
CHAPTER 10

ORE MINERAL ASSEMBLAGES
OCCURRING IN SEDIMENTARY,
VOLCANIC, METAMORPHIC, AND
EXTRATERRESTRIAL ENVIRONMENTS

10.1 INTRODUCTION

In this chapter, the discussion ofcharacteristic associations is continued and
extended to ores occupying a variety of sedimentary, volcanic, and meta
morphic environments. It concludes with a briefaccount of the occurrence of
ore minerals in meteorites and lunar rocks. As in Chapter 9, the common
associations are described, and their modes of origin are briefly discussed.
Again , no attempt is made to give a comprehensive account of their geology
and petrology.

The first associations described represent part of the continuum of sedi
mentary processes and include placer-type titanium, tin, and gold deposits,
chemical precipitates, coal, and base-metal accumulations that are spatially
related to submarine hydrothermal vents and volcanism. Lead-zinc deposits
in carbonates (and arenites), although normally regarded as epigenetic, are
included here because of their stratabound nature and the increasingly pre
valent belief that they are related to diagenetic processes and to the migration
of connate brines. The effects of regional metamorphism on ores, especially
massive sulfides of sedimentary-volcanic affiliation, are treated in Section
10.10, and the contact metamorphic skarn deposits are discussed in Section
10.11. The unique mineralogical characteristics of extraterrestrial materials,
which are becoming increasingly available for study, are described in Section
10.12. References are given to the relevant literature at the end ofeach section;
many additional articles appear regularly in such major periodicals as Eco
nomic Geology. Mineralium Deposita, Transactions ofthe Institution ofMining and
Metallurgy. The Canadian Mineralogist. and Ore Deposit Reviews.
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10.2 IRON AND MANGANESE ORES IN SEDIMENTARY
ENVIRONMENTS

10.2.1 Iron

Most sedimentary rocks contain significant quantities of iron, and there is a
complete range up to those ofore grade. Sedimentary iron ores can broadly be
considered as occurring in three major classes : bog iron ores, ironstones, and
(banded) iron formations. This also is the increasing order of their eco
nomic importance.

Bog Iron Ores

Mineralogy Goethite, limonite, siderite; minor carbonates, vivianite
[Fe3(P04h·8H 20).

Mode of Occurrence As lake or swamp sediments, often in temperate or
recently glaciated areas or in volcanic streams and lakes; also in association
with coal measures in older sedimentary sequences ("blackband iron
stones").

Examples In tundra areas of Canada and Scandinavia; temperate coastal
areas of the eastern United States and Canada; in volcanic provinces such as
Japan and the Kurile Islands; in carboniferous and Permian sedimentary
sequences in the eastern United States and Northern England.

MineralAssociations and Textures Goethite, the major phase ofmany bog
iron deposits, occurs as oolitic or pisolitic grains (1-10 mm) cemented to form
disks (-3-30 ern diameter), which , in tum, form bands or lenses of ore. The
ores also commonly occur as colloform bands and irregular module-like
masses that are composed of mrn-to-cm-length radiating fibrous crystals of
goethite.Other examples are comprised ofmore earthy limonite material with
substantial carbonate and phosphate. The blackband ironstones are largely
siderite.

Ironstones

Mineralogy Chamosite (Fe,AlMSi,Al)40lO(OH)s, hematite, limonite or
goethite, siderite; minor magnetite, pyrite, collophane Ca5(P04h, greenalite
[Fe2+,FeH )6S40 1O(OH)s).

Mode of Occurrence As the "minette-type" (or Clinton-type) ores deposited
in shallow-water marine sequences that are associated with a variety of sedi
mentary rocks, induding limestones, siltstones, shales , and sandstones . Also,
to a minor extent , they occur in volcanic sediments.
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Examples Minette- or Clinton-type ores occur in Phanerozoic sediments of
the Jurassic Age in Alsace-Lorraine and other areas of France, Germany,
Belgium, and Luxembourg; in the Jurassic of England and in the Silurian
(Clinton Beds) of the United States; in volcanic sediments, Lahn-Dill ,
Germany.

Minerai Associations and Textures Megascopically, ironstones appear as
dull, reddish earthy sandstones or as oolitic or pelletal accumulations that
may be distinctly green or red-brown in color. Microscopically, they appear as
oolitic, pisol itic, or pelletal grains that may have been entirely or partially
replaced by interlayered limonite and hematite (Figure 10.1). As in modern
sediments, most ooids and pellets have formed around sand grains or frag
mental fossil or mineral material. Micro- and macrofossils are commonly
present and may also be replaced by iron minerals. Siderite may occur, chiefly
as cementing material, and the silicate, oxide, and carbonate may occur in a
wide range ofratios and detailed textural relationships. In sand facies, the iron
minerals occur dominantly as concentric quartz grain coatings and inter
stitial filling.

Banded Iron Formations

Mineralogy Major hematite and magnetite, and in some cases iron car
bonates and silicates may be important; pyrite usually minor. Major gangue
mineral is chert.

Mode of Occurrence As well-bedded, elongate bodies, often with alternat
ing chert-iron mineral stratification. The ores occur as laterally and vertically
extensive sequences in Precambrian strata throughout the world. In some
cases, the sedimentary setting appears to have been marine; in others, es
tuarine or fresh water; and sometimes an association with volcanic rocks is
evident.

Examples Widespread in Precambrian sequences, but major examples in
clude the Lake Superior district ofMinnesota-Wisconsin-Michigan-Ontario
Quebec and the Labrador-Quebec belts of North America, the Hamersley
Basin of Western Australia, and deposits in Brazil. India, and South Africa.

Minerai Associations and Textures Characterized by banding resulting
from the interlayering of oxides and silica, both on a coarse and a fine scale
(see Figure 10.2); the units may be lenses rather than layers, giving a "wavy"
appearance to the stratification. Hematite and magnetite constitute the major
ore minerals,but iron in carbonate,silicates (greenalite, minnesotaite,stilpno
melane), and sulfides (pyrite and very minor pyrrhotite) is also found . In the
classic work of James (1954, 1966), the occurrence of the ores dominantly as
oxide, carbonate, silicate, or sulfide has been related to a chemical "facies" of



FIGURE 10.1 Textures observed in typical ironstones. (a) Distorted ooliths com
prised of fine-grained chamosite. hematite. and goeth ite. Red Mountain Formation.
Alabama (width of field = 2.000urn). (b) Ooliths of chamosite and goethite . Rosedale,
Northern England (width of field = 2.000 mm).
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FIGURE 10.2 Typical banded iron formation assemblages and textures. (a) Layered
subhedral magnetite. Eastern Gogebic Range. Michigan (width offield = 300 urn), (b)
Bladed specular hematite with blocky magnetite. Rana Gruber Mines, Norway (width
of field = 2,000 um).
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FIGURE 10.3 Fence diagram showing Eh-pH fields in which end member minerals
important in sedimentary iron ores and other chemical sediments are formed under
normal seawater conditions. Associations in brackets are for hypersaline cond itions
(salinity >200%). (Reprinted from W. C. Krumbein and R. M. Garrels, "Origin and
Classification of Chemical Sediments in Terms of pH and Oxidation-Reduction
Potential ," Jour. Geol. 60, 26, 1952, by permission of the University of Chicago
Press.)
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precipitation dependent on Eh and pH conditions, as indicated in Figure
10.3.

In the oxide facies, two major variants occur-a banded hematite/chert ore
and a banded magnetite/chert ore. In the former category, the hematite may
occur in the form of ooliths or pisoliths, as finely crystalline laminae, or as
laths oriented subparallel to the bedding (Figure 10.2b).The latter subdivision
shows more variation, with carbonate and silicate phases often present. Mag
netite occurs as disseminated to massive bands of subhedral to euhedral
grains (Figure 10.2a). The carbonate facies has interlayered chert and car
bonate that may grade into interlayered silicate/magnetite/chert or carbonate/
pyrite. The sulfide facies is characteristically associated not with chert, but
with black carbonaceous shales in which the sulfide is normally very fine
pyrite having clear crystal outlines. Any pyrrhotite is normally found as fine
plates, with the long axis parallel to bedding. The silicate facies can occur in
association with any of the other facies type.

10.2.2 Origins of Iron-Rich Sediments

The bog iron ores can be observed in the process of formation,so their origin is
clearly understood. In the closed drainage systems in tundra areas, these ores
are derived by subsurface weathering and leaching, with transport of the iron
as bicarbonates and humates in ground water oflow pH and Eh, and subse
quent concentration and deposition in lakes and marshes by loss ofCO 2 and,
commonly, oxidation. The origin ofblackband ores is less certain; some may
be primary, and others may be of diagenetic origin.

The origins of ironstone deposits pose major problems regarding both the
source ofthe iron and the methods by which it is concentrated (see Young and
Taylor, 1989, for further discussion). In particular cases, the ultimate source of
iron may have been continental erosion, submarine volcanic springs, or
upwelling ocean currents. The site of final deposition was commonly a shal
low water marine environment, but, since this was a relatively high-energy,
oxygenated environment, formation ofchamosite is unlikely to have occurred
here. Possibly the initial formation of chamosite occurred in a reducing
environment beneath the sediment surface, with subsequent transport to the
site of accumulation. Ooid formation may have occurred diagenetically dur
ing initial formation or during the processes oftransport and final deposition.
Any understanding ofthe origin ofthese ores is further hindered by their com
plex diagenetic history, which often involves total or partial replacement of
ooliths and fossil fragments. These replacement features have led to sugges
tions that the ores result from wholesale replacement ofoolitic limestones by
iron minerals, but detailed study of the textures and geological settings shows
many flaws in this model.

The banded iron formations are very different from the ironstones, in that
the former have very low contents ofAl20 3 and P20 S and a high silica (chert)
content. Their restriction to the Precambrian (and Cambrian) is also con-
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sidered significant in some theories and requires explanation, as does the
regular interbedding of iron ore and chert. Various theories have proposed
cyclical continental erosion, seaboard and submarine volcanism, or seafloor
leaching as the origin of the iron, with deposition in either a marine or a lacus
trine environment. Many workers believe that the absence of free oxygen in
the early to mid-Precambrian atmosphere was an important factor in the
transport and precipitation of the iron. There is, however, no consensus of
opinion regarding the mechanisms of formation. For the arguments in favor
and against various conflicting theories, the reader is referred to the standard
texts on ore geology and to Economic Geology, Vol. 68,No.7 (1973), "Precam
brian Iron Formations of the World" or the other original papers.

10.2.3 Manganese

Most sedimentary rocks also contain detectable concentrations of manga
nese, although, generally, this is an order of magnitude lower in concentration
than iron; as with iron-rich sediments, there is a complete range from minor
amounts to ore grades. The major classes of sedimentary manganese ores are
marsh and lake deposits, deposits of the orthoquartzite-glauconite-clay as
sociation, deposits of volcanic affiliation, and modern marine deposits (in
cluding manganese nodules). The marsh and lake deposits are commercially
insignificant and are undoubtedly the analogues of bog iron ores, being
derived by the same processes. The manganese occurs as poorly crystalline
hydrous oxides. The other classes of sedimentary manganese deposits will be
briefly discussed in turn.

10.2.4 Manganese Deposits of Orthoquartzite-Glauconite-Clay
Association

Mineralogy Pyrolusite, psilomelane, manganite, manganocalcite, and rhodo
chrosite (MnC03) .

Mode of Occurrence Thin lens-shaped beds conformable with enclosing
sedimentary strata, the sediments having generally been deposited on a stable
platform area and being estuarine through to shallow marine deposits (sand
stones, silts, clays, glauconitic beds, limestones, and even coaly beds).

Examples Southern Soviet Union (Nikopol, Chiatura, etc.); Timna region
of Southern Israel; Turkey and Bulgaria and other localities of the Northern
Mediterranean (all in Tertiary strata); Northern Australia (L. Cretaceous beds
of Groote Eylandt).

Minerai Associations and Textures The mineral associations and their
spatial relationships appear to reflect different facies of chemical sedimenta
tion, as suggested for certain iron deposits; in this case, a sequence of oxide,
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oxide-carbonate, carbonate ore appears to represent successively greater dis
tance from a palaeo-shoreline. The ores generally consist of irregular con
cretions and nodules and earthy masses of the oxides or carbonates in a silt or
clay matrix (see Figure IO.4a).

10.2.5 Manganese Deposits of the Limestone-Dolomite Association

Mineralogy Dominantly either oxides (pyrolusite, hausmannite, bixbyite,
psilomelane, etc.) in type 1 or carbonate (rhodochrosite, etc.) in type 2 (see
below).

Mode of Occurrence Subdivided by Varentsov (1964) into:

1. Manganiferous limestone-dolomite formations developed on stable
platforms ("Moroccan type")

2. Manganiferous limestone-dolomite formations of geosynclinal zones
("Appalachian-type" and "Usinsk type")

Type 1 consists of a sequence of manganese oxide ores interlayered with
dolomites, limestones, and sometimes gypsum, with both underlying and
overlying red terrigenous sediments, all deposited on the eroded surface of a
stable platform. Type 2 consists either merely of manganiferous limestone or
more complex manganese carbonate ores in limestone-dolomite sequences
associated with volcanic deposit.

Examples North Africa (Morocco), Appalachian area (United States),
Usinsk deposit (S.W. Siberia, Russia).

Minerai Associations and Textures In both types of deposits, the ore zones
vary from small lenses to continuous beds of Mn-rich sediment. The as
sociations of type 1are composed almost entirely of oxides and are low in iron,
aluminum, and phosphorus, although heavy metal impurities are characteris
tic (BaO < 7%, PbO < 6.5%). The ores of type 2 are dominated by calcian and
ferroan rhodocrosites and also make up >8% of the rock. The carbonates
occur as ooliths and very fine laminae intercalated with manganoan stilpno
melane. Algal and sponge remains commonly occur, and may be replaced by
Mn carbonate. The type 2ores, although lowin Ba and Pb, may contain> 15%
iron oxide and minor phosphorus.

10.2.6 Manganese Deposits of Volcanic Affiliation

Mineralogy Dominantly, the manganese oxides (hausmannite, jacobsite,
etc.). Also braunite and associated iron oxides (hematite, magnetite) and
minor sulfides (pyrite. arsenopyrite. chalcopyrite, galena, sphalerite. tetrahed
rite): also quartz and chalcedony.



FIGURE 10.4 Manganese ores. (a) Psilomelane showing characteristic growth tex
ture (width of field = 2,000 urn), (b) Textures of a characteristic manganese nodule,
Blake Plateau, Atlantic Ocean (width of field = 520 urn),
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Mode of Occurrence Very widespread in volcanic-sedimentary sequences
as concordant lenses of ore (generally rather small).

Examples In Palaeozoic pyroclastic sequ ences in Western North America,
the Urals (Russia), East Australia; in Tertiary volcanic sequences in Japan,
Indonesia, and the West Indies.

Min erai Associations and Textures The manganese occurs as layered and
colloform to botryoidal masses ofintermixed pyrolusite, psilomelane, todoro
kite,and jacobsite.Grain size varies from the micron scale to radiating fibrous
masses in which the fibers exceed 1 em in length .

10.2.7 Modern Marine Deposits ("Manganese Nodules")

Min eralogy In manganese nodules and marine ferromanganese crusts , the
dominant minerals are Mn 4+ oxides related to the terrestrial minerals todoro
kite, 8-Mn02 (sometimes termed vernadite), or, more rarely , birnessite. Al
though most nodules contain significant concentrations of iron, the iron
bearing phases in most nodules are poorly crystalline; recently, the mineral
feroxyhyte (8'-FeOOH) has been claimed to occur as a precursor to goethite (a
FeOOH). Common minor phases are goethite, quartz, feldspar, clays, and
zeolites. Manganese-rich sediments and oozes have been less well studied but
are also dominated by fine-grained oxide and hydroxide phases.

Mode of Occurrence Manganese nodules are widely distributed on the
floors ofthe major oceans and are generally spherical and 1-30 em in diameter
(Cronan, 1992). Their importance as a resource is related not only to the
manganese and iron they contain, but also to the presence of significant
cobalt, nickel , and copper taken up within the structures of the manganese
minerals (see Section 11.4.5). Manganese-rich sediments and oozes also occur
in ocean regions with a clear link to submarine volcanism in some cases ; they
also occur in confined seas as those of the arct ic regions.

Minerai Associations and Textures The inte rnal structure of manganese
nodules is ofporous concentric, often colloform, zoning, with layering ofdif
ferent widths clearly visible under the microscope (see Figure WAb) . The
zones have been classified as laminated, mass ive, columnar, compact, and
mottled , and contain simple, arcuate, or chaotic layering (Sorem and Foster,
1972). The zones of high reflectance are those rich in Mn and containing Ni
and Co; the darker bands are Fe-rich . The porosity, fractures , irregular layer
ing, and included organic matter require impregnation of materials prior to
preparation of polished sections.
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10.2.8 Originsof Manganese-Rich Sediments

The manganese deposits of volcanic affiliation almost certainly owe their
origin to direct discharge of manganese from submarine volcanoes or hot
springs and subsequent accumulation as chemical sediments, along with
other sedimentary and volcanic detritus. A similar origin can be invoked for
certain manganese concentrations in modern marine environments.

In contrast, the manganese ores oflimestone-dolomite and of ortho-quart
zite-glauconite-clay association show no clear indication of a volcanic origin
for the manganese, although this has been invoked by some authors. Both the
source of manganese and the mechanism of its precipitation are more
problematic.

The origin ofthe manganese and other metals concentrated in nodules and
oozes may derive from volcanic and partly from terrigenous sources. The
growth ofnodules apparently takes place by the release of ions in the reducing
environment beneath the sediment surface, their upward migration when
thus mobilized, and their subsequent fixation following oxidation at the sedi
ment surface and attachment as layers on a detrital particle (Glasby, 1977;
Burns, 1979).

10.2.9 Gossans

General Gossans, or "iron caps," develop on many types of iron-sulfide
bearing deposits as a result of surface or near-surface weathering and
oxidation.

Mineralogy Goethite, limonite, lepidocrocite, hematite in varying propor
tions, sometimes with minor amounts ofmanganese oxides and residual base
metal sulfides and, locally, trace quantities of gold.

Examples Developed worldwide at surficial exposures of sulfide-contain
ing deposits.

Minerai Associations and Textures Gossans generally consist of porous
irregular laminae and colloform bands of mixed iron oxides with minor, but
variable, amounts of residual sulfide minerals. Remnant textures or primary
grain shapes, cleavages, and fractures are commonly preserved in the iron
oxides. The grain size is usually very fine (< 10urn), but radiating bundles of
fibrous crystals (like those in Figure 7.13)up to I millimeter or more in length
may be locally developed. In recent years, several gossans have been mined for
gold that was dissolved from the primary ores and reprecipitated during the
gossan-forming process.
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OrIgIn ofGossans Gossans develop as iron sulfides decompose during sur
face and near-surface oxidation to yield sulfuric acid and soluble ferrous sul
fate in reactions such as

The acid dissolves base-metal sulfides, and the ferrous sulfate oxidizes to
leave mixed iron oxides . The end result is a porous network of filimentous,
layered to concentrically developed iron oxides. A detailed discussion of the
interpretation ofgossans was prepared by Blanchard (1968), and a discussion
of the nature and origin of gossans has been presented by Blain and
Andrew (1977).

10.3 OPAQUE MINERALS IN COAL

MIneralogy
Major
Rare

Associated Minerals

Pyrite, marcasite
Arsenopyrite, chalcopyrite, bornite, sphalerite,

galena, millerite, linnaeite, rutile , pyrrhotite,
native sulfur

Quartz, calcite , dolomite, siderite, kaolinite, illite,
gypsum,and a variety ofsecondary iron sulfates
and iron oxides

Mode of Occurrence The sulfides are generally present in coal as (1) veins
that are thin or film-like on the vertical joints (cleats), (2) lenses that range
from millimeters to tens of centimeters across , (3) nodules or balls in which
sulfides are intergrown with variable amounts ofcarbonates and clays, and (4)
disseminated crystals and globules replacing organic matter.

Examples Virtually all known coal deposits contain sulfides, although the
amount present is highly variable. Work in several coalfields has demon
strated a correlation of sulfide occurrence with the proximity of overlying
marine strata, suggesting that sulfur may have been derived by bacterial
reduction of seawater sulfate.

10.3.1 Minerai Associations and Textures

Sulfide minerals are the most well-known contaminants in coals ,because they
are major contributors to the total sulfur content of the coal and because they
are often macroscopically visible. There is a strong tendency in the coal indus
try to refer to all sulfides generally as pyrite, and, although it is the dominant
sulfide mineral, it is often not the only one present. Marcasite, the dimorph of
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pyrite, is often present and intergrown with pyrite; minor amounts ofsphaler
ite, galena, arsenopyrite, chalcopyrite, bornite, millerite, and linnaeite have
been reported locally. Pyrite in the typical veins, lenses, and nodules is gen
erally fine-grained and anhedral, as shown in Figure 1O.5a. Individual layers
within the lenses and nodules are usually composed of roughly equant, gen
erally fine, anhedral grains. In some occurrences on cleats, especially where
the sulfide is thin and disseminated, pyrite is intergrown with marcasite and
exhibits a poorly developed radial growth structure. Marcasite appears to
have been the primary phase in many occurrences and to have been subse
quently converted in part to pyrite. Disseminated pyrite may be present either
along cleats or within the residual structure of the organic matter. In the latter
case, the pyrite frequently occurs as framboids, tiny spherical aggregates of
pyrite euhedra, as shown in Figure 1O.5b. Sphalerite has been extensively
studied in the coals of Illinois (United States), where it occurs as cleat fillings
(Hatch, Gluskoter, and Lindahl, 1976). The sphalerite contains up to 2.5 wt %
Fe and as much as 1.3 wt %Cd. Its color is anomalous and includes gray-white
and purple varieties; the cause of the coloration is not known.

10.3.2 Origin of the Opaque Minerals in Coals

The sulfides in coal constitute approximately one-halfof the total sulfur con
tent ofthe coal and are believed to have formed , for the most part, through the
activity of sulfate-reducing bacteria during diagenesis. Studies of sulfur iso
topes support this mode of origin of sulfur (Price and Shieh, 1979). The
original sulfur content ofthe plant matter remains trapped in the organic sub
stances now constituting the coal and was clearly insufficient to account for
the bulk of the sulfide present in many coals. Although some disseminated
pyrite, especially that occurring as frambroids, may have formed at the time of
burial, most of the sulfide apparently formed during later diagenesis or meta
morphism.

10.3.3 Coal Petrography

Coal is an organic rock composed of the organic equivalents of minerals
called macerals. Macerals, the basic units ofthe Stopes-Heerlen system ofcoal
petrographic nomenclature, are microscopically recognizable and distinctive
organic constituents ofcoal. Instead ofbeing defined by exact chemistries and
relatively consistent crystallographic and reflectance properties as are min
erals , the macerals are defined on the basis of the original plant components
from which they were derived. Since deposition, the constituents have under
gone gelification, carbonization (fusinization), and/or compaction, and/or
fragmentation in the coalification process.

The macerals are not crystalline and vary widely in chemical composition
and physical properties in response to variable degrees of compaction and
heating. As used today, the term "maceral" describes both the shape and the
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FIGURE 10.5 Opaque minerals in coal. (a) Anhedral grains of pyrite and pyrite
infilling cleats, Minnehaha Mine, Illinois. (Reproduced from F. T. Price and Y. N.
Shieh, Econ. Geol. 74, 1448, 1979, with permission of the authors and the publisher). (b)
Typical framboidal pyrite in an Appalachian coal (width of field = 25 urn), (Photo
graph courtesy of Dr. F. Caruccio.)

nature of the microscopically recognizable constituents. The macerals are
most easily distinguished in low-ranking coal ; with increase in rank, the dif
ferences in reflectance diminish, because there is a general conveyance in
chemistry and in physical properties (Figure 10.6).

Several types ofmacerals fluoresce green, yellow,or brown when irradiated
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FIGURE 10.6 Coal macerals in Elkhorn No.3 seam, high-volatile bituminous coal in
Eastern Kentucky. (a) Vitrinite showing well-developed cell structure. (b) Vitrinite
(gray) earring dark sporinite bodies and minor inertinite (white). (c) Fusinite particle
showing typical xylem (wood) cell structure. (d) The reflectance of vitrinite, although a
complex function as explained in the text, varies as a function of coal rank (each field of

. view is 200 urn oil immersion). (Photos courtesy of John Crelling. )

by blue orultraviolet light. The color and intensityofthe fluorescence depends
on both the type ofmaceral and the rank ofthe coal. Fluorescence is greatest in
the low-ranking lignites and sub-bituminous coals but is absent in high
ranking bituminous and anthracite coals. Detailed discussions of coal fluor
escence are presented in Bustin et al. (1983)(where color plates also illustrate
the fluorescence) and in the International Handbook of Coal Petrography
(1975).

It has now been well established that the reflectance ofvitrinite measured
using oil immersion is a very reliable indicator ofthe rank ofbituminous coals
that have less than 30% volatile matter and of anthracites (Figure 1O.6d).
Hence, vitrinite reflectance measurement has become a standard analytical
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technique in the examination of coals . Because the reflectance values are so
low (less than 2% for most bituminous coals) relative to most ore minerals, it is
necessary to have special low-reflectance glass standards. The actual relation
ships of reflectance, moisture content, hydrogen content, and carbon content
are quite complex, and the reader is referred to Bustin et al. (1983) for
greater detail.

All macerals may be classified in one ofthree major groups: (I) vitrinite, (2)
exinite or liptinite, (3) inertinite. Unfortunately, the terminology in coal pe
trography is complex and sometimes confusing. For more detailed dis
cussions, the reader is directed to the references given below.

Vitrinite-The most abundant macerals in bituminous coals, derived from
woody tissue and bark; generally of moderate reflectance. The term
huminite applies when used in describing lignite and sub-bituminous
coal.

Telinite-cell walls
Collinite-structureless constituent of vitrinite
Vitrodetrinite-fragmental or detrital vitrinite

Exinite or (liptinite)- Dark gray with low reflectance
Sporinite-skins of spores and pollens (106/gm)
Cutinite-outer layers of leaves or needles
Resinite-natural resins usually occurring as round to elliptical drop

lets
Alginite-algal remains, relatively dark
Liptodetrinite-detrital fragments , similar to clays

Inertinite-Light gray to white, high reflectance
Fusinite-cellular to "bogen" structure, with highest reflectance in bi

tuminous coal; white to yellowish light in reflected light ; high-pol
ishing hardness

Macrinite-amorphous nongranular ground mass of high R%
Sclerotinite-fungal remains

10.4 URANIUM-VANADIUM-COPPER ORES ASSOCIATED WITH
SANDSTONES AND UNCONFORMITY-TYPE URANIUM DEPOSITS

Mineralogy Different deposits show varying relative concentrations of
minerals of the three metals, often with only one or two of the metals being
present or greatly dominant. Major minerals from each metal are

Uranium

Vanadium

Uraninite (or its cryptocrystalline equivalent, pitchblende),
coffinite [U(Si04kiOH)4x], various types of asphaltic
organic-matter-bearing uranium

Roscoelite (vanadium mica), montroseite [VO(OH)], and
vanadium-bearing mixed-layer clay minerals
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Copper Chalcocite (ore related minerals of ~CU2S composition),
bornite, chalcopyrite, covellite, native copper

Other (usually minor) minerals include a very large number of sulfides,
notably pyrite, galena, sphalerite, gersdorffite, molybdenite, native gold and
silver; silver sulfides. Secondary minerals include a very wide range ofoxides ,
hydrated oxides, sulfates, and carbonates produced from the primary as
semblages.

Mode of Occurrence Within conglomerates, sandstones and siltstones
(particularly the reduced zones within red beds) as irregular masses of ore
occurring as fillings of pore spaces, veinlets, and replacing organic materials,
particularly fossil plants. Also as veins and veinlets closely associated with a
major unconformity recording a period ofcontinental weathering.

Examples The Colorado Plateau area ofColorado, Arizona,Utah, and New
Mexico; Wyoming; Texas; the Athabasca Sandstone, Northern Sas
katchewan; Darwin Area, Australia (the most important uranium-bearing
examples). Copper-rich examples are very widespread-Corocoro, Bolivia;
Udokan, Siberia. Many examples oflimited or no economic importance are
also known (e.g., Pennsylvania, United States; Alderley Edge, Cheshire,
England).

10.4.1 Mineral Associations and Textures

The deposits of this group commonly occur in continental and marginal
marine clastic sediments that are considered as having been deposited under
fluviatile-deltaic conditions. The bulk of these sediments have the distinctive
red color due to fine-grained hematite and ferric oxyhydroxides, which lead to
the term redbeds. However, in contrast to the surrounding red sediments, the
mineralized zones are often gray-greenish, containing a predominance of
ferrous iron with relatively high sulfur and carbon concentrations. The min
eralization occurs as lenses, pods, layers, or concave "rolls" that are grossly
conformable with enclosing sediments, although cross cutting in detail. Most
concentrations of mineralization are associated with organic debris, and
some significant uranium deposits have resulted from the replacement of
fossil logs.

The amounts ofuranium, vanadium, and copper mineralization vary enor
mously both within and between deposits. The copper ores may also contain
significant concentrations of silver. The ore minerals occur as veinlets and
pore -space fillings in the sediments and as replacements offossil plant matter.
Often the cell structure ofwood may be preserved, although totally replaced by
uranium minerals and copper and iron sulfides (Figure 10.7). Although the
major copper sulfide described from these deposits is "chalcocite:' more
recent descriptions ofthe complex phase relations in the Cu-S system (and the
system Cu-Fe-S) suggest that much may remain to be learned regarding the
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FIGURE 10.7 Pyrite replacing cellular structure in wood with associated chalcocite,
Marysvale, Utah (width of field = 520 11m).

detailed mineralogy of these ores and the roles played by such phases as
digenite, djurleite, and anilite (see Figure 10.8). A sulfur-rich bornite is com
mon in many red bed deposits, where it may occur interstitially between sand
grains or where it may selectively replace organic structures. The stability and
mode of formation of this type of bornite remains an unresolved problem in
phase relations of the Cu-Fe-S system. Pyrite is common in the reduced por
tions of the ores but is largely replaced by secondary hematite and hydrated
iron-oxides in more oxidized areas.

• At the Rabbit Lake, Cigar Lake, and Similas deposits, Northern Sas-
katchewan, mineralization is spatially related to the unconformity that under
lies the Athabasca Formation, a fluviatile sedimentary sequence that includes
red sediments with reduced zones and also carbonaceous materials. The
mineralization has been studied in detail (Hoeve and Sibbald in Kimberley,
1978), and several stages, associated with oscillating episodes ofoxidation and
reduction, have been recognized. The earliest mineralization occurs as frac
ture or breccia infillings, with pitchblende as colloform encrustations and
later massive mineralization associated with coffinite and sulfides. A second
stage consists of veins ofcomplex paragenesis, including euhedral quartz, car
bonates, pitchblende, coffinite, sulfides, arsenides, and native copper. The
final stage involves impregnation by sooty pitchblende and coffinite along
fractures and joints and appears to be a reworking ofpre-existing mineraliza
tion. Marmont (1987) presents a model of the origin of these deposits.

10.4.2 Origin of the Ores and Textures

It is widely accepted from overwhelming evidence that the ore minerals ofthis
group were introduced later than the deposition of the host sediments. These
ores are the result of precipitation from solutions passing through the sedi
ments. The problems oforigin concern the nature and source ofthe solutions,
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and their mode oftransport and ofprecipitation. Three main suggestions have
been made for the origin of the solutions.

It iswidely accepted that the solutions were groundwater that leached metal
ions and S042- ions from associated strata at low temperature and that the ore
minerals were precipitated on encountering local reducing environments.
The field relations of the major uranium-bearing deposits allow for large
scale leaching ofunderlying granites and other arkosic rocks and interspersed
volcanic ash, which could supply the necessary metals. In oxidizing solutions,
uranium can be transported as the relatively soluble uranyl (U6+02)2+ ion or
as a carbonate complex such as U02(C03h4- or U02(C03)3-2. The relatively
insoluble uranous (U4+) ion is stabilized under reducing conditions, where it
may precipitate out to form uraninite (U02),as shown in Figure 10.9. Since the
mineralized zones are commonly gray-greenish (Fe2+-rich) reduced areas, the
concept of precipitation on encountering such areas appears sound. The for
mation ofsuch localized reducing areas is commonly linked with the presence
oforganic matter. Bacterial activity in these areas could cause reduction ofsul
fate in the pore waters, which could react with introduced copper in solution to
precipitate the highly insoluble copper sulfides. Vanadium could be trans
ported as the V4+ ion and precipitated by reduction in the mineralized zone.
The theory that organic reduction is important in the 'formation of the sulfide
ores ofthis association is supported by data from sulfur isotopes. Fluid move
ment through porous sandstones often results in development ofa "roll-type"
deposit in which solution ofU-V minerals occurs along an oxidizing surface
that follows behind a reducing front where precipitation is occurring (Figure
10.10).
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atm, showing the stability fields of amorphous U02[U02(am»), ideal uraninite
[U02(c»), and U40 9(C) . Solid solution boundaries are drawn at 1O-6M (0.24ppm) dis
solved uranium species. (After D. Langmuir in Kimberley. 1978; used with permission
of the author.)
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An alternative suggestion for the origin ofthe mineralizing solutions is that
they were derived directly from igneous rocks at depth (Le., of igneous/
hydrothermal origin). Such solutions would have to pass up through fractures
into the sedimentary hosts in which precipitation could occur through the
same processes already outlined. The general absence oflarge feeder veins, the
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CI- = 0.5M as NaCI, boundariesofCu species at 10M). Boundaries are also shown for
some Fe- and S-bearing species; the stability ofcopper sulfides other than chalcocite is
not shown. (After A. W. Rose, Econ. Geol. 71, 1041. 1976: used with permi ssion.)
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vast lateral extent of such examples as the great Colorado Plateau deposits,
and the absence of a universal association with igneous sources are major
arguments against this theory. A third view combines the first two theories by
deriving the solutions from mixing of hydrothermal and meteoric solutions.

Work by Rose (1976) on the copper deposits of this association has drawn
attention to theirgeological association with evaporites, which could have fur
nished chloride-rich groundwaters. In most normal oxidizing groundwaters,
the solubility of copper is less than 1ppm at reasonable pH values. However,
in chloride-containing solutions, the cuprous ion forms the complexes CuCli
and CuCI~-,which allow solubilities of -100 ppm copper in 0.5 m Cl- at pH
7.0and intermediate Eh. As illustrated in Figure 10.10, the CuClj- complex is
stable underl pH/Eh conditions compatible with the presence of hematite.
The solutions transporting copper are believed to be in equilibrium with
hematite, quartz, feldspar, and mica, and at temperatures below -75°C. The
general relationships illustrated in Figure 10.11 (at 25°C) therefore apply, so
that reduction will bring about precipitation of copper as copper sulfides.

10.5 MODERN PLACER DEPOSITS

Mineralogy Placer mineral deposits, having been formed as the result of the
mechanical accumulation ofgrains from pre-existing deposits, can contain a
wide range of minerals. The discussion below treats the most common and
important types of placer deposits.

Major minerals

Minor minerals

Ilmenite, rutile, magnetite, cassiterite, gold (commonly
called electrum if silver content exceeds 20 wt %)

Platinum group minerals, hematite

Mode of Occurrence Modem placer deposits typically occur as sandbars or
bottom sands in rivers and streams or in the bank materials that are deposited
during episodes of high water flow.They also occurin modem coastal beaches
as thin , irregular, and discontinuous layers and lenses of dark minerals.
Unconsolidated paleoplacers at least as old as Tertiary in age are found on
river terraces and as blankets of sands and gravels adjacent to rivers and
streams that have become more deeply incised or thathave migrated laterally.
Paleo-beach placers occur in continental shelf sediments where sea level has
risen relative to the land surface or in beach terrace deposits where sea level
has fallen relative to the land surface. Examples are Eneabba, Yoganup,
Western Australia; North Stradbroke Island, Queensland, Australia; Trail
Ridge and Green Cove Springs, Florida.

10.5.1 Mineral Associations and Textures

Placer deposits generally consist of accumulations of individual grains that
have survived weathering and that have been fortuitously brought together
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because of size (usually 1 mm and smaller) and specific gravity. Accordingly,
original mineral associations are generally not preserved. In contrast, many
grains preserve at least some of their original internal textures . The i1menites,
which constitute the most abundant ore mineral in most placer occurrences,
and the "black sands" in most streams,vary from homogeneous single crystals
to complex lamellar intergrowths with hematite (Figure 10.12). Exposure of
the grains to marine, fluvial ,or interstitial ground water causes leachingofthe
ilmenites, resulting in slow removal of the iron with a consequent increase in
the titanium content ofthe remaining, somewhat porous material. The leach
ing dissolves hematite more rapidly than ilmenite; hence, it is common to find
grains in which either the outer lamellae ofhematite or all ofthe hematite have
been dissolved away, leaving only oriented lamellae-like holes (Fig. 7.32).

Magnetite may be locally abundant in placer deposits, but it tends to
oxidize rapidly. Hence, magnetite grains are frequently oxidized to hematite
or goethite around margins and along cleavage planes (see Fig. 7.34). Rutile is
less abundant than ilmenite but is more resistant to oxidation and solution.
Hence, it usually occurs as reddish equant grains, occasionally with inclu
sions of ilmenite.

Cassiterite is also very resistant to oxidation and solution effects, and thus
shows little change in the placer environment other than surficial abrasion,
which reduces grain size and makes grains more spherical. Reflected-light
examination ofcassiterite generally reveals only an apparently homogeneous
phase,with occasional inclusions ofsilicates or other oxides . Breccia-like tex
tures in the grains suggest periods ofdeformation during formation, probably
long before liberation as a placer grain. Examination ofdoubly polished thin
sections ofplacer cassiterite may, however, reveal well-developed growth zon
ing.and have oriented lamellar to needle-like inclusions of ilmenites (Figure

FIGURE 10.12 Placer ilmenite with lenses of hem atite (white) that have been dis
solved out, especially around the edges. The removal of the hematite increases the
titanium content of the grain. Lilesville, North Carolina (width of field = 600 l-Im).
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FIGURE 10.13 Oriented lamellae of ilmenite with in a placer grain of cassiterite,
Shelb y, North Carolina (width of field = 600 urn),

10.13), and zones or clouds of fluid inclusions. Cassiterites may also contain
inclusions of tantalum and niobium phases like tapiolite and columbite.

Placer gold grains were long considered chemically inert and hence only
modified by physical abrasion during transport in the placer environment.
Although many gold grains are homogeneous when examined in reflected
light, many others display inclusions ofminerals that coexisted in the original
lode occurrence (e.g., tellurides) or that were incorporated mechanically dur
ing transport (e.g., iron hydroxides, quartz). Several recent studies have also
demonstrated that placer gold grains commonly display the presence of
sharply bounded, irregular to continuous rims ofhigh-purity gold (> 950fine
ness or 95 wt % Au) around their margins. These high-purity zones (Figures
10.14 and 7.33) may also appear internally, where they are developed along
fractures or within cavities in the gold grains. These gold-rich zones are clearly
visible because of the color difference in reasonably polished grains, but they
may be enhanced by etching using 2% NaCN or KCN (use with great caution
and NEVER allow the solution to become acidic) and the use of oil im
mersion.

10.5.2 Origin of the Ores

Placer ores form when resistant original (primary) mineral grains are wea
thered out, transported (usually by rivers), and mechanically concentrated.
Ilmenite and rutile occur as accessory phases in a wide variety ofigneous and
metamorphic rocks from which they are liberated during decomposition.
Accumulations of these minerals are very common in rivers and streams and,
locally, in beaches, where they constitute the "black sands"; such accumu
lations are nearly always too small in volume to be of economic value. Large
mineable deposits, such as Eneabba and Green Cove Springs, are believed to
have formed through the winnowing out ofthe lighter quartz grains by intense
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FIGURE 10.14 Placer electrum grain (approximately 80 wt %gold) on the'lower side
ofwhich a high-purity (greater than 95 wt %gold) rim has developed.The boundary be
tween the core of the grain and the rim is very sharp, Lilesville, North Carolina (width
of field = 600 11m).

storm-driven wave action and the accumulation of the heavier ilmenite and
rutile (and associated heavy minerals such as gamet, zircon, etc.) along beach
ridges or headlands.

Placer gold and cassiterite may occur in beach-type deposits similar to
those that contain major titanium sand deposits . More commonly, however,
placer gold and cassiterite occur in river beds and adjacent sediments where
these minerals have settled after periods of episodic movement. Most trans
port occurs during flood periods when the higher velocities can scour and dis
lodge grains from their previous sites. Obstructions, changes in channel
shapes, or decrease in water flow results in the selective sorting of minerals
according to size, shape, and specific gravity. This may allow sufficient con
centration of gold or cassiterite to form economically significant deposits.

10.6 GOLD-URANIUM ORES IN ANCIENT CONGLOMERATES

Mineralogy Major pyrite; gold (as native metal with some silver) may be a
major ore mineral; uranium in uraninite, "thucholite" (a uraniferous hydro
carbon), or brannerite (a complex uranium-bearing silicate) may also be of
major importance. Osmiridium (OsIr) may be of minor economic im
portance.

Associated sulfides of no economic significance may include marcasite,
pyrrhotite, sphalerite, galena, molybdenite; also arsenides and sulfarsenides
containing Co and Ni may occur.

Detrital heavy minerals may include chromite and zircon, ilmenite, mag
netite, rutile, and various mafic silicates. The remainder of the ore material is
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largely made up of quartz, with significant feldspar, sericite, chlorite, and
chloritoid.

Mode of Occurrence The gold and uranium ores occur disseminated in
beds and lenses of coarse conglomerate which are parts of arenacecus se
quences. Generally, the conglomerates are ofquartz pebbles and appear to be
of fluviatile or shallow-water deltaic origin. The major examples are Precam
brian in age.

Examples Two very important examples are the Witwatersrand, South
Africa (major gold and uranium deposit) and Elliot Lake (Blind River),
Ontario, Canada (major uranium deposit); Jacobina, Brazil, is a less impor
tant gold deposit.

10.6.1 Mineral Associations and Textures

The ore minerals of gold and uranium are generally very fine-grained (com
monly not visible except under the microscope). They commonly occur in
terstitially to the conglomeratic fragments, with gold as grains and pore space
fillings, although they occur occasionally as fine veinlets. Uraninite, thu
cholite, and brannerite occur as detrital grains and in some cases as colloform
sheets or as veinlets , and gold and uranium show a strong tendency to occur
together. Osmiridium in the Witwatersrand ores is partly intergrown with
gold. Pyrite , found in concentrations of2-12% by volume in the con
glomerate s has been described by Ramdohr (1958) as being of three tex
tural types:

1. Allogenic. Having rounded outlines and a smooth homogeneous in
terior.

2. Concretionary authigenic. Having a structure composed of loosely ag
gregated fragments.

3. Reconstituted auth igenic. Loosely aggregated fragments that ha ve been
partially recrystallized.

A detailed account of the mineralogy of Witwatersrand ores is given by
Feather and Koen (1975). Examples ofboth the textural varieties ofpyrite and
the occurrence ofgold in the Witwatersrand ores are shown in Figures IO.l5a,
and 10.15b. A typical colloform texture of the uraninite is shown in Figure
1O.l5c. Ore concentrations are usually greatest where the conglomerates are
thickest, and, in the Witwatersrand ores, the silver content of the gold (which
ranges from ~5 to 16wt %)shows systematic variation, decreasing with depth
in any single ore lens ("reef"). High gold concentrations also occur in very thin
carbonaceous seams, and much of the gold in the conglomerates may repre
sent the reworking of such material.



t.· ·

.~ (b) ~ .• .
~

~:;.A.a...

FIGURE 10.15 (0) Native gold (light gray) occurring around the margins of quartz
grains and pyrite aggregates , Witwatersrand, South Africa (width offield = 2,00011m).
(b) Pyrite of allogenic and concretionary authigenic textural types, Witwatersrand,
South Africa (width offield = 2,000 11m). (c) Colloform uraninite with associated fine
pyrite (width of field = 2,000 11m).
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FIGURE 10.15 (Continued)

10.6.2 Origin of the Ores

Historically, three main theories have developed regarding the origin of
these ores.

1. Placertheory. The are minerals have been derived by erosion ofadjacent
areas , have been transported, and have been deposited by streams along
with the comglomerates. Even among the proponents of the placer
theory, there are significant differences regarding the location of the
original sources of the gold-bearing rocks and the distances oftransport
(Minter, 1978, 1990, 1991; Minter et ai, 1993; Hutchinson and Viljoen,
1986).

2. Hydroth ermal theory. The gold, uranium, and some of the other metals
have been introduced in hot aqueous solutions derived from an external
source,such as an igneous intrusion. Phillips (1989)has argued that gold
is primarily epigenetic , having been introduced by hydrothermal fluids
that entered the sediments during metamorphism.The close connection
between the gold and the sedimentary facies is explained as resulting
from the ore fluids reacting with pyrite and organic matter in selected
environments.

3. Modified placer theory. The are minerals, having been deposited as
placers, have been locally redistributed within a particular orebody.
There is ample evidence that gold-bearing beds have been subjected to
greenschist facies metamorphism and that there have been aqueous
fluids circulating through the rocks (Frimmel et aI., 1993).



288 ORE MINERAL ASSEMBLAGES

The occurrence of gold and of uranium mineral veinlets suggest at least
some textural modification, so the major disagreement on origin has been be
tween a modified placer theory and a hydrothermal theory. Most workers
favor a modified placer origin for these deposits .

Specific arguments concerning the origin of the Elliot Lake and the Wit
watersrand deposits are outlined by Derry (1960) and by Pretorious (1975,
1976).

10.7 LEAD-ZINC DEPOSITS IN CARBONATE ROCKS AND
OTHER SEDIMENTS

Mineralogy
Major

Minor

Gangue Minerals

Galena and sphalerite are the metalliferous ore min
erals. Barite and fluorite are locally economically
important. Pyrite and marcasite are widespread,
and so is chalcopyrite, although it is rarely signifi
cant as a source of copper.

Sulfides that may occur in minor amounts include
wurtzite, greenockite , millerite, bravoite, siegen
ite.bornite, covellite, enargite, luzonite. A variety
of oxides (hematite, cuprite, limonite), car
bonates (e.g., smithsonite, cerussite, malachite),
and sulfates-for example anglesite, jarosite
[KFe3(S04h(OH)6]-result largely from the altera
tion of the major sulfides.

Dominantly calcite, dolomite, aragonite, fluorite,
and quartz. Siderite, ankerite, gypsum, and col
loform silica may also occur.

Mode of Occurrence The ores nearly always occur in sedimentary car
bonate host rocks, particularly dolomites, but also in limestones and magne
sian limestones. They may also be found in associated sandstones, shales, or
conglomerates. Many of the larger orebodies occur as stratiform masses (i.e.,
parallel, or nearly so, with the bedding), but others occur as vein infillings (or
sometimes replacements) along fissures (commonly faults or joints) that may
cross the bedding. Often the carbonate host rock constitutes part of a reef (i.e.,
is biohermal), and the ores are localized relative to a particular reef facies. In
other cases, the ores may occur in association with a solution collapse breccia
related to karst and paleoaquifer development.

Examples The most important examples occur in Paleozoic and Mesozoic
carbonate sediments, particularly in North America , Europe, Russia, and
North Africa. Principal areas of early exploitation were in the Triassic sedi
ments of the Eastern Alps (hence the label "alpine type") and in the upper and



LEAD-ZINC DEPOSITS IN CARBONATE ROCKS AND OTHER SEDIMENTS 289

middle regions of the Mississippi Valley of the United States (hence "Mis
sissippi Valley type") within Paleozoic sediments. Within the latter area, the
"Tri-State" field (around the Missouri-Kansas-Oklahoma border), an impor
tant early mining district, has been superseded by the Old and New( = Virbur
num Trend) Lead belts of southeast Missouri. Other major North American
occurrences are in the southern Appalachians, especially Tennessee, and the
Pine Point area, Northwest Territories, Canada. The deposits of the English
Pennines, although now little exploited, have been the subject ofmuch scien
tific study. Other notable European examples occur in Central Ireland and in
Silesia. Similar lead-zinc ores (e.g., Laisvall) occur in the Lower Cambrian
and uppermost Precambrian sandstones along the western border of the
Baltic Shield in Norway and Sweden.

10.7.1 Mineral Compositions, Textures, and Paragenesis

The simple mineral assemblages that are characteristic of these deposits are
made up ofa fewwell-crystallized phases ofsimple composition. The galena is
characteristically lower in silver content than is the galena of many vein-type
ores (see Section 9.6),and the sphalerite is commonly pale in color, with highly
variable but generally small amounts of iron and manganese substituting for
zinc. The sphalerite does commonly carry a relatively high cadmium content
(in some cases, greenockite, CdS, being an accessory mineral) and may con
tain economically recoverable germanium (e.g., in Central Tennessee).

The textures exhibited by the ores in polished section and on a larger scale,
although varying with the particular occurrence, are also relatively simple. In
the larger orebodies, the phases occur as large, irregular polycrystalline ag
gregates within the host rock. When the sulfides occur in veins or as breccia
fillings, they may be massive or may provide beautiful examples ofcrustifica
tion, with delicately developed symmetric or asymmetric bands occurring
parallel to the margins ofthe veins (see Figure 8.4a).Alternating bands ofvery
fine-grained sphalerite and wurtzite found in these ores are termed schalen
biende. Colloform textures are also common in both vein ores and the breccia
ores associated with solution collapse brecciation. These textures may involve
the layered intergrowth of sphalerite and wurtzite, galena, pyrite, and mar
casite, or other sulfides and nonsulfides. The free growth of crystals on the
walls ofsolution cavities can also produce large, well-formed crystals (e.g.the
Elmwood Mine in Central Tennessee frequently yields 20 em fluorite cubes
and 40em or larger calcite crystals). Much ofthe ore in these deposits consists,
therefore, ofcrystals deposited one upon another in open space. Examples of
characteristic textures are shown in Figures 10.16, 7.3a, and 7.3b.

The paragenetic sequences reported for these deposits can be illustrated
through a number ofexamples. In Figure 10.17, a paragenetic diagram for the
Tri-State deposits based on the work of Hagni and Grawe (in Hagni, 1976)is
shown. Although the sequence is generalized and a number ofaspects are con
troversial, it illustrates the characteristically repetitive nature of this style of
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FIGURE 10.16 Characteristic textures oflead-zinc ores in carbonate rocks. (a) Con
centric growth of sphalerite on dolomite fragments. The sphalerite contains a central
core and a thin band made black by the presence of hydrocarbons; these zones are also
abnormally enriched in cadmium and contain traces of lead and copper, Idol Mine,
Tennessee (width offield = 1,200um), (b) Skeletal galena crystal (white) overgrown by
concentric bands of sphalerite, Pine Point, Northwest Territories (width offield = 2,000
urn). (c) Early pyrite subhedra associated with a later veinlet of galena in a dolomite
host, Austinville, Virginia (width of field = 2,000 urn).

mineralization (several periods ofsphalerite deposition in this case). Another
example is the Magmont Mine (southeast Missouri), where Hagni and Tran
cynger (1977) recognized three phases ofmineralization-early disseminated
mineralization, followed by colloform sulfides, followed by crystalline sul
fides, quartz, and calcite in fractures and vugs. Overlap and repeated deposi-



LEAD·ZINC DEPOSITS IN CARBONATE ROCKS AND OTHER SEDIMENTS 291

FIGURE 10.16 (Continued)

tion of sulfides occurred throughout the episodes of mineralization, with
galena and chalcopyrite deposited during six intervals ; deposition of spha
lerite, marcasite, and pyrite occurred during four intervals ; deposition of
dolomite and quartz occurred during three intervals. In the South Pennine
Orefield (England), the primary sulfide mineralogy is remarkably uniform
and displays a consistent paragenetic sequence of bravoite, pickel-rich and
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FIGURE 10.17 Paragenetic diagram for the Tri-State ore deposi ts (After R. D. Hagni
and O. R. Grawe, Econ. Geol. 59,455, 1964; with the publisher's permission.)
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nickel -poor pyrite and marcasite, chalcopyrite, galena, and sphalerite (lxer
and Townley, 1979) similar to that discussed and illustrated in detail in Section
8.3.3, whereas greater diversity is exhibited in the Northern Pennine Orefield
(Vaughan and lxer, 1980). The importance of nickel as a minor element in
"Mississippi Valley-type" mineralization is also highlighted by these authors.
Although the major mineral assemblages ofthese ore deposits are both simple
and uniform, commonly there is evidence for a zonal distribution in terms of
minor elements. The lead-zinc ores ofseveral districts contain hydrocarbons
in fluid inclusions, as bands in sphalerites, and even as droplets that occur on
or between crystals. Consequently, hydrocarbons may playa part in the
deposition of the ores (Anderson, 1991).

Along the western border ofthe Baltic Shield in Norway and Sweden, most
notably at Laisvall in Sweden, lead-zinc mineralization is confined to sand
stones. The assemblage includes pyrite, calcite, barite, flluorite , galena, and
sphalerite filling the interstices of the sand grains (Figure 10.18).Although the
host rock is different, these ores appear to be closely related to the lead-zinc
ores of carbonate rocks (Bjerlykke and Sangster, 1981).

10.7.2 Ore Formation

The literature describing lead -zinc ore dep osits in carb onate rocks and dis
cussing their genesis is very considerable. Important literature descriptions

FIGURE 10.18 Galena (light gray) and sphalerite (medium gray) infilling around
quartz grains, Laisvall , Sweden (width of field = 2,000 urn),
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include the monograph edited by Brown (1967) and studies by Beales and
Jackson (1966), Heyl (1969), Brown (1970), Anderson (1975, 1991), Sangster
(1976), Anderson and MacQueen (1982), Sverjensky (1986), and Ixer and
Vaughan (1993). Despite the considerable amount of work undertaken on
these ores, their origin remains controversial.

The characteristically simple mineralogy and the localization ofore in car
bonate host rocks (sometimes in particular facies, sometimes in specific tec
tonic or karstic structures) have already been emphasized.The vein-type ores
clearly have resulted, in many cases, from successive deposition from intro
duced (predominantly aqueous) solutions. Fluid inclusion studies have in
dicated that these were saline solutions that deposited the minerals at
temperatures below ~200°C, frequently below ~ 100°C, but the origin ofthese
fluids remains controversial. As to the origin of the "stratiform" orebodies,
theories ranging from syngenetic to wholly epigenetic have been propounded.
In 1970, Brown stated that North American opinion favored a "dominantly
connate marine but epigenetic are fluid with probably minor additions from
deeper sources" and that European opinion was "divided almost equally be
tween proponents of syngenesis-diagenesis and of magmatic epigenetic
origin. "

Since 1970, particular emphasis has been placed on the problems of trans
port and deposition of the metal sulfides. Many ha ve supported the view that
connate brines have acted as a means oftransporting metals (as chloride com
plexes) and that mixing with a separate H2S-rich fluid in the limestone en
vironment has caused sulfide precipitation (e.g., Beales and Jackson, 1966;
Anderson, 1975). Hydrocarbons in the limestones and sulfate-reducing bac
teria have been cited as important in the conversion ofdissolved sulfate to sul
fide and the spacial link of Mississippi Valley deposits to oilfield-like brine
sources emphasized. The conflict between the European proponents of a
syngenetic-diagenetic origin (largely those workers studying the EasternAlps )
and the proponents of an epigenetic origin has been somewhat clarified by
Sangster(1976). He has proposed a division into two majorclasses oflead-zinc
deposits in carbonates.

I. Mississippi Valley type, which are "stratabound" and were emplaced
after lithification ofthe host rocks (i.e., epigenetically) into "open space"
provided by a variety of structures (e.g., Mississippi Valley, Pine Point,
English Pennines).

2. Alpine type, which are "stratiform" and also synsedimentary in large
part. Here the original source of the ores is regarded as contem
poraneous with the host rocks and is linked to submarine volcanism.
Remobilization may have resulted in concentration of these ores and
the formation of epigenetic features (e.g., the Eastern Alps, Central
Ireland).
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10.8 STRATIFORM BASE-METAL SULFIDE ORES IN
SEDIMENTARY ROCKS

Mineralogy
Major

Minor

Gangue Minerals

Pyrite; chalcopyrite or galena and sphalerite; in
some ores , pyrrhotite, bornite, chalcocite (also
digenite, djurleite), or even native copper may be
major and cobalt sulfide s (carrollite), or sul far
senides may be economically important. Cob alt
also substitutes in pyrite.

Arsenopyrite, tetrahedrite, native bismuth, bis
muthinite, argentite, niccolite; molybdenite, co
vellite, and other sulfides may occur.

Carbonates, barite, fluorite .

Mode ot Occurrence These are disseminated to massive stratiform sulfide
ores that are generall y conformable within sedimentary sequences in which
they occur and grade into the ores discussed in Section 10.9.The host rock may
be a black shale, dolomite or, more rarely, an arenaceous unit (e.g., quartzite)
and may be of considerable lateral extent. The host sediments may be undis
turbed or may have undergone mild folding and metamorphism.

Examples Kupferschiefer-Marl Slate of Northern Europe; Copperbelt of
Zambia and Zaire; Whi te Pine, Michigan , United States; Selwyn Basin,
Yukon, Canada; Mt. Isa, Broken Hill , Australia.

10.8.1 Mineral Associations and Textures

The ore minerals of this association are characteristically fine-gra ined and
disseminated in the host rock often as lenses com formable with the bedding
(Figure 10.19). A characteristic texture found in the sulfides, particularly
pyrite, is the framboid (Figure 10.20). Also common are colloform textures in
pyrite ,galena,and sphalerite.Most ofthe sulfide s occur as anhedral grains but
pyrite is one of the few sulfides that may be euhedral. The ore minerals
generally occur as random aggregates, although intimate intergrowth textures
involving laths, intersecting spindles,or myrmekitic fabrics occur between the
copper and copper-iron sulfides. The intergrowths ofbornite and chalcopyrite
are clearly a result of exsolution and other intergrowths involve bornite with
chalcocite or other copper sulfides (Figure 10.21) (the precise identity ofmany
ofthe copper sulfides in these ores has never been checked). Some ofthe more
deformed ores of this type contain very minor development of mineralized
veins.

An important characteristic ofthese ores is the presence ofa zonal distribu
tion ofore metals on a regional or a more local scale. In the White Pine deposit,
for example, in passing stratigraphically upward through the host shales, a



FIGURE 10.19 Fine-grained lens of pyrite with minor chalcopyrite; the lighter gray
subhedra are of quartz, Marl Slate, Northern England (width of field = 300 um),

FIGURE 10.20 Finely dispersed pyrite framboids in dolomite, Marl Slate, Northern
England (width of field = 300 um),
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FIGURE 10.21 Int ergrowth of bornite (da rk gray) and cha lcoc ite (light gray), which
has formed as a resul t of exso lutio n of an originally homogen eou s soli d so lutio n,
Kol wezi. Kat an ga, Zair e (width of field = 300 urn).

seque nce of copper, chalcoci te, bornite, chalcopyrite, pyrite is ob served
(Brown, 1971 ). In certain Zambian deposits, a sequence bornite _ chalco
pyrite _ pyrite has been relat ed to syngenetic sulfide concentrations in shales
deposited in progressively deeper water (Fleischer, Garlick, and Haldane,
1976).

Metam orphism of stratified synsedimentary ore s often results in their re
crysta lliza tion while preserving their intimate stra tified nature. This is evi
denced by the development of coa rser equigranular annealed textures in the
sulfides and the growth ofmica s (Figure 10.22). Intense metamorphism results
in di sruption ofthe finely laminated structure and the development of the tex
tur es described in Section 10.10.

10.8.2 Origin of the Ores

Ore depo sits of thi s type are still among the most co ntroversia l with regard to
their origin. Th e pron ounced bedded ch aracter of the ores ha s led authors to
propose th at they are directly deposited sulfide-rich sediments (i.e., are syn 
gen etic) and that euxinic conditions in the depositional basin were combined
with a n influx of metals from an erosional source to produce the ores and their
zona l dist ribu tion. Problem s of introducing sufficient metals have commonly
led to suggestions of sub ma rine volcanic springs as a sourc e.

Th e opposin g view regarding origins is that the ores were introduced by
min eralizing solutions after form ation of the sed iments (i.e., th e ores are
epigenetic) and were selectively precipitated to replace and pseudomorph
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FIGURE 10.22 Primary depositional banding retained through metamorphism.
Recrystall ization of the ores, primarilygale na, bu t with min or pyrrhotite and sphaleri
te in the band sho wn, has been acco mpa nied by the growt h of micas (da rk lath s). Sul
livan Mine. British Co lumbia (wid th of field = 2.000 urn),

charac teristica lly sed ime nta ry st ruc tures . Commonly, the meta ls in thi s case
have been rega rded as derived through leaching of associated rocks by sa line
so lutio ns de rived from associated eva po rite seque nces. Th us, Brown (197 1)
has sugges ted that the copper mi nera lization in the Nonesuch Shale of the
Whi te Pine deposit resu lts fro m repl acement of pre-existing iro n sulfides by
copper-rich so lu tions that migrat ed upward fro m the un derl ying Co pper H ar
bor Co nglome ra te. Detailed argume nts for and agains t the va rious theories,
which incorporate almos t every possibility between th e two ext remes, ca n be
obta ined from th e relevant literature (e.g., Fleisch er , G arl ick, a nd H aldan e,
1976; Bartholorne, 1974; lung a nd Knitzschke, 1976; Brown, 1971; Sween ey,
Binda, and Vau gh an , 1991).There is little reason to sus pect that all de posits o f
this group have the sa me origin, altho ugh it is worth noting that, in even the
most apparently undisturbed ores of th is type, an app reciation of the ro le of
che mical transformation and repl acem ent during diagenesis is growi ng (e.g.,
Tu rn er, Vaugh an, and Whiteh ou se, 1978; Vaughan et al., 1989).

10.9 COPPER-IRON-ZINC ASSEMBLAGES IN
VOLCANIC ENVIRONMENTS

Mineralogy
M ajor Pyri te, spha le rite, chalcopyrite; in some exa mples, pyrrhotite

or ga lena
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Mi nor Bornite, tetrah edrite, electru rn, arsenopyrite, marcasite, cuba-
nite, bismuth, co pper-Iead-bismuth-s ilver-sulfosalts, cassi
terit e, plus many othe rs in trace amounts

Mode of Occurrence Massive to dissemina ted stratiform sulfide o res in
volca nic-sedi mentary seq uences rangi ng from ophio lite complexes (Cyp rus
type de posits), felsic tuffs, lavas and subseafloor intrusion s (Kuro ko-type
deposits), to mud stones and sha les with little immediate ly associa ted, recog
nizable volca nic material (Besshi-type depos its).

Examples Kuroko- and Besshi-type de pos its of Jap an ; T immins, Ontari o;
Bathu rst, New Brunswick; Sulli van , British Co lumb ia; Flin-Flon, Manitoba 
Sas katc hewa n; Noranda, Qu ebec; Mt. Lyell, Austra lia; Rio Tinto, Spain;
Sca ndi navia n Ca lido nides; Avoca, Irel an d; Parys Mou ntain, Wales; Troodos
Co mplex deposits, Cyprus; Bett's Cove, Newfoundland; Mod ern Red Sea and
East Pacific Rise deposits.

10.9.1 Mineral Associations and Textures

Th e deposits ran ge from ores in thi ck volca nic sequences, such as the Kuroko
ores of Jap an and ores directly associated with a volca nic vent (Vanna Levu,
Fiji) , to ores associated with ophiolite sequences (Cyp rus; Bett's Cove, New
foundla nd) to distal ores that are emplace d in dominantly sedimentary se
quences (Besshi depo sits ofJa pa n) and seque nces containi ng no recognizabl e
volca nics (Sullivan, British Columbia). Th ey thus gra de into ores of the type
described in Section 10.8. In spite of the different settings in whic h these ores
are found, there are simila rities among the ore types obs erved. Zoning within
ma ny of these deposits is recogni zabl e, and th ree major ore types occur; the
distribution of the primary minerals in the Kuroko ores is shown in Figures
10.23 and 10.24. Altho ugh the major ore types described in the following are
those commo nly obse rved in th e Kuroko deposits, they appear in mostor all of
the ores of this class, with only minor variations. These ores, which appea r to
grade into the ores described in Section 10.8, have frequently been considered
in term s ofCu-Pb-Zn rat ios, as shown in Figu re 10.25. Plimer (1978) has sug
gested that a trend in ore type from Cu-dorninant to Zn-dominant to Zn-Pb
domin ant co rresponds to a progression in time and distan ce from the volca nic
source (i.e., proxim al to distal in nature). Jambor (1979) ha s enlarged on thi s
the me and has proposed a classification of the Bathurst-area (Ca nada) de
posits based on their establish ed or assumed displ acement from feeder con
duits (prox ima l versus distal ) a nd the pos ition of sulfide crys ta lliza tion
(autoc htho no us versus alloc hthonous).

Altho ugh the ores of the volca nic deposits are members of a continuum,
several spec ific ore types are observed most commonly; the following is a brief
discussion of these ore types .
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FIGURE 10.23 Schema tic cross section ofa typica l Kuroko deposit. (From T. Sato, in
Geology of Kuroko Deposits. Soc. Mining Geol. Jap an . 1974. p. 2: used with per
mission. )
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Cu

Pb L..- .........=:':O
Zn

FIGURE 10.25 Plot of copper .lead.zinc rat ios observed in stra tiform sul fide ore
deposits. A tren d has been obse rved fro m co pper to zi nc to lead-zinc dominated ores
with distance from the vo lcan ic so urce.

Pyritic (or Cyprus Type) Th ese types ofores. associa ted with ophio lite co m
plexes. a re co mposed of massive ban ded to frag me nta l pyr ite with sma ll
a mo unts of interstitial cha lco py rite and othe r base-m etal sulfides. Th e pyrit e
is present as fria hle masses ofsubhed ra l to euhed ra l, commonly zo ned grai ns .
as collo form ba nde d masses. and as framboids. Marcasite is admixed with th e
pyrite a nd ofte n appears to have replaced the pyrite. Chalco pyrite occu rs as
anhed ra l inte rstitia l gra ins and as incl usions in the pyrit e: spha lerite occ urs
simila rly but is less abu ndant. Seconda ry covellite, digenite, ch alcocite. a nd
bo rn ite occ ur as rims on. and alo ng fractures. in pyrite and cha lcopyrite.

Siliceous Ore (or Keiko Type of Kuroko Deposits) These types o f ores
appa rent ly rep rese nt feeder veins and stockwo rks, and co ns ist primarily of
pyrit e. ch alcop yrit e. a nd quartz. with on ly minor amounts o f sphale rite.
ga lena . and tetrah edri te. The pyrit e occ urs as euhedra l grai ns. subhe d ra l
gra nula r stringe rs. and co llo form masses. The ot he r minerals a re minor and
occ ur as anhed ra l interst iti al gra ins in pyriti c masses a nd ga ngue. Scott (pe r
so na l comrnununica tion, 1980) has noted th at a blac k siliceo us ore co mposed
of spha lerite and ga lena is not un common in Kuroko dep osits.

Yellow Ore (or Oko Type of Kuroko Deposits) This ore type is cha rac 
terized in both hand samp le and po lish ed sectio n by th e co nspicuo us yellow
co lo r resulting from th e pr esen ce of cha lcopyrite int erstit ial to the dominant
euh edra l to an hed ra l pyr ite (Figure 10.26). Minor a mo unts o f spha le rite.
ga lena. tct rah edrite, and lead sulfosalts and trace amo unts of electru m are di s
persed a mo ng th e major sulfides. In unmetamorphosed bodies. th e pyrit e is
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FIGURE 10.26 Typic al Kuroko- type o res. (0 ) Yellow ore composed ofeuhedral pyrite
crystals within a matrix o fcha lcopyrite. Ain ai Mine.Japa n (wid th of field = 2.000 urn ].
(h) Black ore composed ofa matrix of irregul arl y intergrown spha lerite a nd galena co n
taining euhedral and anhedra l grains of pyrite. Furutob e Mine. Jap an (width of field =

2.000 um) . (c) Mid ocean ridge "bl ack smo ker" deposit composed of wurt zite -sphaleritc
(med ium gray: note characteri stic hexagonal wu rtzite crysta l sha pes in so me grains)
and pyrite -marcasite (white laths. filaments. and grains) (width of field = 600 urn).
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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 ofore
deposition or immediately thereafter as a result of slumping.

Black are (Kuroko Type) The black ores (Figures 10.26and 7.4c),the most
complex ofthe 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 ofsilver 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 sphaleriteis commonly recrystallized and homogenized, and the
dispersed chalcopyrite is concentrated as grains or rims along sphalerite
grain-boundaries.

Barite are, Gypsum are (Sekkoko), and Ferruginous Chert (Tet
suseklel) These three zones are often present in the Japanese volcanogenic
ores but are difficult to recognize in many oldervolcanogenic 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 ofpyrite, 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 ofother parts
of the world. Probably, the principal changes during metamorphism are the
development ofsignificant amounts by pyrrhotite and the modification oftex
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 oflow salinity (less than 5wt %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 ofvolcanogenic affinity varies from ores
within a volcanic vent (Vanua Levu, Fiji) to intercalation ofores 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 ofa "snowfall" ofvery 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 (I978} has pointed out that it is
difficult to envisage the maintenance of seafloor temperatures of 200-300°C
(as indicated by fluid inclusion studies) over wide areas for periods oftime that
are long enough to allow the growth ofcoarse-grained, zoned sphalerites. He
has suggested that at least 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 ofcracks, 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

Minor

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

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 Du ck town,Tennessee; Ore Knob , North Carolina; G reat G ossan
Lead, Virgini a: Flin Flon, Manitoba; Sullivan, Brit ish Columbia; Mt. Isa,
Broken Hil l, Australia; Skellefte Distri ct, Sweden; Sulitjelma and Reros,
Norway.

10.10.1 Mineral Associations and Textures

Few metalliferou s o res owe th eir existence to regional metamorphism, but
countless ma ssive sulfide ores ha ve been significantly altered by metamor
phic effects. The mineral associ ations in th ese ore s are la rgely dependent on
th e o rigina l (p reme tamo rphic) mineralogy, and the textures a re dependent on
the ori gin al structure and th e extent of thermal and dyn amic met amorphism.
The ma cro scopic effects of regional metamorphism include a general coa rs
ening of gra in size, development o f schistosity, drag fold s, isoclinal folding
with atte nua tion of fold lim bs and thi ckening in hinges, rupturing o f fold s,
brecciati on, and boudinage. The sa me deformation features are seen on a
sma lle r sca le under th e o re microscope (Figure 1O.27a), but additiona l struc
tural detail s and ce rta in mineralogic cha nges may also be evide nt. Frequently
during dynamic metam orphism , lath-like silicates, pyrit e, and magnetite a re
locally fractured and ducti le sulfides , especially galena, ch alcopyrite , pyr
rhotite, and spha lerite, a re forced int o th e resulting relati vely low-p ressure
a reas (Figure I0.27b). In micaceous o res, th e sulfides may be forc ed a long th e
basa l clea vage planes of mica crystals (F igure I0.27c). In contrast to the ducti le
sulfides , th e more brittle sulfides, such as pyrit e and arsenopy rite, deform by
fracturing and thu s may be obse rved as sha ttered crystals, infilled by mor e
ductile suifides, or even as drawn out, len s-like po lycrystalline aggregates.The
effects of stress may be evide nt in th e development of twinning (especiall y if
twin s a re deformed ), curve d-cleavage traces (especially visible in ga lena),
kinkbanding, undulose extinc tion (see Figures 7.20a, 7.20c, 7.22), a nd th e pre s
ence o f cu rved rows of crystallographically oriented inclusions (e.g., ch a lco
pyrit e in spha lerite). In pyrit e, mild stra in effects, suc h as the development of
micromosaic struc tu res, invisibl e a fter normal poli shing, may be brought out
by etch ing (conc. HN03 followed by bri ef exposure to 6M HCI).

Thermal metamorphism, even of ores th at ha ve previou sly o r syn
chro no us ly undergone int en se deformation, co m monly results in an increase
in grain size and th e development of 120° triple junctions in monomineralic
masses. If small amo unts of other phases are present, recrystallization ma y
result in the entrapment o f sma ll len s-lik e gra ins th at outline o rigina l gra in
boundari es (F igure 1O.27d). In heterogeneou s iron-sulfide-bea ring or es, pyrit e
tends to recrysta llize as euhed ral cubic porphyroblasts, whereas ch alcopyrit e,
pyrrhotite, and spha lerite tend to develop equa nt anhedral forms. Carefu l
ana lysis o f pyrite crys ta ls often reveal s th at th ey possess growth zoning de
fined by inclusions of silica tes, oxides, or other sulfides, as shown in Figures
7.28,7 .29, a nd 7.30. In dominantly iron sulfide ores, pyrite porphyroblasts are
co mmo nly I ern across but may, in extreme cases, reach 10-20 em ac ross (e.g.,
Du cktown , Tennessee; Grosli, Norway) (see Figure 7.27).



FIGURE 10.27 Textures obse rved in metamorphosed massive sulfides. (a) Seve re
di storti on and di saggregati on of prima ry ban ding in int erl ayered sphalerite (med ium
gray) and ga lena (white). Mt. Isa , Au stralia (width o f field = 8 em ). (h) cha lco pyrite
(white) and spha lerite (light gray ) inj ected int o fractu red a mphibo les. Grea t Gossa n
Lead . Virgini a (width of field = 700 urn), (From Henry et a l., Econ. Geol. 74. 65 I. 1979:
used with permission ). (c) Pyr rh otite injected alo ng cleavages in a deform ed biotite.
Great Gossan Lead. Virginia (width of field = 400 urn ). (eI) Len s-like inclusion s of
gal en a defining the grai n boundari es o f recr ystallized pyrite. Mineral Di stri ct. Virgini a
(width o f field = 520 urn ),
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FIGURE 10.27 (Continued )

Mineralogic cha nges in sulfide ores depend on the grade of metamor
phism . At lower grades. the mo re refractory sulfides (pyri te. spha lerite. a r
senopyrite) tend to retain their origina l co mpositions a nd struc tu res. while
softe r su lfides (cha lco py rite. pyrrh otite. and galen a) readily recrystallize.
However. at mod erate to high grades . pyrite often begin s to lose sulfu r and be
co nve rted to pyrrhotite (see Section 7.7). and both pyrite a nd pyrrhotite may
unde rgo ox idation to magnetite. Ch alcopyrite co mmo nly exhib its. the de
velop me nt ofla ths of cubanite and very fine (- 1 11m) wormlike inclusions of
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mackinawite. Sphalerite and tetrahedrite, whic h retai n original zoni ng at low
grades of metam orphism, are hom ogenized at higher grades and tend to be
bro ught into equilib rium with adjacent iron sulfides. Th e FeS co ntent of
sp ha lerite coexisting with pyrite and pyrrhotite, which varies as a function of
pressure, has been ca librated as a geobarometer(Figure 10.28).To employ thi s
geoba rorneter, the tem perature of metamorphism mu st be deter mined by
some independent mean s (e.g., fluid inclusions, trace element, or isotop e pa r
titioning). Sphalerit es in metam orph osed ores co mmo nly co ntai n rows of
sma ll « 5 urn) inclusions of cha lcopyrite that appear to be the remnan ts of
"cha lcopyrite disease," primary deposition al int ergrowths. Du rin g recrys
talli zation, the sma ll cha lcopyrite inclusions tend to conce ntra te and coa lesce
along grain boundaries. Experi mental studies (H utchison and Scott , 1981)
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FIGURE 10.28 Plot of th e FeS co ntent of sp haler ite coexisting with pyri te a nd hex
ago na l pyrrhotite a t 0, 2.5, 5, 7.5, a nd 10 kb ars a t tem peratures from 300-700°C. (After S.
D . Scott Amer. Min., 61, 662.1976; used with permissio n.)
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have shown that the solubility ofCuS 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 ofFeS 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

I. Use only 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
aSTbuffering assemblages (Kretschmar and Scott. 1976) (Figure 8.19).Aswith
all geothermorneters, 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 flowofsuch ores often results in disaggregation of primary band
ing. the tectonic incorporation ofwall 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 Shearing strength ofsome common sulfides as a function oftempera
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 a comprehensive 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 ofmany 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

Minor

Associated Minerals

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

Pyrrhotite, cassiterite, hematite, gold, bismuth ,
silver-bismuth (-selenium) sulfosalts

Quartz, various garnets, amphiboles, pyroxenes,
calc-silicates, olivines, talc, anhydrite (some
phases fluorescent under UV light)

Mode ot Occurrence Skarns (tactites) are composed dominantly ofcoarse
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 carbona te-rich rocks or,
mo re rar ely, Al- and Si-rich rocks. Th e occ urrence of ore minerals in ska rns
ra nges from massive iron ox ides o r sul fides in some deposi ts to disseminated
grains a nd vein lets ofsulfides, molybdates, and tu ngstates in ot hers. Reaction
ska rns are narrow rims, often rich in M n-silicates and ca rbo na tes, formed be
tween a n intrusion a nd ca rbo na te-rich host roc ks. Repl acement ska rns (ore
ska rns) are la rge areas of silica te repl acem ent of ca rbona te rocks resulting
from the passage of mineral izin g solutions. Th ese often co nta in appreciable
amo unts o f Fe, C u. Zn, W, and Mo.

Examples Battle Mountain (Au) , Lower Fortitude (Au), Copper Can on
(Cu), Nevad a: Eagle Mountain (Fe), Darwin (Pb + Zn + Ag),Bishop (W + Mo
+ Cu), California;Twin Butt es (Cu),C hristmas (Cu),Arizo na: Han over (Pb +
Z n), Magdalen a (Pb + Zn), New Mexico: Co topa xi (Cu + Pb + Zn ), Co lor
ado: Co rnwall and Morgantown (Fe), Pennsylvan ia: Iron Springs (Fe), Ca rr
For k(Cu), Utah: LostCreek (W), Mon tan a: G aspe Co pper rCu), Mu rdockville
(Cu), Qu ebec: Kamiok a (Zn), Nak atatsa (Zn), Kam aishi (Fe + Cu ), C hich ibu
(Fe + Cu + Zn ), Mita te (Snj.Ja pa n: Reni son Bell (Sn), Tasm ania: King Island,
Aus tra lia.

10.11.1 Mineral Associations and Textures

Skarn deposits are typi fied by co mpositiona l ba ndi ng, an abu ndance of ga r
nets a nd calc-sil icate mi nerals, and a wide va riation in gra in size. Th e garnets
an d calc-si lica tes a re ofte n poi kilob las tic, with enclosed pyroxenes and ore
minera ls. The thi ckness of co mpos itional ba nds and the size of mi ne ra lized
areas vary from a few millimeters to hundreds of meters, depending on the
nature of the int rusion and its fluid co nte nt and the type of host rock. In
tungsten-bearin g ska rns, suc h as that in Bish op, Cali forn ia, the ore minerals
occ ur as tin y inclusions, grain coatings, narrow veinlets, and occas iona lly as
irregul ar polycrystalline aggrega tes up to 10em ac ross . Sulfides occurring as
disseminated gra ins (Fi gure IOJOa) a nd vein fillin gs are appa rently late in th e
paragen etic seque nce a nd frequently displ ay repl acem ent textu res.

In massive magnetit e repl acement bodi es (Figure IOJOb), such as those at
Co rnwall and Morgantown, Pennsylvania, and Iron Springs, Utah , the ores
com mo nly displ ay a laminated texture o f alte rna ting fine- to coarse-gra ined
an hed ra l magnetit e, with greenish chlorite- and carbona te-ric h bands seen
even at the microscopic sca le. Pyrite, co mmo nly nickel- and coba lt-beari ng, is
prese nt as irr egul ar len ses and euhed ral crystals. Irregul ar polycrystalline
aggregates of cha lcopyrite freq ue n tly d isp lay rims of seco ndary phases, such
as bo rn ite, digenite, and cove llite.

Replacem ent zinc-lead ores such as those at Hanover, New Mexico, and
Darwin , California, co ns ist of fine- to coarse-gra ined anhedral spha lerite,
gale na, pyrite, and lesser amo unts of ot her sulfides interspersed with calc
silicates, garnets, and feldspars. Rose a nd Burt (1979) have noted that ores
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FIGURE 10.30 Typ ica l skarn o res. (0) Grains of ga lena (white) and sp ha leri te (l ight
gray) with sp rays of hem at ite needl es (no te also th e euhe d ra l q ua rtz crysta ls). M ad an.
Bulgaria (wid th of field = \.200 11m). (b) Granular a nd co nce ntr ica lly growth-zo ne d
ma gn etit e and a portion of a pyrite crysta l part iall y repl aced by magn etit e. Conce pc io n
de l Oro. Me xico (wid th o f field = \.200 11m).

o ften tend to be restricted to parti cular zones within th e ska rn. apparently as a
result of (I ) ground prep ar ation. (2) ska rn- and ore-fo rming solut ions usin g
the sa me "plumbing" systems. or (3) coprecip ita tion of so me ska rn and arc
minerals.

10.11.2 Formation

Skarns form as zo ned seque nces along the co ntact of acid ign eou s intrusives
with carbona tes or mo re rar ely Al + Si rich roc ks (sha les.gneisses) th rough th e
diffusion of hot reactive fluids. Burt (1974) has po inted out that the mineral
zo ning in many ska rns ca n be exp la ined by si mp le diffusion mod els 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 ofintroduced magmatic and meteoric waters. The fluid properties
change with time,becoming progressively enriched in sulfur and metals.
The formation of skarn proceeds outward into the carbonate wall rocks

OIl

6
Cal Hem

OIl

6
Cal Mag

T

FIGURE 10.31 Schematic, low-pressure, isobaric Iogj'Oj-T diagram for phases in
equilibrium with vapor in the system Ca-Fe-Si-C-O. Abbreviations: cal, calcite; qtz,
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
0 , Ann. Rept. Geophysical Lab.; after D. Burt, CarnegieInstitute 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 5OO-3OO°C occurs, with the for
mation of scheelite and magnetite commonly preceding sulfides.

5. Late hydrothermal alteration at 400-2oo°C causes skarn destruction
and the breakdown ofgarnet (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

Minor

Secondary

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

Graphite, cohenite, mackinawite, pentlandite, magnetite ,
daubreelite, alabandite, sphalerite, rutile, armalcolite
[Fe,Mg)Ti20 s1(lunar only)

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 luna r sa mp les reflect the com pos ition of the moon 's sur face is
un certain ; the similarity of spec imens from distant localit ies is enco uragi ng,
but the number of samples is very limited.

10.12.1 Opaque Minerals in Meteorites

Although the relative amounts of opaq ue minerals in meteori tes ran ge from
nea rly 100%in irons to only a few percent in some chondrites and acho nd rites,
the ore minerals that occur most abunda ntly in virtua lly all meteorites are
karnacite, taenite, "p lessi te" (a fine intergrowth of kam acite and taenite), and
tro ilite. Kam acite is a -iro n, which contains a maximum of about 6% nickel.
Th e iron meteorites with less than about 6% Ni, the hexahedrites, normally
consist of large cubic (cube = hexah ed ron ) crysta ls of kam acite. Cleavages
and twin ning are broug ht out as fine lin es (Ne uma nn lines or ban ds) by etch 
ing polished surfaces . Accessory minerals incl ude grains of schreibe rsite,
troili te, daubreelite, and graphite. With increasin g nickel content (6- 14%),the
hexah edri tes grade into octahedrites, the most commo n of iron meteo rites.
The octahedrites are so named because they show broad bands of kam acitc
bo rde red by taenite lam ellae parallel to octahedral planes- the Widman stat
ten st ructu re (F igure 10.32). The iro n-nickel ph ases a re recognizable by thei r
high reflectan ce. ha rdness, fine polish , and isotrop ism ; kam acite is gene rally

FIGURE10.32 Widrn an statten struc ture in on e of the Henbury, Australia. meteorites
shown after etchi ng. (Pho togra ph courtesy of American Meteorite Lab oratory. Den
ver. Co lorado.)
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light bluish gray, whereas taenite is white with a sligh t yellowish tint. Pl essit e is
present in th e a ng ula r in terstices between bands, a nd accessory mineral s pre
sen t in minor a mounts include sch rcibe rs ite, troi lite, copper , cohenite, mack
in awite. grp a hite, ch rornite, daubreelite, sphale rite, a nd al ab andite.

In th e sto ny meteorites, troilite, recognized by its pin kis h brown co lo r, mod
erate anisotropism, a nd lower ref1ectance and hardness th an th e alloys, is fre
qu ently as abundant as the iron phases (Figure 10.33a) . It usually occu rs as
sing le ph ase a nd occasio nally occurs as twinned a nhe d ra l gra ins. but int er
growths with pentl andite, daubreelite, a nd mackinawite are common.

C h ro mite is relati vely co m mo n in small a mou nts a nd va ries from euhe dra l
crystals to myrmekitic intergrowths with silicates: ilmenite is occas io nally
present as exso lu tio n la mellae. Other minor ph ases commonly assoc ia ted
with iron phases include co ppe r, sch reibe rs ite, old ha mite (Ca.M njfi .cohe ni te,
and grap h ite (as a breakdown product o f co he n ite). Minor ph ases co m mo n ly
ass oc ia ted with th e troi lite incl ude daubreelite (as la mellae in troi litc), pent
landite, mackinawite, niningerite (M g,Fe,Mn)S, spha lerite, a nd cha lco pyrite.

. 10.12.2 Secondary Minerals Resulting from Weathering of Meteorites

M eteorites, wh en exposed to th e ea rth's a tmosphe re, undergo fairly rapid
wea the ring, with the formati on of secondary phases simila r to those see n in
terrestrial gossa ns . Karn acite, taenite, troilite, a nd sc h re ibe rs ite wea the r
rapidly: chrorni te, ilmenite, a nd magnetite weather more slowly: and daub
reelite weath ers very slowly. The iron-bearing miner al s a re co nve rted int o a
"limo nite" (ac tually goe thi te a nd lepidocrocit e) shel l. with inter sp ersed th in
len ses of magn etit e a nd magh emite (Figu re I0.33b) .Troilite is co nverted eithe r
to magnetite or locall y to marcasite a nd pyrite. Secondary pentl andite forms
wh en ni ck el released from the weathering of taenite and kamacite reacts
with tro ilit e.

10.12.3 Opaque Minerals in Lunar Rocks

The intense in vestigati on of the retri eved lunar specimens has reveal ed a suite
of op aque minerals th at is very similar to th at observed in met eorites. In fact ,
as much as 75%of th e lunar opaques (and perhap s nearly 100%o f those larger
th an 125 11m) a restimated to be of a n initial meteo riti c o rigin fro m th e impact
of meteorites on th e lunar surface. H owever, th e di sti ncti on between origina l
lunar and origi na l mete oritic phases is not always clear. The four most abu n
dant ore miner als in presumed primary lu nar rocks a re ilmen ite. karnacitc,
taenite, a nd troi lite (Figure 10.34). The best but ca utious ly used , crite rio n for
di stingu ishing lunar kamacit e a nd tae n ite fro m th at of meteoritic o rig in is th e
presence of mu ch hi gh er (0.8-3.0+ %) cobalt contents a nd co m mo n ly lower
nickel « 4%) conten ts of the former. The meteoritic kamaci te a nd taenite arc
simila r to th ose d irec tly ob served in meteorites, except th at mu ch o f it has lost
its o riginal Widrnanstatten struc ture as a result of shock or the rmal me ta -



FIGURE 10.33 (0) Tro ilite (light gray) with native iron (white). Ashmore Meteo rite.
Texas (wid th of field = 520 urn). (b) G oeth ite (medi um gray) produced by altera tion of
troilite (light gray) . Ashmore Meteo rite . Texa s (wid th of field = 520 urn),

316



\
I

" Q '

FIG URE 10.34 Opaque miner al s in lunar rocks. (a) N at ive iron (whi te) in troil ite su r
ro unded by ilme ni te (width offie ld = 520 11m). (b) Ilmenite ri m med by ulvos pine l with
assoc ia ted ch ro m ite a nd na tive iron (wid th o f fie ld = 520 11m). (NAS A sa mples 7001 7.
224: 12002. 396. resp ect ively.)
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morphism. Presumed primary lunar iron occurs as dendrites, thin veinlets,
needles, and tiny(<5 urn) globules on silicates oron 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 urn 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 urn) (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-ulvospinel series or (2) chromian mem
bers ofthe hercynite-spinel series.The former are more numerous than the lat
ter and occur in all lunar rock types as euhedral to subhedral grains in troilite,
olivine, and pyroxene. Commonly, chromite cores have ulvospinel 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 « 200urn) 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)Ti20 s, 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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