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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).
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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

Atomic percent

10 20 30 40 30 )

Iron ——

(b)
FIGURE 8.17 Phase relations in the central portion of the Cu-Fe-S system: (a)
schematicrelations 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: hc, 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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FIGURE8.18 Phaserelations among condensed 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)

197




































	ORE_3.pdf
	108
	111
	112
	113
	114
	115
	116
	117
	118
	119
	120
	121
	122
	123
	124
	125
	126
	127
	128
	129
	130
	131
	132
	133
	134
	Binder1.pdf
	19768a009
	19768a010





