter material from the surface. This material, in the form of
various atoms, ions, and molecules, is directed into a mass spectrometer and
analyzed so that relative (or absolute) amounts of species present can be deter-
mined. The great sensitivity of this technique enables analysis of trace ele-
ments in individual mineral grains. It also enables determination of isotope
ratios—data that can help in understanding the processes of formation of the
minerals. Both the proton (micro) probe and the ion (micro) probe and their
applications in ore mineralogy are discussed in an excellent review by Cabri
and Chryssoulis (1990).

A3.3.1 Image Analysis

Image analysis is a generic term for procedures that generally make use of
computer processing of photographic or electronic images to quantitatively
analyze ores or beneficiated products. The processing relies upon differences
in reflectance at specific wavelengths or upon overall gray levels (composite
brightness in black-and-white images) to identify grain boundaries and to dis-
tinguish between different types of mineral grains. The specimens must be
well polished, scratch-free, flat, and uniformly illuminated for good results.
Under ideal conditions, image analysis systems can rapidly determine ab-
solute areas of different phases, grain sizes, grain shapes, nearest neighbor
relationships, degree of “locking” of phases, and so forth. Poor polish, round-
ing of grains, variations in composition, or bireflectance can give grains of a
single phase a significant range of reflectances (or gray levels). If range of dif-
ferent minerals approach oroverlap,image analysis systems will not be able to
make accurate determinations. Another problem common in many ores is
fracturing of grains as a result of natural or induced stresses. The human eye
readily recognizes that a fracture through a grain is secondary, but many
image analysis systems will see the fracture as a boundary separating two
separate grains. In similar fashion, the characteristic triangular pits in galena
may be computed as something other than galena by many systems.
Despite inherent limitations in computer-based image analysis systems,
these are finding increasing utility in providing information on ores and mill
products. The ability to store large numbers of images and data permits one to
examine large numbers of specimens without becoming fatigued. Although
the data are gathered from two-dimensional images, they can commonly be
converted to give volumetric information. Some image analysis systems also
compare or compile chemical compositional data from election microprobes
or SEMs; such an analysis may or may not include optical images. There is no
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doubt that image analysis will become more common in the years ahead.
Some useful references that describe image analysis techniques are works by
Petruk (1989, 1990).
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Absorption coefficient (k), 60
Acanthite, diagnostic properties of, 355
reflectance of, 355, 406
twinning in and inversion, 144
Vickers microhardness of, 355, 407
Ajo, Arizona, ore deposit, 227
Alabandite, diagnostic properties of, 356
in meteorites, 313-318
reflectance of, 356, 405
Vickers microhardness of, 356, 408
Alderly Edge, England, 276
Allard Lake, Quebec, ores of, 221
Allargentum, diagnostic properties of:
reflectance of, 356
Allemontite, 141, 144, 356
diagnostic properties of, 356
Almadén, Spain, ores of, 247, 251, 252
Alpine-type chromite ores, 210-215
Alpine-type lead-zinc deposits, 288
Altaite, 413
Amalgamation, in processing of gold ores, 340
Amedee Hot Springs, California, ores of, 251
Amiata, Italy, ores of, 251
Amplitude, of light wave, 57
Analyzer, 12
Andreasberg, Germany, ores of, 250
Anisotropic rotation, 72-73
Anisotropism, 44-45
Annealing textures, 153-154
Anorthosites, iron-titanium oxide ores in,
220-226
Antimony, diagnostic properties of, 357. See
also Arsenic-antimony sulfide vein ores
reflectance of, 357, 407
Vickers microhardness of, 357, 407
Apatite, in iron-titanium oxide ores, 226

424

Argentite, see Acanthite
Armalcolite, in lunar rocks, 318
Arsenic, diagnostic properties of, 357
reflectance of, 357, 407
Vickers microhardness of, 357, 407, 408
Arsenic-antimony sulfide vein ores, 250
mineral association and textures, 250
mineralogy of, 250
mode of occurrence, 247
Arsenopyrite, diagnostic properties of, 358
reflectance of, 87, 358, 407
in vein ores, 235-245
Vickers microhardness of, 358, 409, 410
Arsenopyrite geothermometer, 190, 192
Assemblages of ore minerals, in igneous
rocks and vein deposits, 209-258
Asymmetric sections, 72
Athabasca Sandstone, Saskatchewan, ores of, 276
Atoll structure, 137
Atomic force microscope, 414-415
Au-Ag-Te system, phase relations in, 246
Avoca, Ireland, ores of, 298

Ball textures, 152, 308
Banded iron formations, 261-266
Bathurst, New Brunswick, Canada, ores of, 298
Battle Mountain, Nevada ores, 310
Berek microphotometer, 79
Berthierite, diagnostic properties of, 358
reflectance of, 358, 406
Vickers microhardness of, 358, 408
Bertrand lens, 3
Besshi-type deposits, Japan, 298
Bethlehem, British Columbia, ore deposit, 227
Bett's Cove, Newfoundland, ores of, 298
Bingham Canyon, Utah ore deposit, 227, 230, 231



Birds eye texture, 160, 161
in pyrrhotite/pyrite from tin-tungsten vein ores,
243
Bireflectance, 42, 43, 63
Birefringence, 60
Birnessite, in sedimentary manganese deposits,
269
Bisbee, Arizona ore deposit, 227
Bishop, California, ores of, 310
Bismuth, diagnostic properties of, 358
reflectance of, 358, 407
twinning in, 147-148
in vein ores, 235-243
Vickers microhardness of, 359, 407
Bismuth ores, see Silver-bismuth-cobalt-nickel-
arsenic (-uranium) vein ores; Tin-tungsten-
bismuth vein ores
Bismuthinite, diagnostic properties of, 359
reflectance of, 359, 406
in vein ores, 241-243
Vickers microhardness of, 359, 408
Bixbyite, diagnostic properties of, 360
reflectance of, 360, 406
in sedimentary manganese deposits, 267
Vickers microhardness of, 360, 410
Blackband ironstones, see Iron ores
Black sands, 142, 283
Black smokers, 301-303
Blind River, Ontario, 285
Bluebell, British Columbia, ore deposit, 233
Blue-remaining covellite, 86, 270, 371
Bolivian tin-tungsten ores, paragenesis of, 177,
180, 182-183
Bor, Yugoslavia, ores of, 248
Bornite, in chromite ores, 210-212
diagnostic properties of, 361
exsolution lamellae in chalcopyrite, 139, 140
reflectance of, 361, 406
in uranium-vanadium-copper ores, 275-281
Vickers microhardness of, 361, 407
Boulangerite, diagnostic properties of, 361
reflectance of, 361, 406
Vickers microhardness of, 361, 407, 408
Boulder Co., Colorado, ores of, 244
Bowie-Simpson System, for ore mineral
identification, 92
Boxwork texture, 137, 138
Braden, Chile ore deposit, 227
Brannerite, diagnostic properties of, 362
in gold-uranium ores in conglomerates,
284-288
reflectance of, 362, 405
Braunite, diagnostic properties of, 362
reflectance of, 362, 405
in sedimentary manganese deposits, 267
Vickers microhardness of, 362, 410
Bravoite, diagnostic properties of, 363
reflectance of, 363, 406, 407
Vickers microhardness of, 363, 409, 410
zonal textures in, 129
Breccia ores, 123, 128
Brecciation, 151, 153
Breithauptite, diagnostic properties of:
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reflectance of, 363

Vickers microhardness of, 363, 409
Brightness, in color specification, 41, 97
Broken Hill, Australia, ores of, 294, 304
Bushveld Complex, South Africa, 210, 211-213,

221

iron-titanium ores of, 221

Butte, Montana ore deposit, 227, 247, 248, 249

C.LE. system of quantitative color specification,
97
Calaverite, in gold vein ores, 243-247
Cananea, Mexico ore deposit, 227
Careous boundary, 130
Carr Fork, Utah, 310
Carrollite, diagnostic properties of, 364
reflectance of, 364, 406
Vickers microhardness of, 364, 409
Casapalca, Peru ore deposit, 233
Cassiterite, diagnostic properties of, 364
in placer ores, 282
reflectance of, 364, 405
in vein ores, 241-243
Vickers microhardness of, 364, 410
Cataclasis, 151
Cathodoluminescence, in paragenetic studies,
171-173
principles of, 171-173
Chalcocite, diagnostic properties of, 365
reflectance of, 365, 406
in uranium-vanadium-copper ores,
276-281
Vickers microhardness of, 365, 407
Chalcophanite, diagnostic properties of, 365
reflectance of, 365, 405, 406
Vickers microhardness of, 365, 408
Chalcopyrite, in chromite ores, 210-212
in copper-iron-zinc assemblages in volcanic
environments, 297-303
in copper-lead-zinc-silver vein deposits,
232-235
deformation in, 117
diagnostic properties of, 366
“disease” of, 143, 144, 307, 341
exsolution lamellae in bornite, 142
intergrowths with sphalerite, 143-144
in metamorphosed massive sulfides, 303-309
in nickel-copper (-iron) sulfide ores, 215-217
in porphyry copper deposits, 226-232
reflectance of, 366, 406
in skarn deposits, 309-310
in stratiform sulfide ores in sedimentary rocks,
294-297
in uranium-vanadium-copper ores, 275-281
in vein deposits, 232-235
Vickers microhardness of, 366, 408
Chalcostibite, diagnostic properties of, 366
reflectance of, 366, 406
Vickers microhardness of, 366, 408
Chiatura, USSR, manganese ores of, 266
Chichibu, Japan, ores of, 310
Christmas, Arizona, ores of, 311
Chromaticity coordinates, 97
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Chromite, 210-215. See also Chromium ores
diagnostic properties of, 367
in meteorites and lunar rocks, 313-318
primary textures of, 123, 211
reflectance of, 367, 405
Vickers microhardness of, 367, 410
Chromium ores, Alpine-type, 210-215
beneficiation of, 341
in mafic and ultramafic rocks, 210-215
mineralogy of, 210
origin of, 213-215
podiform type, 210-215
textures in, 123, 210-212
Chuguicamata, Chile ore deposit, 227
Cigar Lake, Saskatchewan ores, 277
Cinnabar, diagnostic properties of, 367
reflectance of, 367, 406
in vein deposits, 251-253
Vickers microhardness, 367, 407, 408
Circularly polarized light, 63
Cleavage, in ore microscopy, 50-52
Climax, Colorado ore deposit, 227, 229, 230
Clinton-type ores, 260-261
Coal, opaque minerals in, 271, 273
macerals, 272-275
mineral associations and textures of, 271
mineralogy of, 271
mode of occurrence of, 271
origin of, 272
petrography of, 272-273
Cobaltite, diagnostic properties of, 368
reflectance of, 368, 407
in vein ores, 235-241
Vickers microhardness of, 368, 410
Cobalt-Gowganda area, Ontario, ores of,
236-240. See also Silver-bismuth-cobalt-
nickel-arsenic (-uranium) vein ores
Coeur d’Alene District, Idaho, ores of, 247, 250
Coffinite, diagnostic properties of, 368
reflectance of, 368, 405
in uranium-vanadium-copper ores, 275-281
Vickers microhardness of, 368, 408
Cohenite, diagnostic properties of, 369
in meteorites, 313-318
Colcha District, Bolivia ore deposits, 241
Colloform banding, in paragenetic studies,
167-168
Colloform textures, origin of, 129
Color, qualitative observation in ore microscopy,
40, 41
quantitative specification, 95-101
Color temperature, of microscope lamps, 9, 80-81
Colorado Plateau Area, USA, ores of, 276
Columbite (-tantalite), diagnostic properties of,
369
reflectance of, 369, 405
Vickers microhardness of, 369, 408-410
Comb structures, 123, 127
Comminution, of ores, 327-328
Commission on Ore Microscopy (COM):
and reflectance standards, 88
and Vickers hardness values, 109
Complementary wavelength (A.), 98
Concentrate, of ore minerals, 327, 336

Conoscopic light, 3
Conoscopic test, for leveling polished sections, 88
Convergent-light figures, 74-75
Copper, native, diagnostic properties of, 369.
See also Uranium-vanadium-copper ores
in meteorites and lunar rocks, 315
reflectance of, 369, 407
in uranium-vanadium-copper ores, 275-281
Vickers microhardness of, 369, 407
Copperbelt, of Zambia and Zaire, ores of, 294
Copper-iron-sulfur system-oxidation effects, 136,
137
Copper-iron-zinc ores in volcanic environments,
297-303
mineral associations and textures of, 297-303
mineralogy of, 297-298
mode of occurrence of, 298
origin of, 303
Copper (-lead-zinc-silver) vein deposits, 232-235
mineral associations and textures in, 124,
233-234
mineralogy of, 232
mode of occurrence of, 233
origin of, 235
Copper porphyry ore deposits, 226-232
mineral textures in, 230-231
mineral zoning in, 227-230
mineralogy of, 226
mode of occurrence of, 227
origin of, 231-232
Copper-sulfur-system, 278
Copper-zinc-arsenic vein ores, 247-249
mineral associations and textures, 248
mineralogy of, 247
mode of occurrence of, 247
Cordero, Nevada, ores of, 251
Cornwall, England ore deposits, 241
Cornwall and Morgantown, Pennsylvania, ores
of, 310
Corocoro, Bolivia, ores of, 276
Cosalite, diagnostic properties of, 370
reflectance of, 370, 406
Vickers microhardness of, 370, 407, 408
Cotopaxi, Colorado, ores of, 310
Covellite, diagnostic properties of, 370
reflectance of, 84, 86, 370, 405
in uranium-vanadium copper ores, 276-281
Vickers microhardness of, 370, 408
Creed, Colorado ore deposit, 233
Cryptomelane, textures in open-space deposition,
129
Crystal form, in ore microscopy, 50
Crystal morphology, in establishing paragenesis,
165-167
Cubanite, diagnostic properties of, 371
in meteorites and lunar rocks, 313-318
in nickel-copper (-iron) sulfide ores, 216
reflectance of, 371, 406
Vickers microhardness of, 371, 408
Cuprite, diagnostic properties of, 371
reflectance of, 371, 406
Vickers microhardness of, 371, 408
Cu-S system, 278
Cyanidation, in processing of gold ores, 328, 338



Cyprus-type deposits, 298, 300

Darwin, California, ores of, 310
Darwin Area, Australia, ores of, 276
Daubréelite, in meteorites, 313-318
Debye-Scherer camera, 411
Deformation textures, 145-153
Delafossite, diagnostic properties of, 372
reflectance of, 372, 406
Vickers microhardness of, 372, 409
Delft system, for ore mineral identification, 84
Digenite, breakdown below 70°C, 144, 278
diagnostic properties of, 372
reflectance of, 372, 406
Vickers microhardness of, 372, 407, 408
Dihedral angles, 153
Discrimination ellipse, 101
Dislocations, 117
Dominant wavelength (Ay), 98
Doubly-polished thin sections, and sphalerite
zoning, 31-33, 125-126
Ducktown, Tennessee, ores of, 155-157, 304
Duluth gabbro, Minnesota, USA, ores of, 221
Durchbewegung, 151-152, 308
Dyscrasite, diagnostic properties of, 373
reflectance of, 373, 407
Vickers microhardness of, 373, 408

Eagle Mountain, California, ores of, 310
East Pacific Rise, deposits, 298, 303
Eastern Transbaikalia, USSR ore deposits, 233
Egersund, Norway, ores of, 221, 222
Elbrus Caucuses, ores of, 250
Electrolyte polishing, 34
Electromagnetic spectrum, 55-56
Electron probe microanalysis techniques, 412
Electrum, 243, 281, 343, 345
Elliot Lake Ontario, Canada, ores of, 288
Elliptically polarized light, 63
El Salvador, Chile ore deposit, 227
El Teniente, Chile ore deposit, 227
Emulsoid exsolution, 142
Enargite, diagnostic properties of, 373
reflectance of, 373, 406
in vein deposits, 247-249
Vickers microhardness of, 373, 408
Endako, British Columbia ore deposit, 227
Equilibration rates for sulfides, 52, 53, 120-122
Erzgebirge, Germany ore deposits, 237
Etching, applied to polished sections, 34, 35, 37
reagents for use in, 37
Eureka, Nevada ore deposit, 233
Eutectoidal breakdown, 144
Excitation purity (P,), 98
Exinite, 275
Exsolution, coherent, 139
definition of, 139
kinetics of, 142
list of commonly observed examples, 139
mechanisms of, 139
noncoherent, 140
Extraterrestrial materials, 313-318

Famatinite, diagnostic properties of, 374
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reflectance of, 374, 406
Vickers microhardness of, 374, 408
Fe-S system, 191
Fe-Ti oxides, aO,-T plot, discussion of plot, 145
Feroxyhyte, in sedimentary manganese deposits,
269
Flame structure, see Pentlandite
Flin-Flon, Manitoba, Canada, ores of, 298, 304
Flotation, in mineral technology, 328
and copper ore processing, 340-341
Fluid inclusions, applications of, 193-205
changes in since trapping, 198-199
compositions of, 201-203
daughter minerals in, 194-198
definition, nature and location, 193-198
equipment for study of, 203
geothermometry using, 203-204
primary inclusions, 193-194
salinity determinations using, 201-203
sample preparation for study of, 200-201
secondary inclusions, 193-194
synthetic inclusions, 194
Fluorescence, of coal macerals, 273, 274
of ore minerals, 171-173
Framboids, 160, 273
Freiberg, Saxony, ores of, 250
Freibergite, diagnostic properties of, 374
reflectance of, 374, 406
Vickers microhardness of, 374, 408
Fresnel equation, 60
Froodite, in nickel-copper (-iron) sulfide ores, 216

Galena, in copper-lead-zinc silver vein
deposits, 232-235
deformation in, 117, 149, 150, 309
diagnostic properties of, 375
in lead-zinc ores in carbonate rocks,
288-293
in metamorphosed massive sulfides, 303-309
in open-space deposition, 124, 127
reflectance of, 375, 406
in skarn deposit, 309-313
in stratiform sulfide ores in sedimentary rocks,
294-297
Vickers hardness number variation with
orientation, 114-115
Vickers microhardness of, 375, 407
Gaspé Copper, Quebec, Canada, ores of, 310
Geobarometers, examples in ore mineral studies,
192-193, 307
Geothermometers, examples in ore mineral
studies, 188-192
fluid inclusions as, 203-204
sliding scale and fixed point types, 188-192
Gersdorffite, in chromite ores, 210, 212
diagnostic properties of, 375
reflectance of, 375, 407
in vein ores, 235-241
Vickers microhardness of, 375, 409, 410
Getchell, Nevada, ores of, 247, 250
Gilman, Colorado ore deposit, 233
Glare:
primary, 83
secondary, 89
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Glaucodot, diagnostic properties of, 375
reflectance of, 375, 407
Vickers microhardness of, 375, 410
Goethite, diagnostic properties of, 376
in gossans, 270
reflectance of, 376, 405
in sedimentary iron ores, 260
in sedimentary manganese deposits, 269
textures in open-space deposition, 129
Vickers microhardness of, 376, 409
Gold, diagnostic properties of, 376
in gold-uranium ores in conglomerates,
284-288
in placer ores, 281-284
reflectance of, 376, 407
in vein ores, 243-247
Vickers microhardness of, 376, 407
Gold ores, beneficiation of, 337-340
Gold placer deposits, 281-284
Gold rim formation, 158-159, 283
Gold-silver alloys reflectance variation with
composition, 93-94
Gold-silver tellurium system, 246
Gold-uranium ores in conglomerates, 284-288
mineral associations and textures of, 285-287
mineralogy of, 284-285
mode of occurrence of, 285
origin of, 287-288
Gold vein deposits, 243-247
mineral associations and textures, 244-247
mineralogy, 243-244
mode of occurrence of, 244
origin of, 247
Gossans, 138, 270-272
mineral associations and textures of, 138, 270
mineralogy of, 138, 270
origin of, 271
Gowganda-cobalt area, Ontario, 237-240
Grain boundaries, in paragenetic studies, 165-167
Grain mounts, preparation of, 30-31
Graphite, diagnostic properties of, 377
in meteorites, 313-315
reflectance of, 377, 405
Vickers microhardness of, 377, 407
Great Bear Lake, North West Territories, Canada,
ores of, 237-240
Great Dyke, Rhodesia, 210
Great Gossan Lead, Virginia, ores of, 304
Groote Eylandt, Australia, manganese ores of, 266
Grosli, Norway, ores of, 304

Hanover, New Mexico, ores of, 310
Hardness, of ore minerals, microindentation, 45,
106-119
polishing, 46-48
scratch, 48
Hausmannite, diagnostic properties of, 377
reflectance of, 377, 405, 406
in sedimentary manganese deposits, 267
Vickers microhardness of, 377, 409
Heavy mineral deposits (placer deposits), 281-284
Helmbholtz system of quantitative color
specification, 98
Hematite, diagnostic properties of, 377
in gossans, 136, 138, 270, 271

in iron-titanium oxide ores, 220-226
reflectance of, 377, 406
as replacement of magnetite, 160-161
in sedimentary iron ores, 260-265
Vickers microhardness of, 377, 410
Henderson, Colorado ore deposit, 227, 229
Hessite, in gold vein ores, 243-248
identification, 413
Hollingworthite, in nickel-copper (iron)
sulfide ores, 216
Homestake Mine, South Dakota, ores of, 244-245
Huancavalica, Peru, ores of, 251
Huanuni District, Bolivia ore deposits, 241
Hue, in color specification, 97

Idaite, diagnostic properties of, 378
reflectance of, 78, 406
Vickers microhardness of, 378, 408
Identification systems for ore minerals, 90-93
Idria, Yugoslavia, ores of, 251
Illuminating systems for ore microscope, 9-10
Ilmenite, diagnostic properties of, 379
exsolution lamellae in magnetite, 145
in iron-titanium oxide ores, 220-226
metallurgical reduction of, 346
in meteorites and lunar rocks, 313-318
in placer ores, 157-159, 282
primary textures in, 123-129
reflectance of, 379, 405
reflectance variation with MgO content, 94-95
Vickers microhardness of, 379, 409
Image analysis, 332, 416
Indicating surfaces, 62
Indicatrix (optical), biaxial, 59
concept of, 58
uniaxial, 59
Inertinite, 275
Insizwaite, in nickel-copper (-iron) sulfide ores,
216
Internal reflections, 45, 47
Inversion of structure, 144-145
Ireland, lead-zinc ores of, 289
Iron, native, diagnostic properties of, 379
reflectance of, 407
Vickers microhardness of, 379, 408
Iron ores, banded iron formations, 261-266
blackband ores, 260
bog iron ores, 260-266
ironstones, 260-266
minette-type ores, 260-266
origins of, 265-266
in sediments, 260-266
Iron Springs, Utah, ores of, 310
Iron-sulfur systems, 191
Iron-titanium oxides, phase equilibria in, 223, 224
Iron-titanium oxide ores, 220-226
beneficiation of, 341-343
mineral associations and textures, 221-223, 342
mineralogy, 220
mode of occurrence, 221
origin of, 225-226
Iron-zinc-sulfur system, 307-308
Isogyres, 73

Jachymov, Czechoslovakia ore deposits, 237



Jacobina, Brazil, ores of, 285
Jacobsite, diagnostic properties of, 380
reflectance of, 380, 400
in sedimentary manganese deposits, 269
Vickers microhardness of, 380, 409
Jamesonite, diagnostic properties of, 380
reflectance of, 380, 406
Vickers microhardness of, 380, 407

Kalb light line, 46-48
Kalgoorlie, West Australia, ores of, 244
Kamacite, in meteorites and lunar rocks,
313-318. See also Iron

Kamaishi, Japan, ores of, 310
Kambalda, West Australia, ores of, 215
Kamioka, Japan, ores of, 310
Kapnik, Czechoslovakia, ores of, 250
King Island, Australia, ores of, 310
Kinkbanding, 146-149, 304
Kirkland Lake, Canada, ores of, 244
Knoop hardness indenter, 106
Kobellite, diagnostic properties of, 381

reflectance of, 381, 406

Vickers microhardness of, 381, 408
Kongsberg, Norway ore deposits, 237
Krennerite, in gold vein ores, 243-247
Kupferschiefer-Marl Slate, North Europe, ores

of, 294

Kuroko-type deposits, Japan, 297-303

Laisvall, Sweden, ores of, 292

Lamellar exsolution, 142

Lanham Specimen-changer stage, 87,
88

Leaching, in mineral technology, 328

of copper ores, 341

Lead, see Copper-lead-zinc-silver vein deposits

Leadbville, Colorado ore deposit, 233

Lead-zinc ores in carbonate rocks, and other
sediments, 288-293

mineral compositions, textures, parageneses of,

289
mineralogy of, 288
mode of occurrence of, 288
ore formation in, 292-293
paragenesis of North Pennines, England, 181,
184, 185
textures in, 124-128, 289-292
Lead-zinc-silver vein ores, with arsenic and
antimony, 250
mineral associations and textures, 250
mineralogy of, 250
mode of occurrence of, 247
Lepidocrocite, diagnostic properties of, 381
in gossans, 270-272
reflectance of, 381, 405
textures in open-space deposition, 129
Vickers microhardness of, 381, 409
Liberation, of ore minerals, 327
and textures, 333-337
Light, monochromatic, 56
nature of, 55-57
reflected, 61-77
wave model of, 55-57
white, 56
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Limonite, in gossans, 270
in sedimentary iron ores, 260
Linearly polarized light, nature of, 63
Linnaeite, diagnostic properties of, 381
reflectance of, 381, 406
Vickers microhardness, 381, 409
Liptinite, 275
Llallagua District, Bolivia ore deposits, 241
Locking of particles, 331
Loellingite, diagnostic properties of, 382
reflectance of, 382, 407
in vein ores, 235-241
Vickers microhardness of, 382, 409
Lost Creek, Montana, ores of, 310
Lower Fortitude, Nevada, 310
Lunar rocks, opaque minerals in, 313-318
Lynn Lake, Manitoba ores of, 215

Macerals in coal, 272-275
Mackinawite, diagnostic properties of, 382

in meteorites and lunar rocks, 313

in nickel-copper (-iron) sulfide ores, 215, 216

reflectance of, 382, 406

Vickers microhardness of, 382, 407, 408
Magdalena, New Mexico, ores of, 310
Maghemite, diagnostic properties of, 383

in iron-titanium oxide ores, 220-226

reflectance of, 383, 406

Vickers microhardness of, 383, 409
Magma Mine, Arizona, 248
Magnetite, diagnostic properties of, 383

exsolution lamellae in ilmenite, 145

in iron-titanium oxide ores, 220-226

in nickel-copper (-iron) sulfide ores, 215-217

primary textures in, 123

reflectance of, 383, 405

replacement by hematite, 160-161

in sedimentary iron ores, 261, 263

in skarn deposits, 309-313

Vickers microhardness of, 383
Manganese nodules, 269-270, 343-344

beneficiation of, 343, 344

metal contents of, 343

mineral associations and textures, 267

mineralogy, 267

mode of occurrence, 267

origin of, 270
Manganese ores in sediments, 266-270

of limestone-dolomite association, 267

in modern marine environments, 269-270

of orthoquartzite, glauconite, clay association,

266-267

origins of, 270

of volcanic affiliation, 267-269
Manganite, diagnostic properties of, 384

in sedimentary manganese deposits, 266

reflectance of, 384, 405, 406

Vickers microhardness, 384, 409
Marcasite, in coals, 271-273

diagnostic properties of, 384

inversion to pyrite, 145

in lead-zinc ores in carbonate rocks, 288-293

reflectance of, 384, 406, 407

Vickers microhardness of, 383, 410
Marginal exsolution, 142
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Martitization, 160, 161
Matildite, intergrowth with galena, 139, 140
Matts (copper-nickel), study by ore microscopy,
343-346
Maucherite, diagnostic properties of, 385
reflectance of, 385, 406
Vickers microhardness of, 385, 409
Mawsonite, diagnostic properties of, 385
reflectance of, 385, 406
Vickers microhardness of, 385, 408
Mercury sulfide vein deposits, 251-253
mineral associations and textures, 252-253
mineralogy of, 251
mode of occurrence of, 247
Merensky reef, 213
Metacinnabar, in vein deposits, 251, 252
Metamorphic rocks, ores in, 303-309
Metamorphosed massive sulfides, opaque
minerals in, 303-309
mineral associations and textures of, 304-308
mineralogy of, 303
mode of occurrence of, 303-304
origin of textures of, 308-309
Meteorites, opaque minerals in, 313-318
Miargyrite, diagnostic properties of, 385
reflectance of, 385, 406
Vickers microhardness of, 385, 407, 408
Michenerite, in nickel-copper (iron) sulfide ores,
216
Microindentation hardness, shapes of indentations
and fracture characteristics, 110-112
variation with load, 113
variation with mechanical and thermal history
of minerals, 115-117
variation with mineral composition, 114-115
variation with mineral orientation, 114-115
variation with mineral texture, 112-113
Micrometer, stage, 13-14
Microscope, see Ore microscope
Millerite, diagnostic properties of, 386
reflectance of, 386, 407
Vickers microhardness of, 386, 408
Milling, of ores, 327
Mineral technology, applications of ore
microscopy in, 327-350
and chromium ore processing, 341
and copper ore processing, 340-341
and gold ore processing, 337-340
and iron titanium oxide ores, 341-343
and manganese nodules, 343-344
Minette-type iron ores, 260, 266
Mississippi-Valley type ore deposits, 288-293. See
also Lead Zincores in carbonates
Mitate, Japan, ores of, 310
Mohs hardness scale, relationship to Vickers
Hardness Number, 106
Molecular orbital/band theory and reflectance
variation in ore minerals, 101-103
Molybdenite, diagnostic properties of, 386
in porphyry molybdenum deposits, 226-232
reflectance of, 386, 405, 406
in skarn deposits, 309-313
Vickers microhardness of, 386, 407
Molybdenum porphyry ore deposits, see Copper
porphyry ore deposits

Monchegorsk, USSR ores of, 215
Moncheite, in nickel-copper (-iron) sulfide ores,
216
Monochromator, 13
" band type, 82
line type, 82
Monosulfide solid solution (mss), 217-219
in the Sudbury ores, Ontario, 175-177, 215-219
Mother Lode, California, ores of, 244
Mt. Isa, Australia, ores of, 294, 304, 305
M. Lyell, Australia, ores of, 298
Municipal solid waste ash, 348
Murdockville, Quebec, ores of, 310
Myrmekitic texture, 142

Nakatatsa, Japan, ores of, 310
New Almaden, California, ores of, 251
New Idria, California, ores of, 251, 252
Niccolite, diagnostic properties of, 387
reflectance of, 387, 406, 407
in vein ores, 235-241
Vickers microhardness of, 387-408
Nickel-copper (-iron) sulfide ores associated with
mafic and ultramafic rocks, alteration of,
215-220
examples, 215
mineral associations and textures, 215-217
mineralogy, 215
origin of, 217-219
paragenesis of, 175-180
Nickel ores, see Silver-bismuth-cobalt-nickel-
arsenic (-uranium) vein ores
Nickeline, see Niccolite
Nikopol, USSR, manganese ores of, 266
Niningerite, in meteorites and lunar rocks, 318
Noranda, Quebec, Canada ores of, 298
Noril'sk, USSR ores of, 215
North Pennines, England, paragenesis of ores of,
181, 184-185
Nottingham Interactive System for Opaque
Mineral Identification (NISOMI), 92

Objective lenses, achromat, 4-5
apochromat, 5
fluorite, 6
magnification of, 7
numerical aperture of, 7
oil immersion, 8
water immersion, 8
Ocean Ridge deposits, 298, 301
Ocular lenses, 9
Ok Tedi, Papua-New Guinea ore deposit, 227
Oldhamite, in meteorites, 315
Qolitic textures, 161, 261-262
Optical constants, determination from reflectance
measurements, 89-90
Optical symmetry plane, 62
Optic axial angle, 59
Optic axial plane, 59
Optic axis, 58
Optic sign, 58
Ore microscope, components of, 2-12
stage of, 3
Ore mineral, definition of, 1
Ore Knob, North Carolina, ores of, 304



Orpiment, diagnostic properties of, 387
reflectance of, 387, 405
in vein deposits, 250
Vickers microhardness of, 387-407
Oruro District, Bolivia ore deposits, 241
Osmiridium, in gold-uranium ores in
conglomerates, 284
Oxidation-exsolution, 145
Oxide minerals, as pseudomorphs after organic
material, 130

Panasqueira, Portugal ore deposit, 241
Panning, 337
Paragenesis, criteria for use in establishing,
164-175
definition of, 164
lead-zinc ores of North Pennines, 181, 184-185

nickel copper ores of Sudbury District, Ontario.

175-180
sample selection and preparation in study of,
165
tin tungsten ores of Bolivia, 177, 180, 182-183
Paramorph, 144
Pararammelsbergite, diagnostic properties of, 388
reflectance of, 388, 407
Vickers microhardness of, 388, 409
Park City, Utah ore deposit, 233
Parys Mountain, Wales, ores of, 298
Pearcite, diagnostic properties of, 388
reflectance of, 388, 406
Vickers microhardness of, 388, 408
Pechenga, USSR ores of, 215
Pennines, England, ores of, 181, 184-185, 289
Pentlandite, argentian, 216
alteration to violarite, 220
in chromite ores, 210-213
diagnostic properties of, 389
exsolution from pyrrhotite, 139-142, 217-219
in meteorites and lunar rocks, 313-315
in nickel-copper (-iron) sulfide ores, 215-220
reflectance of, 389, 406
in Sudbury Ores, Ontario, 215-220
thermal expansion of, 145
Vickers microhardness of, 389, 408
Petroleum coke slag, 347, 348
Petzite, in gold vein ores, 243-248
Phase, of light wave, 57
Phase equilibria, application of data, in estimating
ore formation conditions, 188-193
list of phase diagrams in this text, 188-189
in ore mineral identification, 52-53
Photometer, 13-14
Photomultiplier, in reflectance measurement, 80
Pine Point Area, North West Territories, Canada,
ores of, 293
PIXE, 415
Placer ores, 244, 281-284
mineralogy, 281-283
mineral associations and textures, 281-283
origin of, 283-284
textures of, 157-159, 281-283
Plane polarized light, see Linearly polarized light
Platinum, diagnostic properties of, 389
reflectance of, 389, 407
Vickers microhardness of, 389, 408
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Platinum group metal minerals, primary
textures, 210-213
Platinum group minerals, in chromite ores,
210-213
in nickel-copper (-iron) sulfide ores, 215, 216
Podiform chromite ores, 210-215
Polarizer, 12
Polished section, equipment for preparation,
27-30
sample casting, 18-20
sample grinding and polishing, 20-27
Polished thin section, preparation, 31-34
Polishing hardness, 46-48
Polybasite, diagnostic properties of, 389
reflectance of, 389, 406
Vickers microhardness of, 389
Porcupine, Canada, ores of, 244
Porphyroblastic growth, 154-157, 304
Porphyry copper deposits, see Copper porphyry
ore deposits
Potosi District, Bolivia, ore deposits, 241
Pressure lamellae, 146-148
Proton-induced x-ray emission, 415
Proustite, diagnostic properties of, 390
reflectance of, 390, 406
Vickers microhardness of, 390, 407, 408
Psilomelane, diagnostic properties of, 390
reflectance of, 390, 405, 406
in sedimentary manganese deposits, 266
Vickers microhardness of, 390, 408, 409
Purple line, 98, 99
Pyrargyrite, diagnostic properties of, 391
reflectance of, 391, 406
Vickers microhardness of, 391, 408
Pyrite, in coals, 271-273
in copper-iron-zinc assemblages in volcanic
environments, 297-303
in copper-lead-zinc-silver vein deposits,
232-235
diagnostic properties of, 391
etching to show textures, 34-37
exsolution from pyrrhotite, 142
in gold-uranium ores, 284-288
in lead-zinc ores in carbonate rocks, 288-293
in metamorphosed massive sulfides, 303-309
in nickel-copper (-iron) sulfide ores, 215-220
in porphyry copper deposits, 226-232
in stratiform sulfide ores, in sedimentary rocks,
294-297
inclusions in, 154-157, 304
inversion from marcasite, 145
porphyroblast growth, 154-157, 304
reflectance of, 391, 407
textures in lead-zinc ores, in carbonate rocks,
124,129
Vickers microhardness of, 391, 410
Pyrite-type disulfides, Vickers Hardness Number
variation with composition, 114-115
Pyrolusite, diagnostic properties of, 392
reflectance of, 392, 406
in sedimentary manganese deposits,
266-269
textures in open-space deposition, 129
Vickers microhardness of, 392, 408
Pyrrhotite, in chromite ores, 210-213
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Pyrrhotite, in chromite ores (Continued)
deformation in, 146-152, 309
diagnostic properties of, 392
in metamorphosed massive sulfides, 303-309
in nickel-copper (-iron) sulfides ores, 215-220
oxidation, 136, 161
reflectance of, 392, 406
reflectance variation with composition, 93-96
Vickers microhardness of, 392, 408

Quanz Hill, Alaska ore deposit, 227
Questa, New Mexico ore deposit, 227

R (%), 61,78
R..R,. 62, 68, 69,79, 84
R, R, 79, 84,87
gl:. Rs, 61;1.184
Ry. Ry R, 67
Rabbit Lake, Saskatchewan ores, 277
Rammelsbergite, diagnostic properties of, 393
reflectance of, 393, 407
in vein ores, 235-240
Vickers microhardness of, 393, 409
Ray. Arizona ore deposit, 227
Realgar, diagnostic properties of, 393
reflectance of, 393, 406
in vein deposits, 250
Vickers microhardness of, 393, 407
Recrystallization of ores, 138, 153-154
Red Sea deposits, 298
Reduction-exsolution, 145
Reflectance, definition of, 41-42
diffuse, 61
qualitative examination of, 41-42
specular, 60
Reflectance measurement, errors in and correction
of, 88-89
in oil immersion. 89-90
procedures for, 83-87
techniques of, 82-87
Reflectance variation, correlation with electronic
structure, 101-103
Reflectance variation and mineral composition,
in copper sulfides and sulfosalts, 96
in galena with Sb content, 96
in gold-silver alloys, 93-94
in ilmenite-geikielite series, 95
in platinum minerals, 95
in pyrrhotites, 95
in silver sulfosalts, 95
in tetrahedrite-tennantite minerals, 96
Reflection pleochroism, 42, 68
Reflection rotation, 73
Reflector, glass plate, 10-11
mirror system, 10-11
prism, 10-12
smith-type, 11-12
Refractive index, of opaque medium, 60-61
of transmitting medium, 57-58, 61
Relief on polished section surfaces, 17, 28
Renison Bell, Tasmania, ores of, 310
Replacement, in paragenetic studies, 129-138,
277. See also Textures
Rhythmically crustified vein, 123
Rio Tinto, Spain, ores of, 298

Roros, Norway, ores of, 304

Rosette textures, 237

Rutile, diagnostic properties of, 394
in iron-titanium oxide ores, 220-226
reflectance of, 394-406
Vickers microhardness of, 394, 409, 410

Safflorite, diagnostic properties of, 394
reflectance of, 394, 407
in vein ores, 235-240
Vickers microhardness of, 394, 409
Sample holder for polished sections, 15
Sample preparation, 17-38
Saturation, in color specification, 97
Sayaquira District, Bolivia ore deposits, 241
Scanning electron microscope (SEM), 414
Scanning tunneling microscope (STM), 414
Schalenblende, in lead-zinc ores in carbonate
rocks, 289
Scheelite, diagnostic properties of, 395
reflectance of, 395, 405
in skarn deposits, 309-313
Vickers microhardness of, 395, 408, 409
Schlieren, 151
Schreibersite, diagnostic properties of, 395
in meteorites and lunar rocks, 313, 315
Secondary ion mass spectrometry (SIMS), 416
Sedimentary rocks, ores in, 259-297
Selenium cell, in reflectance measurement, 80
Selwyn Basin Yukon, Canada, ores of, 294
Seriate distribution, 142
Siegenite, diagnostic properties of, 395
reflectance of, 395, 406
Vickers microhardness of, 395, 409
Silver, native, diagnostic properties of, 396. See
also Copper (-lead-zinc-silver) vein deposits;
Lead-zinc-silver vein ores
reflectance of, 396, 407
in vein ores, 234-241
Vickers microhardness of, 396, 407
Silver-bismuth-cobalt-nickel-arsenic (-uranium)
vein ores, 235-241
mineral assemblages, textures, parageneses,
237-240
mineral formation of, 240-241
mineralogy of, 235
mode of occurrence of, 237
Silverfields deposit, Cobalt, Ontario, 238
Sinter products, study of by ore microscopy,
343-348
Skarn deposits, 309-313
formation of, 311-313
mineral associations and textures of, 310-311
mineralogy of, 309
mode of occurrence of, 309-310
Skeletal crystals, 122-123
Skellefte District, Sweden, ores of, 304
Skutterudite, diagnostic properties of, 396
reflectance of, 396, 407
in vein ores, 235-240
Vickers microhardness of, 396, 409
Slags, 343-348
Slimes, in mineral technology, 332
Smelter products, study of by ore microscopy,
343-348



Spectral dispersion, concept of, 72
curves, 81-87
measurement of curves, 81-87
Spectrum locus, 97
Sperrylite, in nickel-copper (iron) sulfide ores, 213
Sphalerite, in coals of Illinois, 271-272
colloform textures in, 126, 129
compositions in different ores, 332
in copper-iron-zinc assemblages, in volcanic
environments, 297-303
in copper-lead-zinc-silver vein deposits,
232-235
deformation in, 114-116, 309
diagnostic properties of, 396
geobarometer, 193, 307
intergrowths with chalcopyrite, 143-144
in lead-zinc ores, in carbonate rocks, 123-126,
288-293
in metamorphosed massive sulfides, 307-308
in meteorites, 313
reflectance of, 396, 405
in skarn deposits, 309-313
in stratiform sulfide ores, in sedimentary
rocks, 294-297
textures in lead-zinc ores, in carbonates,
123-126
in vein deposits, 247-253
Vickers microhardness of, 114-116, 396, 408
zoning in, 124-127
Sphalerite geobarometer, 192-193, 307-308
Sphalerite stratigraphy, 167-170
Spinel oxides, in lunar rocks, 318
Spionkopite, 86
Standards, for reflectance measurement, 88
Stannite, diagnostic properties of, 397
reflectance of, 397, 406
Vickers microhardness of, 397, 407, 408
Steamboat Springs, Nevada, ores of, 251
Stephanite, diagnostic properties of, 398
reflectance of, 398, 406
Vickers microhardness of, 308, 407, 408
Sterling Hill, New Jersey, 329
Stibnite, diagnostic properties of, 398
reflectance of, 398, 406
in vein deposits, 250, 251, 253
Vickers microhardness of, 398, 407, 408
Stillwater Complex, Montana, 210
Stratiform sulfide ores in sedimentary rocks,
294-297
mineral associations and textures of, 294-296
mineralogy of, 294
mode of occurrence of, 294
origin of, 296-297
Stromeyerite, diagnostic properties of, 398
reflectance of, 399, 406
Vickers microhardness of, 399, 407
Sudbury Ontario, ores of, 215
paragenesis of the ores of, 175-180
Sudburyite, in nickel-copper (iron) sulfide ores,
216
Sulfide coatings on sediment grains, 129
Sulfide minerals, as pseudomorphs after organic
materials, 130, 276, 277
Sulfur Bank, California, ores of, 251
Sulitjelma, Norway, ores of, 304
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Sullivan, British Columbia, Canada, ores of, 298,
304
Sylvanite, diagnostic properties of, 399
in gold vein ores, 243-248
reflectance of, 399, 407
Vickers microhardness of, 399, 408
Symmetric sections, 69-70
Symmetrically crustified vein, 123, 127

Taenite, in meteorites and lunar rocks, 313-318
Tahawus, New York, ores of, 221
Tailings in mineral technology, 328
losses in copper ore processing, 340
losses in gold processing, 340
Talmage hardness scale, 106
Tasna District, Bolivia ore deposits, 241
Tellurides:
of gold, 243, 246
of lead, 413
of silver, 413
Tennantite, diagnostic properties of, 399
reflectance of, 399, 406
in vein deposits, 247
Vickers microhardness of, 399, 408
Tennantite-tetrahedrite minerals, reflectance
variation with composition, 95
Tenorite, diagnostic properties of, 400
reflectance of, 400, 406
Vickers microhardness of, 400, 408
Tetradymite, diagnostic properties of, 400
reflectance of, 400, 407
Vickers microhardness of, 400, 407
Tetrahedrite, in copper-lead-zinc-silver vein
deposits, 232-235
diagnostic properties of, 400
in metamorphosed massive sulfides, 303
reflectance of, 400, 406
in vein deposits, 247-250
Vickers microhardness of, 400, 408
Textures, of ore minerals, in mineral
beneficiation, 329-337
primary, 123-129
secondary due to cooling, 138-145
secondary due to deformation, 145-153
secondary due to replacement, 129-138
Thermal stress, 145
Thin sections, doubly polished, 31-33,
125-126
Thompson, Manitoba ores of, 215
Thucholite, in gold-uranium ores, in
conglomerates, 284-285
Timmins, Ontario, ores of, 298
Timna Region, Israel, manganese ores of, 266
Tintic, Utah, ore deposit, 233
Tin-tungsten-bismuth vein ores, 241-243
mineral associations and textures, 241-242
mineralogy of, 241
mode of occurrence of, 241
origin of, 243
Tin-tungsten ores, Bolivia, paragenesis of,
177-180
Titanium, see Iron-titanium oxide ores
Todorokite, in sedimentary manganese deposits,
269
Tristimulus values, 97
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Troilite, in meteorites and lunar rocks, 313-318.
See also Pyrrhotite
Troodos Complex, Cyprus, ores of, 298
Trsce, Yugoslavia, ores of, 251
Tsumeb, South Africa, ores of, 248
Tungsten, see Tin-tungsten-bismuth vein ores
Twin Buttes, Arizona, ores of, 310
Twinning, 53, 146-149
deformation, 146
growth, 146
inversion, 146
in paragenetic studies, 174

Udokan, Siberia, USSR, ores of, 276
Uj-Moldava, Romania, ores of, 250
Ullmannite, diagnostic properties of, 401
reflectance of, 401, 406
Vickers microhardness of, 401, 409
Ulvdspinel, diagnostic properties of, 401
exsolution from magnetite, 141, 142
in iron-titanium oxide ores, 142, 220-225
reflectance of, 401, 405
Urad, Colorado ore deposit, 227
Uraninite, diagnostic properties of, 402
in gold-uranium ores, in conglomerates,
284-288
reflectance of, 402, 405
in uranium-vanadium-copper ores, 275-281
in vein ores, 235-241
Vickers microhardness of, 402, 409
Uranium ores, see Gold uranium ores in
conglomerates; Silver-bismuth-cobalt-nickel-
arsenic (-uranium) vein ores
Uranium solubility diagram, 279
Uranium-vanadium-copper ores, associated with
sandstones, 275-281
mineral associations and textures of, 276-277
mineralogy of, 275-276
mode of occurrence of, 276
origin of, 277-281
Usinsk, USSR, manganese ores of, 267

Valleriite, in chromite ores, 210
diagnostic properties of, 402
reflectance of, 402, 406
Vickers microhardness, 402
Vanadium minerals with uranium ores, 275-281
Vanua Levu, Fiji, 298
Vibration direction, extraordinary, 58
ordinary, 58

Viburnum Trend, ores of, 289
Vickers hardness number, definition of, 107. See
also Microindentation hardness
instrumental techniques for measurement,
108-109
precision of measurement, 109-110
sources of error in measurement, 109-110
theory of, 107-108
Vickers microhardness, see Vickers hardness
number
Violarite, diagnostic properties of, 403
reflectance of, 403, 406
in nickel-copper (-iron) sulfide ores, 215,
219-220
Vickers microhardness of, 403, 408
Vitrinite, definition of, 275
reflectance of, 274
Volcanic rocks, ores, in, 297-303

Widmanstitten structure, 314
Witwatersrand, South Africa, ores of, 285-288
beneficiation of ores from, 337-340
White Pine, Michigan, ores of, 294
Wolframite, diagnostic properties of, 403
reflectance of, 403, 405
in skarn deposits, 309-313
in vein ores, 241-243
Vickers microhardness of, 403, 408
Wolframite series, Vickers hardness number
variation with composition, 115
Wood, replacement by sulfides, 130, 277
‘Work hardening, 115-117

X-ray powder diffraction techniques, 411

Yarrowite, 86
Yellowknife, North West Territories, Canada, ores
of, 244

Zacatecas, Mexico ore deposit, 233

Zinc, see Copper-iron-zinc ores in volcanic
environments; Copper (-lead-zinc-silver) vein
deposits; Copper-zinc-arsenic vein ores;
Lead-zinc ores in carbonate rocks; Lead-
zinc-silver vein ores

Zincite, diagnostic properties of, 404

reflectance of, 404, 405
Vickers microhardness of, 404, 408
Zoning, in paragenetic studies, 167-170
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