CHAPTER 7

ORE MINERAL TEXTURES

7.1 INTRODUCTION

Ore microscopy involves not only the identification of individual mineral
grains but also the interpretation of ore mineral textures, that is, the spatial
relationships between grains. Barton (1991) has astutely noted that “the inter-
pretation of textures is simultaneously one of the most difficult and important
aspects of the study of rocks and ores.” Textures may provide evidence of the
nature of such processes as initial ore deposition, postdepositional re-
equilibration or metamorphism, deformation, annealing, and meteoric
weathering. The recognition and interpretation of textures is often the most
important step in understanding the origin and postdepositional history of an
ore. However, the extent to which the ore minerals retain the compositions and
textures formed during initial crystallization varies widely. Figure 7.1 illus-
trates this variability in terms of equilibration rates and shows that oxides, di-
sulfides, arsenides, and sphalerite are the most refractory of ore minerals.
These minerals are more likely to preserve evidence of their original con-
ditions of formation than are minerals such as the pyrrhotites or Cu-Fe sul-
fides. Argentite, sulfosalts, and native metals are among the most readily
re-equilibrated ore minerals and thus are the least likely to reflect initial for-
mation conditions. The textures observed in many polymetallic ores reflect
the stages, sometimes numerous, in their development and postdepositional
history. Consequently, the textures and compositions observed in close prox-
imity in complex polymetallic ores may actually reflect several different stages
in the development and postdepositional history of an ore deposit. Hence, the
morphologies and inclusion patterns within refractory minerals such as pyrite
may represent initial high-temperature conditions, whereas coexisting pyr-
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FIGURE7.1 Equilibration times for various sulfides involved in solid state reactions.
The field widths represent differing rates in different reactions, as well as changes in
rates due to compositional differences in a phase and a great deal of experimental
uncertainty. (From H. L. Barnes, Geachemistry of Hydrothermal Ore Deposits, 2nd ed.,
copyright © 1979, Wiley-Interscience, New York, p. 287; used with permission.)

rhotites may have equilibrated-to-intermediate-temperature conditions dur-
ing cooling, and minor sulfosalts or native metals may have equilibrated
down to the very lowest ambient temperatures. Furthermore, there are often
weathering effects that have been superimposed much later and that may be
totally unrelated to the original processes of formation. Hence, complete tex-
tural interpretation involves not only recognition and interpretation of the
individual textures but also their placement in the time framework of the
evolution of the deposit from its formation until the present day.

Textural recognition and interpretation, in addition to providing insight
into the history of a deposit, may also aid in mineral identification (see Section
3.5) and may supply information valuable to ore milling and beneficiation.
Furthermore, the same textures observed in ore mineral assemblages are
found in a large variety of synthetic-made materials (e.g., slags, metals, dental
amalgams, corrosion products), and proper interpretation can help in the
solution of many practical problems. Several of these aspects are discussed in
Chapter 11.

It is not possible, in this text, to discuss the complete variety of textures
observed in ores, but a number of common examples will be described and
used to illustrate the principles involved in textural interpretation. Many
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7.2 PRIMARY TEXTURES OF ORE MINERALS FORMED
FROM MELTS

The growth of ore minerals in silicate melts generally results in the develop-
mentofeuhedral to subhedral crystals, because there is little obstruction to the
growth of faces. Thus, primary chromite, magnetite, ilmenite, and platinum
minerals, phases that are refractory enough to retain original textures, often
occur as well-developed equant euhedra interspersed in the plagioclase, oli-
vine, and pyroxene of the host rock (Figure 9.1). Unobstructed growth, es-
pecially in rapidly cooled basalts, sometimes results in the formation of
skeletal crystals (Figure 7.2a) that may be wholly or partially contained within
subsequently solidified glasses or crystallizing silicates. Poikilitic develop-
ment of silicates in oxides or oxides in silicates is not uncommon. In oxide-
rich layers, the simultaneous crystallization of mutually interfering grains
results in subhedral crystals with widely variable interfacial angles. In con-
trast, the interfacial angles at triple-grain junctions of monomineralic masses
that have been annealed during slow cooling or during metamorphism gen-
erally approach 120° (see Section 7.7 for further discussion).

Iron (plus nickel, copper)-sulfur (-oxygen) melts, from which iron-nickel-
copper ores form (see Section 9.3), generally crystallize later than the enclos-
ingsilicates. The magnetite often present in these ores crystallizes, whereas the
iron sulfides are wholly or partially molten, and thus tends to be euhedral or
skeletal, whereas the much less refractory sulfides (mostly pyrrhotite) exhibit
textures of cooling and annealing. Primary iron-sulfur (-oxygen) melts can
also result in the formation of small (<100 um) round droplets trapped in
rapidly cooled basalts and basaltic glasses (see Figure 7.2b).

7.3 PRIMARY TEXTURES OF OPEN-SPACE DEPOSITION

The initial deposition and growth of the ore and gangue minerals in many
deposits occurs in open spaces in vugs or fractures developed by dissolution or
during faulting. Although the open space may no longer be evident because of
subsequent infilling or deformation, the initial formation of the crystals in
open space is often still evidenced by the presence of well-developed crystal
faces (especially in such minerals as sphalerite—see Figures 7.3a and 7.3b—or
chalcopyrite that rarely exhibit euhedral forms), by crystals that exhibit
growth-zoning (Figure 7.4), by colloform or zoned monomineralic bands
(Figures 7.5a-7.5c). All of these features result from unobstructed growth of
minerals into fluid-filled voids, the banding being the result of a change in the
ore-forming fluids and the physico-chemical environment of mineralization
with time. Deposition from hydrothermal solutions in open fissures can result
in comb structures and in symmetrically and rhythmically crustified veins, as
shown in Figures 7.6a and 7.6b. Movement along such a vein during or after
ore formation may cause brecciation resulting in breccia ore (Figure 7.7). All of
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(b)

FIGURE 7.6 (a) Comb structure showing growth of crystals outward from fracture
walls. (b) Symmetrically crustified vein showing successive deposition of minerals
inward from open fracture walls. This vein is also rhythmically crustified in showing
the depositional sequences a-b-a-c (w = wall rock). Scale variable from millimeter to
several meters across vein.

types of ores, often occurs as well-formed cubes and less commonly as oc-
tahedra or skeletal crystals in open voids. Episodic precipitation, sometimes
with intervening periods of leaching, often leaves hopper-like crystals of
galena. Chalcopyrite, tetrahedrite, and the “ruby-silvers” (polybasite-pear-
cite), which almost never exhibit any crystal form in massive ores, commonly
appear as euhedral crystals when unimpeded growth in open cavities occurs.

FIGURE 7.7 Breccia ore showing successive deposition of minerals on breccia frag-
ments and other wall rocks. Scale variable from wall rock fragments of millimeter to
several meters across breccia fragments.
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phase projecting into the host. It may also appear as thin concentric coatings
developed roughly parallel to the advancing front of replacement. In the early
stages of the process, replacement may be readily identified, because much of
the original phase remains and the original grain boundaries, fractures, or
cleavages are still visible (Figures 7.11a and 7.11b). In more advanced stages,
the original phase may be reduced to “islands” now left in a matrix of the
secondary minerals (Figure 7.11c). If the original material was coarsely crys-
talline and optically anisotropic, the residual island grains may well show
optical continuity (i.e., extinguish simultaneously when viewed under crossed
polars). Complete replacement of one mineral by another is often difficult to
establish unless vestigial structures, such as the typical morphology of the
replaced phase (pyrite cubes now seen as goethite, Figure 7.10c; pyrrhotite
laths now seen as pyrite and marcasite, Figure 7.11d), are left behind.

With careful observation, one can usually distinguish between replace-
ment along fractures and mere fracture infilling resulting from precipitation
of a later phase or its injection during metamorphism. Replacement con-
sumes some of the original phase and tends to produce a rounding off of
irregular surfaces, whereas infilling leaves the original fractured surfaces
intact. After replacement, the surfaces on either side of a fracture do not
“match” (Figure 7.12a), whereas, after infilling, the surfaces should still
“match” (Figure 7.12b). It is important to note that textures such as that shown
in Figure 7.12b have been erroneously interpreted and used as evidence that
pyrite is breaking down to form pyrrhotite in these ores.

Replacement along fractures may also resemble some of the exsolution tex-
tures discussed later. However, replacement commonly results in an increase
in the volume of the secondary replacing phase at the intersections of frac-
tures, whereas this is not common in exsolution. In fact, exsolution often pro-
duces the opposite effect in which intersecting exsolution lamellae show
depletion of the exsolved phase in the zone of intersection. For the same
reasons, exsolution often leaves depleted zones in the host phase (Figure
7.17d) adjacent to major concentrations of the exsolved phase. Replacement,
however, may result in greater concentration of the secondary phase adjacent
to, and extending out from, major replacement areas.

7.4.2 Crystal Structures

The crystal structure of the phase being replaced may control replacement,
either because this determines cleavage directions or because diffusion can
take place more readily along certain crystallographic directions. For exam-
ple, the oxidation of magnetite commonly results in replacement by hematite
along (111) planes (Figure 7.34).

7.4.3 Chemical Composition

The chemical composition of the primary phase may control the composition
of the phase that replaces it. During weathering, and often during hydrother-
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mal replacement, the secondary phase retains the same cation composition as
the primary phase, with merely a change in oxidation state (e.g., hematite
forming during oxidation of magnetite or violarite forming on pentlandite,
Figures 7.34 and 9.8) or a change in anion (e.g., hematite replacing pyrite or
anglesite replacing galena). Replacement may also selectively remove one
cation while leaving another; this is frequently seen in the replacement of
chalcopyrite or bornite by covellite (Figure 7.11a). The effects of the removal of
cations during weathering are shown schematically for some common sul-
fides by the arrows in Figures 7.13 and 7.14. The removal of iron from hex
agonal pyrrhotite results in an increase in the sulfur-to-metal ratio and the for-
mation of monoclinic pyrrhotite (which often looks like “flames” along the
margins of fractures) and ultimately in pyrite and marcasite (as grains, col-
loform masses, or “birds eyes”—see Figure 7.35). The iron removed from the
pyrrhotite may leave the area in solution or may be precipitated as goethite
along the fractures. The weathering of chalcopyrite or bornite usually results
in the removal of iron before copper (i.c., so that the composition of the
remaining sulfides moves in the direction of the arrow in Figure 7.14). Conse-
quently, the outer margin of the chalcopyrite or bornite is converted to chal-
cocite, digenite, or covellite. The iron, asin the case of pyrrhotite weathering, is
either removed or reprecipitated as goethite.

Selective removal of iron in preference to titanium is exhibited in the
weathering of the iron-titanium oxides in placer ores. As shown in Figure
10.12, the selective removal of hematite laths from grains that contain inter-
growths of hematite and ilmenite results in an increase in the titanium content
of the remaining grain. This natural upgrading of the grains can significantly
improve the quality and profitability of a placer ore deposit (see discussion in
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FIGURE 7.13 Weathering or oxidation of iron sulfides is shown schematically by the
arrow on the Fe-S-O diagram. The addition of oxygen results in extraction of iron from
the phases and the conversion of hexagonal pyrrhotite into monoclinic pyrrhotite and,
ultimately, into pyrite or marcasite. The extracted iron may form an oxide or an hy-
droxide phase or may be removed from the system by fluids.
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FIGURE 7.14 Weathering of the copper-iron sulfides is shown schematically by the
arrow on the Cu-Fe-S system. During weathering, iron is preferentially removed from
chalcopyrite (cp), forming bornite (bn) and, ultimately, digenite (di) and/or covellite
(cv). Pyrite may form but is commonly absent because of the difficulty of nucleating
pyrite at low temperatures.

Section 10.5). Chemical control of replacement is also demonstrated in Figure
7.12a,in which a copper-rich fluid has deposited bornite around earlier pyrite.
Where the copper-bearing fluid encountered the pyrite and the chemical
potential of FeS, was highest (e.g., within the centers of the fractured pyrite
crystals), the replacement reaction resulted in the formation of chalcopyrite.
Replacement may occur selectively, affecting only one phase in an inter-
growth or particular zones in a compositionally zoned crystal (producing an
atoll structure, see Figure 7.15). The reasons for such selective replacement may
be extremely subtle and are, in most instances, poorly understood.

A final example of replacement is the open void “boxwork” texture com-
posed of cellular crisscross laths of goethite, hematite, and sometimes pyrite,
as are found in gossans (Figure 7.16).

FIGURE 7.15 Differing stages in the development of atoll structure resulting from
the selective replacement of intergrown or compositionally zone crystals.
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7.5.2 Exsolution and Decomposition

Many ore minerals undergo compositional or structural adjustments in the
form of exsolution or inversion as they cool from the temperatures of initial
crystallization or the maximum temperature of metamorphic recrystalliza-
tion. In exsolution, one phase is expelled from another, often in a characteris-
tic pattern. A list of some commonly observed host and exsolved phases is
given in Table 7.1; a more complete list is given by Ramdohr (1969, pp. 190-
198).

The form of the exsolved phase varies with the minerals involved, theirrela-
tive proportions, and the postdepositional cooling history of the ore. The
exsolution process results from diffusion (usually of metal atoms through a
sulfur or oxygen lattice), the nucleation of crystallites, and the growth of crys-
sallites or crystals. Similarities of crystal structure and chemical bonding bet-
ween host and exsolved phase, particularly the matching of atomic ar-
rangements in specific layers resulting in a shared plane of atoms, frequently
dictate that exsolution is crystallographically controlled (coherent exsolu-

TABLE 7.1 Examples of Ore Minerals Frequently Encountered in

Nature of Commonly

Host Phase Exsolved Phase Observed Intergrowth
Arsenic or antimony Stibarsen Myrmekitic
Bornite Chalcopyrite Basket weave
Bornite Chalcocite-digenite Roughly cubic network
Chalcopyrite Cubanite Sharply bounded laths
Chalcopyrite Sphalerite Stars, Crosses
Chalcopyrite Mackinawite Lamellae, irregular wisps
Chalcopyrite Bornite Basket weave
Galena Matildite Lamellae
Hematite Ilmenite Lens-like lamellae
Iimenite Hematite Lens-like lamellae
Kamacite Plessite Lamellae in triangular pattern
Magnetite Timenite Lamellae in triangular pattern
Magnetite Ulvospinel Lamellae in triangular pattern
Pb-Sb and Pb-Sh and Lamellar

Pb-Bi sulfosalts Pb-Bi sulfosalts

Pyrrhotite Pentlandite Lamellae or flames
Silver Dyscrasite Lamellae
Sphalerite? Chalcopyrite Rows of blebs
Sphalerite Pyrrhotite Rows of blebs
Sphalerite Stannnite Dispersed blebs
Stannite Chalcopyrite Lamellae in triangular pattern
Stibarsen Arsenic or antimony Myrmekitic

“Usually not the result of exsolution; see text.
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tion). For example, pentlandite exsolves such that the (111), (110), and (112)
crystallographic planes are parallel to the (001), (110), and (100) planes, re-
spectively, of the host pyrrhotite (Figure 8.8b), ulvéspinel exsolves parallel to
the (111) planes of host magnetite (Figure 7.17d).

If parent and exsolved phases have completely different structures or if
there is no crystallographic continuity across the interface between phases,
noncoherent exsolution occurs. For example, it is apparent from phase equili-
brium studies (Figure 8.18), that if pyrite and pyrrhotite equilibrate at elevated
temperatures (~400°C or above), pyrite will exsolve on cooling. (See also Sec-
tion 10.10 regarding the changes in pyrite and pyrrhotite during metamor-
phism.) However, the pyrite exhibits a considerable force of crystallization
(i.e., a tendency to grow as euhedra at the expense of surrounding phases),
which, when combined with the dissimilarity of the pyrite and pyrrhotite
structures, results in the pyrite occurring as individual grains (commonly
euhedral cubes) rather than as recognizable exsolution lamellae. The kinetics
of the exsolution depend on temperature, degree of supersaturation, and the
concentrations of impurities; in nature, virtually all pyrrhotites have com-
positions that have readjusted atlow temperatures. A rigorous treatment of the
kinetics and mechanisms of exsolution is beyond the scope of this text; for
such detail, the reader is referred to the works of Yund and McCallister (1970),
Putnis and McConnell (1980), or Kelly and Vaughan (1983). Decrease in the
interfacial energy during exsolution is frequently accomplished by the ex-
solved phase taking on more equant forms. Hence, early formed flames of
pentlandite in pyrrhotite coalesce into irregular veinlets, and well-defined
thin lamellae of chalcopyrite in bornite (or vice versa) retain a basket weave
texture but swell into bulbous lenses. A study of the exsolution textures ob-
served in copper-iron sulfides (Brett, 1964) demonstrated that they are not par-
ticularly indicative of the rate of cooling or the temperature of initial formation
of the ores.

The large variety of exsolution textures observed are difficult to classify
using a simple terminology. However, certain terms are widely employed to
describe the textures, notably marginal, lamellar, emulsoid, and myrmekitic
exsolution textures (see Figure 7.17). The distinction between crys-
tallographically controlled exsolution and similar replacement textures often
can be made because intersecting lamellae show depletion at the junction in
the former case and greater concentration in the latter case. Also, the depletion
of exsolved material around a large bleb, known as seriate distribution, is a dis-
tinctive feature that is well illustrated in Figure 7.17d, which shows the exsolu-
tion intergrowths in FeTi oxides, among the most important and widely
observed of such textures.

The exsolution of hematite and ilmenite (in widely varying proportions)
results from cooling and is very commonly found in many types of high-grade
metamorphic and igneous rocks. “Black sands,” accumulated in many sedi-
mentary environments (see Section 10.5), usually contain a large proportion of
grains exhibiting hematite-ilmenite intergrowths.
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(1987), has concluded that the chalcopyrite results either by epitaxial growth
duringsphalerite formation or by replacement as copper-rich fluids react with
the sphalerite after formation. During metamorphism, finely dispersed chal-
copyrite may be redistributed when the sphalerite recrystallizes, so that it
remains concentrated along the sphalerite grain boundaries.

Exsolution itself is a form of decomposition, because the original high-
temperature composition no longer exists as a single homogeneous phase.
However, the term “decomposition” is more commonly applied when a phase
undergoes an abrupt change into two phases of distinctly different com-
positions, as in eutectoidal breakdown. The term “decomposition” is also ap-
plied to the breakdown of the central portion of a complete solid solution
series, with the resulting development of an intimate intergrowth of com-
positionally distinct phases. Eutectoidal breakdown on cooling is well known
in metallurgical studies, but relatively few mineral examples have been veri-
fied. Digenite, CugSs, is not stable below 70°C unless it contains ~ 1% iron and
decomposes on cooling below this temperature to form a complex mixture of
anilite and djurleite (see the Cu-S phase diagram in Figure 10.8). If the original
composition before cooling is more Cu-rich, the decomposition may result in
the formation of a mixture of chalcocite and djurleite. In a detailed study of the
Cobalt-Gowganda, Ontario ores, Petruk (1971) has reported a complex inter-
growth of galena and chalcocite that apparently has formed as a result of the
decomposition of a Cu-Pb sulfide that is only stable at high temperature
(Craig and Kullerud, 1968).

Two examples of textures resulting from the decomposition of the central
portion of a solid solution series are lath-like matildite-galena intergrowths
(Figure 7.17b) and the myrmekitic arsenic- (or antimony-) stibarsen inter-
growths referred to as “allemontite” (Figure 7.17¢c). The fineness of the inter-
growth (sometimes on a scale of a few microns) and the similarity in ap-
pearance of constituent phases can easily result in their misidentification as a
single phase.

7.5.3 Inversion

Inversion of a mineral from one structural form to another of the same com-
position is not often easily discernible texturally but may produce characteris-
tic twinning. Sometimes, even though inversion has occurred, the crystal
morphology of the high-temperature phase is retained as a paramorph. Some
high-temperature phases always invert so rapidly on cooling thatonly the low-
temperature forms are observed (e.g., troilite, chalcocite, acanthite). Unfor-
tunately, the twinning in acanthite, once thought to be diagnostic of inversion,
can form below the inversion temperature of 176°C (Taylor, 1969). Certain
other phases that are observed as both high- and low-temperature forms (e.g.,
cinnabar-metacinnabar; famatinite-luzonite) may not be diagnostic of for-
mation conditions, because one of the forms is metastable.

Marcasite, although apparently never thermodynamically stable, com-
monly forms in low-temperature environments, including coals, black shales,
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and carbonate- and sediment-hosted zinc-lead deposits. It is also frequently
observed in supergene assemblages, especially forming along fractures in
pyrrhotite. However, examination of the iron sulfides in these occurrences
often reveals pyrite grains that exhibit the lath-like and radiating patterns typi-
cal of marcasite. Murowchick (1992) has pointed out that inversion of mar-
casite to pyrite results in a 2.6% volume reduction that leaves characteristic
small pores. In contrast, the formation of marcasite or pyrite at the expense of
pyrrhotite during weathering results in about a 30% volume reduction.

7.5.4 Oxidation-Exsolution and Reduction-Exsolution

Exsolution lamellae of ilmenite in magnetite (and less commonly of mag-
netite in ilmenite) are often present in a relative volume that exceeds the
known solubility limits for these minerals. Lindsley (1976) has explained the
mechanism by which these lamellae form with reference to the fO,-T plot for
the Fe-Ti oxides given in Figure 9.13. On this plot, the curves for magnetite-
ulvdspinel solid solution (Mt-Usp) dip more steeply and those for hematite-
ilmenite solid solution (Hem-Ilm) dip less steeply than the curves for buffers
such as Ni-NiO, fayalite-magnetite-quartz or most fluids. Consequently, on
cooling along a buffer curve orin the presence of a fluid of constant composi-
tion, a given Mt-Usp will undergo oxidation and lamellae of ilmenite will form
on the (111) planes. Conversely, a Fe,Os-rich ilmenite, cooled under similar
conditions, will be reduced, yielding lamellae of Ti-magnetite parallel to the
(0001) planes.

7.5.5 Thermal Stress

Most ore minerals have approximately the same coefficients of thermal ex-
pansion, and thus most mono or polymineralic masses suffer little induced
strain on cooling. One significant exception is pentlandite, (Fe,Ni)ySg, which
has a coefficient of thermal expansion that is 2-10 times larger than such sul-
fides as pyrrhotite and pyrite with which it is generally associated (Rajamani
and Prewitt, 1975). As a result, the chain-like veinlets of pentlandite (Figure
9.5) that form at elevated temperatures (300-600°C) by coalescence of early
exsolved lamellae, are typically fractured, because they have undergone much
greater shrinkage than the host pyrrhotite.

7.6 SECONDARY TEXTURES RESULTING FROM DEFORMATION

Many ores contain textural evidence of deformation. The evidence ranges
from minor pressure-induced twinning to complete cataclasis. The degree to
which individual mineral grains both respond to and preserve deformational
effects ranges widely, depending on the mineral, the rate of strain, the nature of
the deformation, the associated minerals, the temperature at the time of defor-
mation, and the postdeformational history. The response threshold of min-
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erals appears to be primarily a function of hardness. Hence, minerals such as
many native metals, sulfosalts, and copper and silver sulfides deform most
readily; copper-iron sulfides and monosulfides, less readily; and disulfides,
oxides, and arsenides, least readily. Accordingly, in polymineralic ores, defor-
mation textures are often evident in only some minerals. The softer minerals
deform most readily, but they also recrystallize most readily, so that the defor-
mational effects are obliterated before those in more refractory minerals.
Specific deformation features commonly observed include those discussed in
the following subsection.

7.6.1 Twinning, Kinkbanding, Pressure Lamellae

Twinning, kinkbanding, and pressure lamellae occur in ores subjected to any
degree of deformation and can even be artificially introduced into some of the
softer minerals by rough treatment of specimens. Twinning may occur in
minerals during initial growth, during structural inversion on cooling (Sec-
tion 7.5), or as a result of deformation. Although little or no quantitative study
has ever been undertaken, Ramdohr (1969) suggests that the three major types
of twinning (illustrated in Figures 7.19 and 7.20) can be distinguished as
follows:

Growth Occurs as lamellar twins of irregular width that are
unevenly distributed, present in only some grains,
and may be strongly interwoven

Inversion Commonly occurs as spindle-shaped and inter-
grown networks not parallel throughout grains
Deformation Occurs as uniformly thick lamellae, commonly as-

sociated with bending, cataclasis, and incipient
recrystallization (regions of very small equant
grains), with lamellae often passing through adja-
cent grains

These criteria are useful but not infallible guides to the identification of major
types. Clark and Kelly (1973), in investigating the strength of some common
sulfide minerals as a function of temperature, show that deformation in
pyrrhotite may be as kinkbanding (Figure 7.20c), kinked, or bent subparallel
lamellae, each of which show undulose extinction, or twinning. At less than 2
Kbar, kinkband deformation predominates below ~300°C, whereas above
this temperature both kinking and twinning are common. Pyrrhotite and
many othersulfides that are only moderately hard (e.g., stibnite, bismuthinite)
also commonly contain “pressure lamellae™ (Figure 7.21), slightly offset por-
tions of grains that exhibit either undulatory extinction or slightly different
extinction positions. Pressure-induced twins and pressure lamellae (Figure
7.20a and Figure 7.20d) often terminate in regions of brittle fracture and
crumpling, or very fine-grained regions in which crushed grains have re-
crystallized.
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Exsolution intergrowths of cubanite in chalcopyrite, ilmenite in hematite
(or vice versa), chalcopyrite in sphalerite, pentlandite in pyrrhotite, and bor-
nite in chalcopyrite (or vice versa) are often linear (or planar) features that are
crystallographically controlled. Curvature of the laths, rows of blebs, flames,
orrods is indicative of deformation; however, it is not always clear whether the
exsolution or the deformation occurred first.

Folding or offseting of primary mineral banding is a common feature in
many deformed ores on both micro- and macroscales. Folding often results in
a relatively ductile flow of such softer sulfides as chalcopyrite, galena, and
pyrrhotite but brittle fracture of such harder minerals as pyrite, arsenopyrite,
and magnetite. Thus, the softer sulfides infill fractures between discontinuous
broken portions of harder mineral zones (Figure 10.27). Microscale offsetting
of mineral bands or mineralized veins (Figure 8.4a), commonly with infilling
by later generations of ore or gangue minerals, is frequently seen in ores.

7.6.3 Schlieren

Deformed ores often contain zones along which shearing has occurred. In
such zones, known as schlieren, the ore minerals may be pulverized and
smeared out parallel to the direction of movement The schlieren are usually
planar features in which the ore minerals are very fine grained (sometimes re-
crystallized) relative to the surrounding rock; typically, equant minerals such
as galena are frequently present as elongate (often strained and fractured)
grains.

7.6.4 Brecciation, Cataclasis, and Durchbewegung

Deformation in ores is often evidenced by fracturing or brecciation of ore and
gangue minerals, especially (but not exclusively) of those that are harder and
more brittle, such as pyrite, chromite, and magnetite. The amount of breccia-
tion depends on both the degree of deformation and the mineralogy of the ore.
Thus, moderate deformation will result in considerable brecciation of mas-
sive pyrite, magnetite, or chromite ore where all strain is relieved by brittle
fracture of these minerals. In contrast, pyrite admixed with pyrrhotite or
chalcopyrite usually suffers little, even under extreme deformation, because
the strain is taken up in the softer sulfides. A notable exception to this is the
“rolled” pyrite from Sulitjelma, Norway. In this ore, the pyrite cubes have been
markedly rounded by being “rolled” in the matrix pyrrhotite and chalcopyrite
during severe deformation. Local brecciation of pyrite also occurs where
pyrite grains, otherwise protected by the host pyrrhotite, impinge upon one
another (Figure 7.23). Minor brecciation grades into complex cataclasis with
an increasing degree of fragmentation and disorientation, eventually involv-
ing both ore and gangue minerals (Figure 7.24); this penetrative deformation
has been termed durchbewegung (literally “move through”) by Vokes (1969). In
fault zones and in ores that have suffered penetrative high-grade meta-
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